THIRD EDITION

conceptual

chemistry

UNDERSTANDING

OUR WORLD

OF ATOMS AND
MOLECULES
JOHN SUCHOCKI
Saint Michael's College

San Francisco Boston New York
Cape Town Hong Kong London Madrid Mexico City
Montreal Munich Paris Singapore Sydney Tokyo Toronto

Editor-in-Chief

Adam Black

Publisher: Jim Smith
Project Editor: Katherine Bray ton
Editorial Assistants: Kristin Rose, Grace [oo
Senior Marketing Manager: Scott Dustan
Managing Editor: Corinne Benson
Production Supervisor: Beth Masse
Manuftcturing

Manager: Pam Augspurger

Production Management and Composition: GGS Book Services
Cover Design/Illustration and Text Design: Seventeenth Street Studios
Cover Photo: Michael Salas/The Image Bank/Getty Images
Photo Research: Laura Murray Productions
Artists: Emiko-Rose Koike,

J B. WOolseyand Associates, and GGS Book Services

Director, Image Resource Center: Melinda Patelli
Rights and Permissions Manager: Zina Arabia

ISBN 0-321-45649-1
Copyright © 2007 by John A. Suchocki.
Published by Pearson Benjamin Cummings, 1301 Sansome Sr., San Francisco, CA 94111.
All rights reserved. Manufactured in the United States of America. This publication is
protected by Copyright and permission should be obtained from the publisher prior to any
prohibited reproduction, storage in a retrieval system, or transmission in any form or by
any means, electronic, mechanical, photocopying, recording, or likewise. To obtain
perrnissionls) to use material from this work, please submit a written request to Pearson
Education, Inc., Permissions Department, 1900 E. Lake Ave., Glenview, IL 60025. For
information regarding permissions, call (847) 486-2635.
Many of the designations used by manufacturers and sellers to distinguish their products
are claimed as trademarks. Where those designations appear in this book, and the
publisher was aware of a trademark claim, the designations have been printed in initial
caps or all caps.
If you purchased this book within the United States or Canada you should be aware that it
has been wrongfully imported without the approval of the Publisher or Author.

1 2 3 4 5 6 7 8 9 10-QWD-08
07 06
wwwaw-bc.corn

• ToJohn and Susan Suchocki

--------------"~~---------

BRIEF CONTENTS

•

·1

·Z
·3

·4

Elements of Chemistry 39
Understanding Chemistry
throug h Its Language

Discovering the Atom
and Subatomic Particles
Where We've Been
and What We Now Know

The Atomic Nucleus
Know Nukes

107

.~

Atomic Models 143
Virtual Handles
on the Very Real

·6

·7

Chemistry Is a
Molecular Science 1
Looking at the World
of Atoms and Molecules

Chemical Bonding and
Molecular Shapes 185
How Atoms Connect
to One Another

75

·8
·9
.10
.11

.IZ

Molecular Mixing
How Molecules
Attract One Another

221

Those Incredible
Water Molecules
255
Macroscopic Consequences
of Molecular Stickiness

An Overview of
Chemical Reactions
How Reactants React
to Form Products

291

Acids and Bases 329
Transferring Protons

Oxidation and Reduction
Transferring Electrons

Organic Compounds
391
A Survey of
Carbon-Based Molecules

v

vi

BRIEF

CONTENTS

Appendix A

· 13 The
Chemicals of life 43
Nutrients That

1

Scientific Notation Is Used
to Express Large and Small
Numbers
Al

Make Up Our Bodies

·I'

l.j

The Chemistry of Drugs
Understanding
Drug Action

479

Optimizing
Food Production
519
From the Good Earth

· 16

Fresh Water Resources
Our Roles
and Responsibilities

· 17 Air
Resources
One Planet,

Appendix B
Significant Figures Are Used
to Show Which Digits Have
Experimental Meaning
A4
Appendix C
Solutions to Odd-Num bered
Concept Builders and
Supporting Calculations
A7

553

Appendix D
Periodic Table of the Elements,
Useful Conversion Factors, and
Fundamental Constants
A32

579

One Atmosphere

Glossary

Gl

Credits

· 18

· 19

Material Resources 609
A Look at the Materials
of Our Society

Energy Resources 637
Managing for the Present
and the Future

Index

Cl
11

•
To the Student
xix
To the Instructor
xxi
Acknowledgments
xxvii

HANDS-ON

CHEMISTRY
IS THE MOVER

DECISIVE

1.5

ENERGY

1.6

TEMPERATURE
IS A MEASURE
HEAT IT IS NOT
19

1.7

THE PHASE OF A MATERIAL
OF ITS PARTICLES
22

DIMENSIONS

OF MATTER

18

OF HOW

DEPENDS

16

HOT-

ON THE MOTION

Familiar Terms Are Used to Describe
Changing Phases 23
HANDS-ON
1.8

-I

Chemistry Is a
Molecular Science

DENSITY

CHEMISTRY

HOT-WATER

BALLOON

IS THE RATIO OF MASS TO VOLUME

lIlm~ilim!i]mmMAN
AN ALGEBRAIC

EQUATION

IN PERSPECTIVE

27

24
25

IPU LAT! NG
27

A Word about Chapter Endmatter from
the Author
28
IN THE SPOTLIGHT

1

PSEUDOSCIENCE

36

Looking at the World
of Atoms and Molecules
1.1

CHEMISTRY

IS INTEGRAL

TO OUR LIVES

1.2

SCIENCE IS A WAY OF UNDERSTANDING
THE UNIVERSE
5

2

A Study of Sea Butterflies Illustrates the Process
of Science 6
Reproducibility and an Attitude of inquiry
Are Essential Components of Science 8
A Theory Is a Single Idea That Has Great
Explanatory Power 9
Science Has Limitations

Science Can Lead to Profound New Ideas

10

Science Helps Us Learn the Rules of Nature
1.3

SCIENTISTS

MEASURE

-2

9

PHYSICAL

11

QUANTITIES

12
2.1

M!_.[.~
1.4

UNIT CONVERSION

12

CHEMISTRY

PENNY

FINGERS

MATTER HAS PHYSICAL
AND CHEMICAL PROPERTIES
HANDS-ON

MASS IS HOW MUCH AND VOLUME
IS HOW SPACIOUS
14
HANDS-ON

Elements of Chemistry 39
Understanding Chemistry
throug h Its Language

15

CHEMISTRY

40

FIRE WATER

44

Determining Whether a Change Is Physical
Or Chemical Can Be Difficult 45
vii

viii

DETAILED

2.2

CONTENTS

ATOMS ARE THE FUNDAMENTAL
OF ELEMENTS

2.3

COMPONENTS

3.3

47

ELEMENTS CAN COMBINE TO
FORM COMPOUNDS
49

OF A CH EMICAL REACTS

Compounds Are Named According to the Elements
They Contain

MOST MATERIALS ARE MIXTURES

Mendeleev Used Known Relative Atomic Masses
to Create the Periodic Table 85

52

Mixtures Can Be Separated by Physical Means

THE ELECTRON WAS THE FIRST SUBATOMIC
PARTICLE DISCOVERED 87

3.5

THE MASS OF AN ATOM IS CONCENTRATED
IN ITS NUCLEUS 90

3.6

THE ATOMIC NUCLEUS IS MADE OF PROTONS
AND NEUTRONS
92

HANDS-ON

CHEMISTS CLASSIFY MATTER AS PURE
OR IMPURE
55
HOW PURE IS PURE?

2.6

3.4

53

HANDS-ON CHEMISTRY BOTTOMS UP AND
BUBBLES OUT 55
2.5

57

CHEMISTRY BENDING ELECTRONS

90

CALCU LATI NG

ELEMENTS ARE ORGANIZED IN THE PERIODIC TABLE
BY THEIR PROPERTIES 59

ATOMIC MASS
IN PERSPECTIVE

A Period Is a Horizontal Row,a Group a Vertical
Column
67
IN PERSPECTIVE

FINDING OUT HOW MUCH
82

Dation Defended His Atomic Hypothesis
Against Experimental Evidence 8]

50

HANDS-ON CHEMISTRY OXYGEN BUBBLE
BURSTS 51
2.4

DALTON DEDUCED THAT MATTER IS MADE
OF ATOMS
81

9S
96

IN THE SPOTLIGHT NANOTECH NOLOGY

104

64

IN THE SPOTLIGHT EXTENDING THE HUMAN
LIFE SPAN 72

-3

-4
Discovering the Atom
and Subatomic Particles

4.1

75

The Atomic Nucleus
Know Nukes

THE CATHODE RAY LED TO THE DISCOVERY
OF RADIOACTIVITY
108

The Three Major Products of Radioactivity Are Alpha,
Beta, and Gamma Rays 770

Where We've Been
and What We Now Know

4.2

RADIOACTIVITY

IS A NATURAL PHENOMENON

RemsAre Units of Radiation
3.1

3.2

107

CHEMISTRY DEVELOPED OUT OF OUR INTEREST
IN MATERIALS
76

HANDS-ON

112

772

CHEMISTRY PERSONAL RADIATION

LAVOISIER LAID THE FOUNDATION OF MODERN
CHEMISTRY
77

4.3

RADIOACTIVE ISOTOPES ARE USEFUL AS TRACERS
AND FOR MEDICAL IMAGING
115

Mass Is Conserved in a Chemical Reaction

4.4

RADIOACTIVITY RESULTS FROM AN IMBALANCE
OF FORCES IN THE NUCLEUS 116

4.5

A RADIOACTIVE ELEMENT CAN TRANSMUTE
TO A DIFFERENT ELEMENT 119

4.6

THE SHORTER THE HALF-LIFE, THE GREATER
THE RADIOACTIVITY
120

HANDS-ON

CHEMISTRY AIROUT

77

79

Proust Proposed the Law of Definite
Proportions
80
HANDS-ON

CHEMISTRY COLLECTING BUBBLES

81

114

DETAILED

HANDS-ON
CLIPS
4.7

ISOTOPIC

DATING

MEASURES

NUCLEAR

FISSION

Nuclear

THE PERIODIC

Energy

Nuclear

Atoms

NUCLEAR

MASS

IN THE SPOTliGHT

ENERGY

COMES

NUCLEAR

FROM

174

Fusion

MERCURY

Atomic Models

EMISSIONS

140

143

6.2

Chemical Bonding and
Molecular Shapes 185
How Atoms Connect
to One Another
AN ATOMIC

MODel

ATOMS

ATOMS

IONIC

IONS

HELP US VISUALIZE

ATOMS
THEY

BONDS

5.4

5.5

HANDS-ON
WITH
OF ENERGY

CAN BE IDENTIFIED
EMIT

147

RESULT FROM

6.5

CHEMISTRY

SPECTRAL

NIELS BOHR

USED THE QUANTUM
ATOMIC

SPECTRA

elECTRONS

EXHIBIT

WAVE

HANDS-ON

CHEMISTRY

Visualize

Waves

COVALENT

VALENCE

155

WAVES

6.6

POLAR

Help Us

157

6.7

CHEMISTRY

QUANTIZED

WHISTlE

ENERGY-LEVEL
ARE OCCUPIED

DIAGRAMS
161

DESCRIBE

HOW

BONDS

OF ELECTRONS
POLARITY

MOLECULES

RESULT FROM

RESULTS FROM

AN UNEVEN

206

160
211

ORBITALS
IN THE SPOTliGHT

WATER

203

AN UNEVEN

203

OF ELECTRONS

IN PERSPECTIVE
5.6

GUMDROP

CHEMISTRY

MOLECULAR

by Where the Substituent

201

DISTRIBUTION
HANDS-ON

198

Shape Is Defined

COVALENT

SHARING

A SHARING

DETERMINE

SHAPE

HANDS-ON

157

RESULT FROM
194

ELECTRONS

Atoms Are

Orbitals

193

BONDS

Molecular

HYPOTHESIS

UP ClOSE

CHEMISTRY

CRYSTALS

MOLECULAR

1S1

151

RUBBER

Clouds and Atomic
Electron

PATTERNS

PROPERTIES

A TRANSFER

191

OF ELECTRONS

LIGHT

150

TO EXPLAIN

Probabiliiy

6.4

BYTHE

190

WORLD

144

IS A FORM

HANDS-ON

THE INVISIBLE

elECTRONS

187

Can Form Ions

OF ELECTRONS

TO UNDERSTAND

186

CAN LOSE OR GAIN

Molecules
6.3

IS NEEDED

BOND

TO BECOME

Virtual Handles
on the Very Real

5.3

182

134

HOW

LIGHT

LEPTONS

Research Today

6.1

5.2

AND

133

-6

OF ATOMS

QUARKS

132

IN THE SPOTLIGHT

MODELS

772

IS THE COMBINING

NUCLEI

IN PERSPECTIVE

5.1

170

130

FUSION

Is Controlled

NUCLEAR

PROPERTIES

Have the Most Strongly

Held Electrons
IN PERSPECTIVE

VICE VERSA

US PREDICT

Atoms Are at the Upper Right

The Smallest

Energy

128

CAN BE GROUPED

168

of the Periodic Table

125

The Holy Grail of Nuclear

~

TABLE HelPS

The Smallest

IS THE SPLITTING

NUCLEUS

ENERGIES

165

129

OF ATOMIC

-

OF SIMILAR

SHEllS

The Breeder Reactor Breeds Its Own Fuel

AND
4.10

ORBITALS

OF ELEMENTS

Fission Reactors Convert

to Electrical

5.8

THE AGE

123

OF THE ATOMIC

4.9

5.7

PAPER

INTO

OF A MATERIAL
4.8

RADIOACTIVE

CHEMISTRY

122

ix

CONTENTS

FLUORIDATION

218

X

DETAilED

-7
7.1

CONTENTS

Molecular Mixing

-8

221

How Molecules
Attract One Another
SUBMICROSCOPIC
ONE ANOTHER

PARTiClES

ELECTRICAllY

Macroscopic Consequences
of Molecular Stickiness

ATTRACT

8.1
222

Polar Molecules Attract Other Polar Molecules

223

Polar Molecules Can Induce Dipoles in Nonpolar
Molecules 224

8.2

Atoms and Nonpolar Molecules Can Form Temporary
Dipoles on Their Own 225
CHEMISTRY

A SOLUTION

CIRCULAR

RAINBOWS

228

MIXTURE

HANDS-ON

228

CHEMISTRY

7.3

OVERFLOWING

8.4

233

SOLUBILITY
A SOLUTE

IS A MEASURE
DISSOLVES

CHEMISTRY

OF HOW

WELL

AND

BY BEING

NON POLAR

CRYSTAL CRAZY

BOTH

236

8.5

FATS

2S2

259

THE BEHAVIOR

WATER

GO ON AT

261

OF LIQUID

WATER

OF WATER

MOLECULES
AND

MOVE

IS THE RESULT

MOLECULES

263

FREELY BETWEEN

GASEOUS

PHASES

267
271

HYDROGENATED

HEAT CHANGES

Global Climates Are Influenced by Water's High
Specific Heat 276

A PHASE

CHEMISTRY
CHANGE

RACING

REQUIRES

TEMPERATURES

THE INPUT

278

IN THE SPOTliGHT
ANDTHE

244

THE

274

276

IN PERSPECTIVE

242

TO CHANGE
WATER

HOW

OF ENERGY
242

OF LIQUID

TEMPERATURE

8.6

240

PARTIALLY

IT TAKES A LOT OF ENERGY

HANDS-ON

Hard Water Makes Soap LessEffective

IN THE SPOTLIGHT

MELTING

TIME

TEMPERATURE

238

POLAR

Detergents Are Synthetic Soaps

IN PERSPECTIVE

AND

258

Boiling is Evaporation Beneath a Liquid Surface

Nonpolar Gases Readily Dissolve
in Perfluorocarbons
239
SOAP WORKS

FREEZING
THE SAME

A SLICE OF ICE

233

GasesAre More Soluble at Low Temperatures
and High Pressures 236

7.4

CHEMISTRY

THE LIQUID

Solubility Changes with Temperature

HANDS-ON

HANDS-ON

AN OPEN CRYSTALLINE

256

Capillary Action Resultsfrom the Interplay
of Adhesive and Cohesive Forces 266

232

SWEETNESS

FORM

IN ICE

The Surface of Liquid Water Behaves Like
an Elastic Film 264

CALCULATING
FOR SOLUTIONS

MOLECULES

STRUCTURE

OF THE STICKINESS

IS A SINGLE-PHASE

HOMOGENEOUS

WATER

Water Is Densest at 4°C
8.3

7-2

255

222

Ions and Polar Molecules Attract One Another

HANDS-ON

Those Incredible
Water Molecules

KYOTO

281
GLOBAL
PROTOCOL

WARMING
288

OR OUTPUT

278

DETAILED

·9

• 10

An Overview of
Chemical Reactions

Transferring

291

How Reactants React
to Form Products

10.1

CHEMICAL REACTIONS ARE REPRESENTED
BY CHEMICAL EQUATIONS
292

9.2

CHEMISTS USE RELATIVE MASSES TO COUNT ATOMS
AND MOLECULES
294

Protons

ACIDS DONATE AND BASES ACCEPT
POSITIVE CHARGE 330

The Lewis Definition Focuses on Lone Pairs

The Periodic Table Helps Us Convert Between Grams
and Moles 297
FIGURING MASSES
OF REACTANTS AND PRODUCTS 299
REACTION RATE IS INflUENCED
AND TEMPERATURE
299

329

The Brensted-Lowry Definition Focuses
on Protons 337

9.1

9.3

Acids and Bases

xi

CONTENTS

A Salt Is the Ionic Product
of an Acid-Base Reaction

334

335

10.2

SOME ACIDS AND BASES ARE STRONGER
THAN OTHERS 337

10.3

SOLUTIONS CAN BE ACIDIC, BASIC, OR NEUTRAL

The pH Scale Is Used to Describe Acidity

BY CONCENTRATION

343

LOGARITHMS AND pH

9.4

CATALYSTS INCREASE THE RATE
OF CHEMICAL REACTIONS
305

9.5

CHEMICAL REACTIONS CAN BE EITHER EXOTHERMIC
OR ENDOTHERMIC
307

HANDS-ON

CHEMISTRY

RAINWATER IS ACIDIC AND OCEAN WATER
IS BASIC 345

10.5

BUFFER SOLUTIONS RESIST CHANGES IN pH
IN PERSPECTIVE
IN THE SPOTliGHT

An Endothermic Reaction Involves a Net Absorption
of Energy 370

344

RAINBOW CABBAGE

10.4

An Exothermic Reaction Involves a Net Release
of Energy 309

340

345

350

353
HAIR AND SKIN CARE

360

HANDS-ON CHEMISTRY WARMING AND COOLING
WATER MIXTURES
312
9.6

ENTROPY IS A MEASURE OF DISPERSED ENERGY

Substances Contain Dispersed Energy
Heats of Reaction Affect Entropy
The Laws of Thermodynamics
IN PERSPECTIVE
IN THE SPOTliGHT

312

373

37S
377

318
DOUBLING TIME

326

·ll
11.1

Oxidation and Reduction
Transferring

Electrons

OXIDATION IS THE LOSS OF ELECTRONS
AND REDUCTION IS THE GAIN OF ELECTRONS

364

xii

DETAILED

11.2

CONTENTS

PHOTOGRAPHY
AND

HANDS-ON
11.3

WORKS

REDUCTION

BY SELECTIVE

CHEMISTRY

THE ENERGY

12.4

OXIDATION

366
SILVER LINING

OF FLOWING

CAN BE HARNESSED

ELECTRONS

IS RESPONSIBLE

COMBUSTION

HANDS-ON

CHEMISTRY

IN PERSPECTIVE

SPLITTING

WATER

THE GENETICS

OF MUSCLE

378

BUT.

THE WONDER
..

388

Chemicals of Life

431

The Nutrients That
Make Up Our Bodies
IN CELLS

ARE PRODUCED

AND

ENERGY

GIVE STRUCTURE
433

Polysaccharides Are Complex Carbohydrates

Organic Compounds

A Survey of
Carbon-Based

391

HANDS-ON
13·3

CHEMISTRY

L1PIDS ARE INSOLUBLE

SPIT IN BLUE
IN WATER

HYDROCARBONS
HYDROGEN

UNSATURATED
MULTIPLE
HANDS-ON

12.3

CONTAIN

ORGANIC

13.4

HYDROCARBONS

MOLECULES

BY FUNCTIONAL

TWISTING

CONTAIN

JELLY BEANS

400

ARE POLYMERS

OF AMINO

ACIDS

444

NUCLEIC

ACIDS

451

CODE FOR PROTEINS

4S1

DNA Is the Template of Life 452

Alcohols Contain the Hydroxyl Group

401

Phenols Contain an Acidic Hydroxyl Group

One Gene Codes for One Polypeptide
402

The Oxygen of an Ether Group Is Bonded
to Two Carbon Atoms 404
Amines Form Alkaline Solutions

PROTEINS

Enzymes Are Biological Catalysts

398
13.5

ARE CLASSIFIED

GROUP

441

Protein Structure Is Determined by Attractions
Between Neiqhborinq Amino Acids 444

396

CHEMISTRY

440

ONLY CARBON

392

BONDS

437

Fats Are Used for Energy and Insulation

Molecules

434

440

Steroids Contain Four Carbon Rings

12.2

UTILIZED

432

CARBOHYDRATES
AND

AND

418

428

BIOMOLECULES

12.1

DROPS

FOR CORROSION

-5
-12

WATER

419

IN THE SPOTLIGHT
FITNESS

RACING

382

IN THE SPOTLIGHT
CHEMICAL,

the Joining Together

378

CHEMISTRY

IN PERSPECTIVE

411

HANDS-ON

Electrical Energy Can Produce
Chemical Change 377
OXYGEN

CAN LINK

POLYMERS

Condensation Polymers Form with the Loss
of Small Molecules 416

368

Fuel Cells Are Highly Efficient Sources
of Electrical Energy 374

AND

MOLECULES

TO FORM

Addition Polymers Resultfrom
ofMonomers
413

368

The Electricity of a Battery Comes from
Oxidation-Reduction
Reactions 370

11.4

ORGANIC

RNA Is Largely Responsible for Protein Synthesis
Genetic Engineering
13.6

405

Ketones, Aldehydes, A m ides, Carboxylic Acids,
and Esters All Contain a Carbonyl Group 407

455

VITAMINS

ARE ORGANIC,

ARE INORGANIC
13.7

METABOLISM
THROUGH

458
MINERALS

462
IS THE CYCLING

THE BODY

465

OF BIOMOLECULES

455

DETAILED

13.8

THE FOOD

PYRAMID

A HEALTHFUL

Hallucinogens and Cannabinoids Alter
Perceptions 501

SUMMARIZES

DIET

466

Carbohydrates Predominate in Most Foods

467

Unsaturated FatsAre Generally More Healthful
Than Saturated Fats 470

Depressants Inhibit the Ability of Neurons
to Conduct Impulses 504
14.7

HANDS-ON

CHEMISTRY

IN PERSPECTIVE

-14
14.1

SOURCES

471

ARE CLASSIFIED

BY SAFETY,

SOCIAL

ACCEPTABILITY,

ORIGIN,

CHEMOTHERAPY
THE DISEASE

DRUGS

-I~

479

THE TRANSMISSION

OF PAIN

FOR THE HEART

507
OPEN

RATE

BLOOD

VESSELS

511

513

Optimizing
Food Production

519

From the Good Earth

DRUGS

ACTIVITY

THE LOCK-AND-KEY

INHIBIT

IN PERSPECTIVE

Understanding
Drug Action
BIOLOGICAL

RELIEVERS

OR ALTER HEART

473

MODEL

IN SYNTHESIZING
14.3

14.8

The Chemistry of Drugs

AND
14.2

471
SIZZLE

PAIN

OR PERCEPTION

Our Intake of Essential Amino Acids Should
Be Carefully Monitored

xiii

CONTENTS

NEW

15.1

HUMANS

15.2

PLANTS

480
GUIDES

DRUGS

EAT AT ALL TROPHIC
REQUIRE

LEVELS

NUTRIENTS

520

522

Plants Utilize Nitrogen, Phosphorus,
and Potassium 522

CHEMISTS

482

Plants Also Utilize Calcium, Magnesium,

CURES THE HOST BY KILLING

and Sulfur

525

48S
15.3

Sulfa Drugs and Antibiotics Treat
Bacterial Infections

SOIL FERTILITY
AND

485

NUTRIENT

IS DETERMINED

BY SOIL STRUCTURE

RETENTION

526

Soil Readily Retains Positively Charged Ions

527

Chemotherapy Can Inhibit the Ability of Viruses

to Replicate

HANDS-ON

487

YOUR

CHEMISTRY

A QUALITATIVE

MEASURE

NATURAL

SYNTHETIC

SOIL'S pH-

530

Cancer Chemotherapy Attacks Rapidly
15.4

Growing Cells 489
14.4

14.5

SOME

DRUGS

EITHER

PREGNANCY

492

THE NERVOUS

SYSTEM

OF NEURONS
HANDS-ON

BLOCK

OR MIMIC

15.5

DIFFUSING

NEURONS

Neurotransmitters Include Norepinephrine,
Acetylcholine, Dopamine, Serotonin,

PSYCHOACTIVE

DRUGS

OR BEHAVIOR

497

HELP RESTORE

KILL INSECTS,

WEEDS,

Insecticides Kill Insects

533

HANDS-ON

CLEANING

AND

FUNGI

532

CHEMISTRY

Funqicides Kill Fungi
15.6

THERE

IS MUCH

AGRICULTURAL
15.7

ALTER THE MIND

Stimulants Activate the Stress Neurons

497

YOUR INSECTS

Herbicides Kill Weeds 536

495

and GABA 495
14.6

PESTICIDES

FERTILIZERS

530

IS A NETWORK

493
CHEMISTRY

AND

SOIL FERTILITY

538

TO LEARN

FROM

PRACTICES

538

HIGH

AGRICULTURAL

WITH

PROPER PRACTICES

YIELDS

PAST

CAN BE SUSTAINED
541

Organic Farming Is Environmentally

Friendly

542

536

xiv

DETAILED CONTENTS

Integrated Crop Management
for Sustainable Agriculture
15.8

Is a Strategy
542

A CROP CAN BE IMPROVED BY INSERTING A GENE
FROM ANOTHER SPECIES 544
IN PERSPECTIVE

S46

-17

-16

Air Resources 579
One Planet,
One Atmosphere
EARTH'S ATMOSPHERE IS A MIXTURE OF GASES

Fresh Water Resources

553

DENSE AS AIR

17.2

GAS LAWS DESCRIBE THE BEHAVIOR OF GASES

Boyle's Law: Pressure and Volume

WATER CIRCULATES THROUGH
THE HYDROLOGIC CYCLE 554

16.2

COLLECTIVELY, WE CONSUME HUGE AMOUNTS
OF WATER 556

Avogadro's Law: Volume and Number

HANDS-ON

The Ideal Gas Law

Charles's Law: Volume and Temperature

16.3

WATER TREATMENT FACILITIES MAKE WATER SAFE
FOR DRINKING
559

16.4

FRESH WATER CAN BE MADE FROM SALT WATER
HANDS-ON CHEMISTRY
PURIFIER 565

16.6

MICROORGANISMS IN WATER ALTER LEVELS
OF DISSOLVED OXYGEN
568

16.7

WASTEWATER IS PROCESSED BY TREATMENT
FACILITIES 569

IN PERSPECTIVE

571
572

585
586

561

17.3

HUMAN ACTIVITIES HAVE INCREASED
AIR POLLUTION
588

Aerosols and Particulates Facilitate Chemical
Reactions lnvolvinq Pollutants
589

HUMAN ACTIVITIES CAN POLLUTE WATER

Advanced Integrated Pond Systems Treat

584

HOT AIR BALLOONS

MICRO WATER

16.5

Wastewater

of Particles

558

565

There Are Two Kinds of Smog

590

Catalytic Converters ReduceAutomobile
Emissions

S83

S83

16.1

WATER WISER

582

HANDS-ON CHEMISTRY ATMOSPHERIC
CAN-CRUSHER
583

Our Roles
and Responsibilities

CHEMISTRY

580

593

17.4

STRATOSPHERIC OZONE PROTECTS EARTH
FROM ULTRAVIOLET RADIATION
594

17.5

AIR POLLUTION MAY RESULT IN GLOBAL
WARMING
597

Atmospheric Carbon Dioxide
Is a Greenhouse Gas 598
The Potential Effects of Global Warming
Are Uncertain
600
IN PERSPECTIVE

602

588

DETAILED

-18
18.1

Material Resources

- 19

60g

A Look at the Materials
of Our Society
PAPER IS MADE OF CELLULOSE FIBERS
HANDS-ON

CHEMISTRY

19.1

610

PAPERMAKING

611

ELECTRICITY IS A CONVENIENT FORM
OF ENERGY 638

KilOWATT-HOURS
19.2

Bakelite Was the First Widely Used Plastic
The First Plastic Wrap Was Cellophane
Polymers Win in World War"

18.4

615

618

19.3

Petroleum Is the King of Fossil Fuels

644

Natural Gas Is the Purest Fossil Fuel

645

THERE ARE TWO FORMS OF NUClEAR ENERGY

Nuclear Fission Generates Some

We Should Conserve and RecycleMetals

Nuclear Fusion Is a Potential Source

of Our Electricity
of Clean Energy

METAL-CONTAINING COMPOUNDS
CAN BE CONVERTED TO METALS 622

Some Metals Are Most Commonly Obtained
from Metal Oxides 623

18.5

GLASS IS MADE PRIMARILY OF SILICATES

18.6

CERAMICS ARE HARDENED WITH HEAT

WATER CAN BE USED TO GENERATE ELECTRICITY

632

651
652

Hydroelectric Power Comesfrom the Kinetic Energy
of Flowing Water 652
Temperature Differences in the Ocean
Can Generate Electricity

653

Geothermal Energy Comesfrom Earth's Interior
The Energy of Ocean Tides Can Be Harnessed
19.6

COMPOSITES COMBINE FIBERS AND
A THERMOSET MEDIUM
630

IN PERSPECTIVE

650

19.5

628

HANDS-ON CHEMISTRY A COMPOSITE OF WHITE GLUE
AND THREAD
631

647

WHAT ARE SUSTAINABLE ENERGY SOURCES?

626

Ceramic Superconductors Have
No Electrical Resistance 629

646

19.4

Other Metals Are Most Commonly Obtained
from Metal Sulfides 626

18.7

643

METALS COME FROM THE EARTH'S LIMITED SUPPLY
OF ORES 619

621

639

FOSSIL FUELS ARE A WIDELY USED BUT LIMITED
ENERGY SOURCE 640

Coal Is the Filthiest Fossil Fuel

614

616

Attitudes about Plastics Have Changed
18.3

639

THE DEVELOPMENT OF PLASTICS INVOLVED
EXPERIMENTATION AND DISCOVERY 612

Collodion and Celluloid Begin
with Nitrocellulose
614

XV

Energy Resources 637
Managing for the Present
and the Future

What's a Watt?
18.2

CONTENTS

BIOMASS IS CHEMICAL ENERGY

654
656

656

Fuels Can Be Obtained from Biomass

657

Biomass Can Be Burned to Generate Electricity
19.7

ENERGY CAN BE HARNESSED FROM SUNLIGHT

Solar Heat Is Easily Collected

658
658

658

Solar Thermal Electric Generation
Produces Electricity
659
HANDS-ON

CHEMISTRY

SOLAR POOl COVER

Wind Power Is Cheap and Widely Available

660

660

xvi

DETAILED

CONTENTS

Photovoltaics Convert Sunlight Directly

to Electricity

APPENDIX

662

AND

19.8

OUR FUTURE ECONOMY
ON HYDROGEN
665

C

• SOLUTIONS

APPENDIX

666

Photovoltaic Cells Can Be Used to Produce Hydrogen
666

NOTATION

TO EXPRESS LARGEAND

DIGITS

FUNDAMENTAL

Credits

IS USED
SMALL

NUMBERS

A1

B

• SIGNIFICANT

FIGURES

TABLE OF THE ELEMENTS,
CONVERSION

Glossary

667

APPENDIX A

APPENDIX

USEFUL

Index

• SCIENTIFIC

A7

D

• PERIODIC
AND

But Hydrogen May Not Be the Ultimate
Solution
667
IN PERSPECTIVE

CONCEPT

CALCULATIONS

MAY BE BASED

Fuel Cells Produce Electricity from Fuel
from Water

TO ODD-NUMBERED

SUPPORTING

ARE USED TO SHOW

HAVE EXPERIMENTAL

MEANING

WHICH
A4

Ci
Cl

!J

FACTORS,
CONSTANTS

A32

BUILDERS

---------'~"----------------

CONCEPTUAL
PHOTO

CHEMISTRY
ALBUM

•

onceptual Chemistry is personalized

with photographs of my family and
Paul Hewitt, author of Conceptual
Physics, appears on page xxxi. On Uncle Paul's lap is my son Evan Suchocki
(pronounced Su-noox-ee, with a silent c), who, as a toddler, sums up the book
with his optimistic message.
Taking advantage of water's high heat of vaporization is my wife, Traey, who
is seen fearlessly walking over hot coals on page 280. Demonstrating
the potential energy of a drawn bow and arrow on page 18 is
our precious oldest son, Ian, who is also seen as a baby with
his mom on page 92 letting us know that the closeness
between us is in the heart. Our third child, Maitreya Rose,
is proudly showcased both as a fetus and as a baby on page
473, as one of the models of Figure 13.18, on page 446,
highlighting the value of proteins, and as a two-year-old
holding the cellulose and color-rich Vermont autumn
leaves on page 439. She appears yet again within the
Chapter 12 opening photograph and within the Chapter
10 Spotlight essay on hair and skin care. About to enjoy his
favorite beverage-by the liter-is son Evan on page 13. He
appears again on page 585 using balloons to demonstrate the relationship
between the volume of a gas and its temperature. The inverted image of Evan
and his mom enjoying the balmy beaches of Hawaii can be seen on page 366 in
the discussion on the chemistry of photography. Evan, his mom, and brother
Ian are seen huddled together at Evan's ceramic art show in the middle figure on
page 628. Those are Ian's hands holding the mineral fluorite on page 192 and
my fingers on page 160 lightly touching the strings of Betsy, my guitar since
childhood. I still use Betsy in producing music for my alter ego, John Andrew
(see www.JohnAndrew.net). Also of our immediate family is Rusty Cat, whom
you will find on page 646 helping provide perspective for the propane tank at
the side of our home. Our dog Sam demonstrates his panting skills on page 269.
A few members of our extended family have also made their way into
Conceptual Chemistry. My nephew Graham Orr, lead singer for the erno-rock
group Burlington, is seen on page 53 drinking water both as a kid and as a
grown-up college student. Exploring the microscopic realm with the uncanny
resolution of electron waves is my cousin George Webster, who is seen on page
155 alongside his own scanning electron microscope. George's son, Christian, is
the cute kid in the Chapter 3 opening photo. Friend and former housemate
Rinchen Trashi is seen looking through the spectroscope on page 149. Cousin
Gretchen Hewitt demonstrates her taste for chips on page 446. Tracy's brother,
Peter Elias, is found on page 614 smelling the camphorous odor of a freshly cut
Ping-Pong ball. Look carefully on page 630 and you will see my father-in-law,

Cfriends. A photo of my uncle and mentor
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David Hopwood, sailing with his wife Hedi on their boat Dogs of Sabbatt. On
the same page appears my brother-in-law Peter Elias along with his mom (my
mother-in-law), Sharon Hopwood, as they perch on the branch of a tree made
strong by its composite nature. Both Peter and Sharon were key players in the
development of Conceptual Chemistry Alive! Also key to CCAlive! are my dear
former students Kai Dodge and Maile Ventura who appear on page 345. Watch
for Kai and Maile's popular student-oriented video lessons with CCAlive!Key to
my being accepted into the chemistry department family at St. Michael's College is Alayne Scholl, shown on page 316 tending to an entropy-driven exothermic reaction.
In addition to family photographs, the photographs of many of our friends'
children grace this book. Ayano Jeffers-Fabro is the adorable girl hugging the
tree on page 11. Jill Rabinov and her daughter Michaela appear on page 47
demonstrating the chemical nature of biological growth. Cole Stevens, who is
seen on page 256, helps us to be amazed by what happens to the volume of
water as it freezes. Helping us to understand the nature of DNA in the Chapter
13 opener are Daniel and Jacob Glassman- Vinci. Makani Nelson, on page 432,
provides us with a fine example of a human body full of cells and biomolecules.
Look also for Makani's cameo appearance on the opening montage video of
Conceptual Chemistry Alive!We are born with the desire to learn about our environment and our place in it. Let the sparkle of curiosity in the eyes of the many
kids portrayed in this textbook serve as a reminder of this important fact.
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elcome to the world of chemistry-a world where everything around you can
be traced to these incredibly tiny particles called atoms. Chemistry is the
study of how atoms combine to form materials. By learning chemistry, you gain a
unique perspective on what things are made of and why they behave as they do.
Chemistry is a science with a very practical outlook. By understanding and
controlling the behavior of atoms, chemists have been able to produce a broad
range of new and useful materials-alloys, fertilizers, pharmaceuticals, polymers, computer chips, recombinant DNA, and more. These materials have
raised our standards of living to unprecedented levels. Learning chemistry,
therefore, is worthwhile simply because of the impact this field has on society.
More important, with a background in chemistry you can judge for yourself
whether or not available technologies are in harmony with the environment and
with what you believe to be right.
This book presents chemistry conceptually, focusing on the concepts of
chemistry with little emphasis on calculations. Though sometimes wildly
bizarre, the concepts of chemistry are straightforward and accessible-all it takes
is the desire to learn. What you will gain from your efforts, however, may be
more than new knowledge about
your environment and your personal
relation to it-you may improve your
learning skills and become a better
thinker! But remember, just as with
any other form of training, you'll get
out of your study of chemistry only as
much as you put in.
I enjoy chemistry, and I know you
can, too. So put on your boots and
let's go explore this world from the
perspective of its fundamental building blocks.

a~

Good chemistry to you!
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s instructors, we share a common desire for our teaching efforts to have a
long-lasting positive impact on our students. We focus, therefore, on what
we think is most important for the student to learn. For students taking
liberal arts chemistry courses, certain learning goals are clear. They should
become familiar with and, perhaps, even interested in the basic concepts of
chemistry, especially the ones that apply to their daily lives. They should
understand, for example, how soap works and why ice floats on water. They
should be able to distinguish between stratospheric ozone depletion and
global warming, and also know what it takes to ensure a safe drinking water
supply. Along the way, they should learn how to think about matter from the
perspective of atoms and molecules. Furthermore, by studying chemistry,
students should come to understand the methods of scientific inquiry and
become better equipped to pass this knowledge along to future generations.
In short, these students should become citizens of above-average scientific
literacy.
These are noble goals, and it is crucial that we do our best to achieve them.
Judging from encounters with my former liberal arts students in the midst of
their daily lives, however, I have come to conclude that this is not what they usually cherish most from having taken a course in chemistry. Rather, it is the personal development they experienced through the process.
As all science educators know, chemistry-with its many abstract conceptsis fertile ground for the development of higher-thinking skills. Thus, it seems
reasonable for us to share this valuable scientific offering-tempered
to an
appropriate level-with all students. Liberal arts students, like all other students, come to college not just to learn about scientific subjects but for personal
growth as well. This growth should include improvements in their analytical
and verbal-reasoning skills along with a boost in self-confidence from having
successfully met well-placed challenges. The value of our teaching, therefore,
rests not only on our ability to help students learn chemistry but also on our
ability to help them learn about themselves.
These are the premises upon which Conceptual Chemistry was written. You
will find the standard discussions of the applications of chemistry, as shown in
the table of contents. True to its title, this textbook also builds a conceptual base
from which nonscience students may view nature more perceptively by helping
them visualize the behavior of atoms and molecules and showing them how this
behavior gives rise to our macroscopic environment. Numerical problem-solving skills and memorization are not stressed. Instead, chemistry concepts are
developed in a story-telling fashion with the frequent use of analogies and
tightly integrated illustrations and photographs. Follow-up end-of-chapter
questions are designed to challenge the students' understanding of concepts and
their ability to synthesize and articulate conclusions. Concurrent with helping
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students learn chemistry, Conceptual Chemistry aims to be a tool by which
students can learn how to become better thinkers and reach their personal goals
of self-discovery.
ORGANIZATION

The basic concepts of chemistry are developed in the first 12 chapters of
Conceptual Chemistry. Threaded into the development, real-life applications
facilitate the understanding and appreciation of chemistry concepts. In the
remaining 7 chapters, students have the opportunity to exercise their understanding of earlier material as they explore numerous chemistry-related topics
such as nutrition, genetic engineering, pharmaceuticals, agriculture, water treatment facilities, air pollution, modern materials, and energy sources.
FEATURES

Key features of Conceptual Chemistry include the following:
• A conversational and clear writing style aimed at engaging student interest.
• In-text Concept Checks that pose a question followed by an immediate
answer. These questions reinforce ideas just presented before the student
moves on to new concepts.
• Hands-On Chemistry activities that allow students to experience chemistry
outside a formal laboratory setting. These activities can be performed using
common household ingredients and equipment. Most chapters have two or
three Hands-On features, which lend themselves well to distance learning or
to in-class activities.
• Calculation Corners appear in selected chapters. They are included so that
students can practice the quantitative-reasoning skills needed to perform
chemical calculations. In each Calculation Corner, an example problem and
answer show students how to perform a specific calculation; then their understanding is tested in a Your Turn section. None of the calculations involves
skills beyond fractions, percentages, or basic algebra.
• Each chapter includes four to six FYI margin features that highlight interesting
information relating to the adjacent chapter content. An accompanying web
reference points the student in the direction of additional interesting tid-bits.
• In the Spotlight essaysappear after each of the first 12 chapters. These essays
focus on chemistry-related issues that lend themselves to controversy. A Spotlight essay can serve as a starting point for a student project or as a centerpiece
for in-class student discussion groups.
• Conceptual Chemistry Alive! is a student tutorial presented by the author
on a single DVD-ROM found in every textbook. This extensive tutorial
features over 200 minilectures, demonstrations, animations, home chemistry
projects, and explorations of chemistry in the community. Students browse
through over 24 hours of Quicktime movies in an interactive environment
that follows the Conceptual Chemistry table of contents. After viewing a
segment, students answer Concept Checks that encourage them to test their
understanding of key material before progressing further. A student's answer
to these Concept Checks are recorded in an electronic notebook that can be
submitted to an instructor for assessment. More than a study supplement,
Conceptual Chemistry Alive.' is a textbook companion suitable for distancelearning programs and for instructors seeking to free up class time for
student-centered curricula.

TO THE

Extensive end-of-chapter material includes:
i!il

Key Terms A short summary of important terms that appear boldfaced in the
text.

IIIl1

Chapter Highlights A set of 30 easy-to-answer questions that highlight the
essentials of the chapter. Designed as a quick review, these questions are
grouped by chapter section to help the student in finding the answer.

!!l!

Concept Building An extensive set of questions designed to challenge student understanding of the chapter material and to emphasize critical thinking
rather than mere recall. In many cases, a "concept builder" links chemistry
concepts to familiar situations.

III

Supporting Calculations A set of questions featuring concepts that are more
clearly understood with numerical values and straightforward calculations.
They are based on information presented in the Calculation Corners and
therefore appear only in chapters containing this feature.

I'll

Difficulty Ratings All Concept Builders and Supporting Calculations are
rated by their level of difficulty to assist you and the student in selecting
among the numerous questions. The solutions to all odd-numbered Concept
Builders and Supporting Calculations appear in Appendix C. The solutions
to all end-of-chapter questions appear within the Instructor Manual.

IIIl

Discussion Questions In the topical chapters (13-19), students are
prompted to express their opinions on issues that have no definitive answers.
This is similar to the discussion questions found within the interchapter
Spotlight essays.These questions promote student debate about controversial
ideas.

III

Hands-On Chemistry Insights The "insights" are a follow-up to the HandsOn Chemistry activities. These insights are designed to ensure that the student is getting the most out of performing the Hands-On activities and also
to clear up any misconceptions that may have developed.

III

Exploring Further The references provided here serve as a bibliography
allowing the student to research the ideas of the chapter for him or herself

NEW TO THE THIRD

EDITION

Conceptual Chemistry's Third Edition is a major revision of the textbook as well
as its many supplements. In all of these revisions, the main focus has been on
creating tools that support the instructor seeking to emphasize student-centered
learning in the classroom and beyond.
For the textbook, this has meant the creation of new interchapter In the Spotlight essaysand marginal FYIs as described above. The aim of such features is to
help reveal how the concepts of chemistry are central to students' lives, especially
in these modern times. Also, the end-of-chapter questions have been extensively
reworked to provide ample opportunity for student assessment. Notably, select
Concept Builders and Supporting Calculations appear within the Instructor
Resource CD-ROM in a multiple-choice format amenable to "Think-PairShare" teaching techniques as described in the Instructor Manual. Most significant is the inclusion of the full version of Conceptual Chemistry Alive! now
housed on a single DVD-ROM. This DVD-ROM, found in every textbook,
contains minilecture presentations organized around the Third Edition's table
of contents. Using this DVD-ROM, students can access chemistry lectures
whenever and wherever they have access to a computer. Class sessions can then
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become a time more dedicated to various student-cencered learning techniques,
such as Process Oriented Guided Inquiry Learning (POGIL). In other words,
students can "go home for their lectures," but they come to class to study under
the expert supervision of their course instructor.
Accompanying
the Third Edition are two new student supplements; this
includes the Study Guide, consisting of detailed chapter summaries, numerous
POGIL oriented worksheets, study group questions, and RATS, which are
Readiness Assurance Tests designed to help the student gauge how prepared he
or she may be for an exam. RATS are particularly popular with students, which
is why I have my students perform their RATS in class during the period preceding an exam.
In contrast to the minds-on approach of the study guide is Explorations in
Conceptual Chemistry: A Student Activity Manualwritten by JeffParadis of California State University-Sacramento.
Unlike the laboratories of a traditional lab
manual, these activities are short and relatively easy to set up. They can be
scheduled directly into the course syllabus or alternatively pulled together "on
the fly" based upon student need as the semester progresses. The majority of
these activities can be performed by students during class, which is a surefire way
to maintain student interest. Many can also be performed by students outside
of class as prescribed by the instructor. The primary goal of this booklet is to
allow the student to learn chemistry by doing chemistry.
As can be expected, the creation of the Third Edition allowed for further
improvements in the readability of the text and for the correction of inaccuracies appearing in earlier editions. Content changes were also made. The
most significant of these changes include a reworking of the presentation of
the scientific method as found in Chapter 1. For Chapter 9, the section on
entropy was greatly revised. For Chapter 10, Lewis acids and bases are now
discussed, and for Chapter 17 a new section on gas laws was added. The topical chapters of this textbook, Chapters 13-19, were also updated to reflect
current events.
SUPPORT

PACKAGE

The Conceptual Chemistry instructional
materials for both students and faculty.

package provides

complete

support

• Conceptual Chemistry Alive! is a student tutorial presented by the author on a
single DVD-ROM
included with every Third Edition textbook. Students
obtaining a used DVD-ROM can renew the CCAlive! registration on-line at
www.ConceptChem.com.
which is the technical support website for all
Conceptual Chemistry Alive! users.

• Study Guide fOr Conceptual Chemistry features engaging minds-on,

pencilpushing, concept-review activities designed to help students working collaboratively to prepare for exams and learn chemistry through that process. Available for purchase (ISBN 0-8053-1789-9).

• Explorations in Conceptual Chemistry: A Student Activity Manual features
hands-on activities that help students learn chemistry by doing chemistry in a
discovery-based team environment. Available for purchase (ISBN 0-80538289-5).

•

The Chemistry Placewebsite (www.aw-bc.corn/chernplace)
is a unique study
tool that offers detailed learning objectives, practice quizzes, flash cards, and
web links for each chapter of the text. The Chemistry Place also includes inter-
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active tutorials featuring simulations, animations, and 3-D visualization
tools.
11

Student Laboratory Manual fOr Conceptual Chemistry, coauthored with Donna
Gibson, Chabot College, features laboratory activities tightly correlated to
the chapter content. Available for purchase (ISBN 0-8053-8232-1).

11

Written by the author, the Instructor Manual is an important resource for the
instructor seeking to implement student-centered learning techniques, such
as "think-pair-share," "student-centered circles," "minute quizzes," "student
mini-presentations with activity intervals," "muddiest points," "readinessassurance tests," "collaborative exams," and more. In addition to discussions
on student-centered learning, the Instructor Manual contains sample syllabi,
teaching tips, suggested demonstrations, and answers to all end-of-chapter
questions. Also included are answers to all questions and worksheets appearing in the Study Guide, Explorations in Conceptual Chemistry: A Student Activity Manual, and the Lab Manual. Discussions on how to prep for guided
inquiry activities and laboratories are also included (ISBN 0-8053-8228-3).

11

The Instructor ResourceCD-ROM contains the extensive PowerPoint presentations developed by the author in making Conceptual Chemistry Alive!Instructors using Conceptual Chemistry may adapt these PowerPoints for their own
electronic presentations. To further support such electronic presentations,
these CDs also contain all of the figures and tables from the textbook in JPG
format. Also included are the author's favorite Test Bank and end-of-chapter
Concept Builder questions in multiple-choice format. These are the same
questions that appear in the student Study Guide as short-answer "study group
exercises" and as RATS. Presented as "clicker" PowerPoints, these multiplechoice questions serve as useful in-class concept checks tightly integrated with
the Study Guide. The CD also contains the Test Bank and Instructor Manual in
Word and PDP format (ISBN 0-8053-8223-X).

11

The Chemistry Place website (www.aw-bc.com/chemplace) provides learning objectives, quizzes, interactive tutorials, and a link to downloadable supplements.

11

A set of250 four-color acetates of figures and tables from the text is available
(ISBN 0-8053-8227-5).

11

An extensive test bank comes in both printed format (ISBN 0-8053-8225-9)
and on a cross-platform CD-ROM (ISBN 0-8053-8226-7). A special section
of this test bank contains multiple-choice versions of odd Concept Builders
and Supporting Calculations. These multiple-choice questions are provided
as a reward to students who have studied these questions at the end of each
chapter where they appear in a short-answer format.

11

Course management technologies available to qualified college adopters:
Blackboard: http://cms.aw.com/blackboard
CourseCompass TM: www.coursecompass.com

In addition to offering Blackboard, we also offer CourseCompass-a nationally hosted on-line course management system. All CourseCompass and Blackboard courses offer preloaded content, including testing and assessment,
interactive web-based activities, anirnations, web links, illustrations, and photos. To view a demonstration of any course, go to www.coursecompass.com.
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am grateful for the love and support I have received over the years from my
father, John Marion Suchocki, and his wife, Susan Suchocki. To them this
Third Edition is dedicated. To my wife, Tracy, I remain deeply thankful for her
endless patience and for the love and time she gives to me daily. To Ian, Evan,
and Maitreya, who have grown up knowing only a dad who pores hours over his
computer, thank you for reminding me of the important things in life.
There are numerous other individuals I am grateful and indebted to for their
assistance in the development of Conceptual Chemistry. Standing at the head of
this crowd is my uncle and mentor, Paul G. Hewitt. He planted the seed for this
book in the early 1980s and has lovingly nurtured its growth ever since. Thanks
also to Uncle Paul and cousin Leslie Hewitt Abrams for allowing me to use their
material from our Conceptual Physical Science textbooks. Thanks to my pharmacist sister, Joan Lucas, for helping with the early drafts of Chapter 14, and to my
chemical engineer brother-in-law, Rick Lucas, for consultations regarding the
petroleum industry. To Bill Candler, rock collector and husband to my dear sister Cathy, thank you for supplying various minerals for photographing. I would
like to thank my molecular geneticist step-brother, Nicholas Kellar, for assistance in the Chapter 13 laboratory for isolating DNA from plant material.
Thanks also to my electron microscopist cousin, George Webster, and his wife,
Lolita, for supplying photos of their SEM.
Special thanks are extended to my mother, Majorie Hewitt Suchocki, for her
love and for instilling in me a positive attitude about life'swork. Personal thanks
are also extended to all my friends and other relatives for their support throughout the years, most notably to my mother-in-law, Sharon Hopwood, for photo
research and for being a wonderful grandmother. Personal thanks also go to my
past mentors, Professors Everette May and Albert Sneden of Virginia Commonwealth University.
I am particularly grateful for the past support of the faculty and staff of
Leeward Community College, notably Michael Reese, Bob Asato, the late
George Shiroma, Pearl Takauchi, Patricia Domingo, Manny Cabral, Mike
Lee, Kakkala Mohanan, Irwin Yamamoto, Stacy Thomas, Sharon Narimatsu,
and Mark Silliman. Extra, extra thanks are extended to Michael Reese, a firstrate chemistry professor as well as computer programmer. Michael singlehandedly created the programming that allows CCAlive! to run on computers.
After four years of smooth running, there has been no technical support issue
that Michael has not been able to solve. His recent efforts have made it possible to have CCAlive! in a DVD-rom format, which has allowed us to include a
copy of CCAlive!with every textbook.
I send a big mahalo to the crew that helped in the filming of CCAlive!
including Michael Reese, Peter Elias, Camden Barruga, Ed Nartatez, Kelly
Sato, Sharon Hopwood, Patrick Garcia, Irwin Yarnamoto, Stacy Thomas, Kai
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Dodge, and Maile Ventura. Another Hawaiian mahalo to julia Myers and
Michael Niederer for designing and maintaining the ConceptChem.com
website. To Alayne Schroll and the other faculty of the chemistry and physics
departments at St. Michael's College, thank you for your continued support.
Special thanks are extended to Frank 1. Lambert, Professor Emeritus Occidental College, for his much-appreciated
assistance in the development of
Conceptual Chemistry's presentation of the second law of thermodynamics.
To Jeff Paradis of CSU-Sacramento, I am thankful for his efforts in creating
his activities manual, which complements this textbook so well. For developing
the Conceptual Chemistry Laboratory Manual, I am forever grateful to Donna
Gibson of Chabot College. For developing the Conceptual Chemistry TestBank, I
am deeply indebted to Bill Centobene of Cypress College as well as Dan Stasko
of the University of Southern Maine.
The first chapter of this textbook is graced by the research efforts of Professors
Jim McClintock of the University of Alabama, Birmingham, and Bill Baker of
the University of South Florida, who were quick to provide not only their permissions but some beautiful photographs of the Antarctic. A big Hawaiian
mahalo ro them both. Jim and Bill's scientific work is outlined using the "Wheel
of Scientific Inquiry" shown in Figure 1.5. This model was developed by
William Harwocd and his graduate students at Indiana University. I am
indebted to Professor Harwood for his permission to incorporate this model
into Conceptual Chemistry.
I am grateful for the continued support and guidance of my chemistry editor, Jim Smith. The editorial services of Lisa Leung, Cinnamon Hearst, and
Kate Brayton have also been invaluable. Continued thanks are also due ro my
earlier editors, Ben Roberts, Hilair Chism, and Irene Nunes.
For overseeing the production of this Third Edition, I send a heartfelt thanks
to Beth Masse as well as Corinne Benson. For managing the design of the book,
I thank Mark Ong, Marilyn Perry, and Randall Goodall. For producing this edition's cover, I am grateful to Randall Goodall as well as Steve and Janet Simonsen for providing their brilliant photography. This edition is graced by many
new photographs due to the research efforts of Laura Murray-thank
you,
Laura. To Kristin Rose I am grateful for her work on the Conceptual Chemistry
website and Instructor Resource CD-ROM Thanks also are due to Grace Joo for
producing an extensive set of transparency acetates. My thanks are also extended
to Scott Dustan, our very capable marketing manager, and to Emily Autumn of
GGS Book Services for overseeing the actual piecing together of this textbook.
Thanks to Terri Miller for her great page-layout skills, and to Pam Rockwell for
her keen copyediting, followed by Denne Wesolowski for his vigilant proofreading. Thanks to you all. An author couldn't possibly ask for more support than
this.
The development of Conceptual Chemistry relied heavily on the comments
and criticisms of numerous reviewers. These people should know that their
input was carefully considered and most often incorporated. A tremendous
thanks go to the reviewers listed here, who contributed immeasurably to the
development of this and earlier editions of this book:
Pamela M. Aker, University of Pittsburgh
Edward Alexander, San Diego Mesa College
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To the struggling student, thank you for your learning efforts-you
are on
the road to making this world a better place.
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Your questions, general comments, and criticisms are also welcome. I look forward to hearing from you.
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Wow, Great Uncle Paul! Before this chickie
exhausted its inner space resources and poked
out of its shell, it must have thought it was at
its last moments. But what seemed like its end
was a new beginning. Are we like chickies, ready
to poke through to a new environment and
new understanding of our place in the universe 7
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Chemistry Is Integral to Our Lives

~ou

wonder what the Earth, sky, or ocean is made of, you are think:~out chemistry. When you wonder how a rain puddle dries up,
how a car gets energy from gasoline, or how your body gets energy from the
food you eat, you are again thinking about chemistry. By definition, chemistry
is the study of matter and the transformations
it can undergo. Matter is anything that occupies space. It is the stuff that makes up all material things-anything you can touch, taste, smell, see, or hear is matter. The scope of chemistry,
therefore, is very broad.
Chemistry is often described as a central science because it touches all the
other sciences (Figure 1.1). It springs from the principles of physics, and it serves
as the foundation for the most complex science of all-biology.
Indeed, many
of the great advances in the life sciences today, such as genetic engineering, are
applications of some very exotic chemistry. Chemistry sets the foundation for
the Earth sciences-geology,
volcanology, oceanography, meteorology-as
well
as for such related branches as archeology. It is also an important component of
space science. Just as we learned about the origin of the moon from the chemical
analysis of moon rocks in the early 1970s, we are now learning about the history

W ~:;

•
~'------~-----• Industries within the United
States employ about goo,ooo
chemists.
MORE

TO

EXPLORE,

Bureau of Labor Statistics
www.bls.gov

FIGURE

1.1

Chemistry is a foundation for many other disciplines. (a) Biochemists analyzing
DNA profiles. (b) Meteorologist releasing weather balloon to study the chemistry of
the uppet atmosphere. (c) Technicians conducting DNA research. (d) Paleontologists preparing fossilized dinosaur bones for transport to laboratory for chemical
analysis. (e) Astronomer studying the composition of asteroids.
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Transparent matrix of
processed silicon
dioxide (Chapter 18)

Electrical energy from
a fossil fuel or nuclear
power plant (Chapter 19)

Chemically disinfected
drinking water
(Chapter 16)

Metal alloy
(Cha pter 18)

Caffeine solution
(Chapter 14)
Thermoset polymer
(Chapter 12)

Prescription medicines
stored in refrigerator
(Chapter 14)

Roasting carbohydrates,
fats, proteins, and vitamins
(Chapter 13)
Natural gas laced with
odoriferous sulfur
compounds (Chapter 12)
Fertilizer grown vegetables
(Chapter 15)

Ch lorofl uoroca rbon- free
refrigerating fluids
(Chapter 17)

FIGURE

1.2

Most of the material items in any modern house are shaped by some human-devised
chemical process.

of Mars and the solar system itself from the chemical information gathered by
space probes.
Progress in science, including chemistry, is made by scientists as they conduct
research, which is any activity aimed at the systematic discovery and interpretation of new knowledge. Basic research leads us to a greater understanding of
how the natural world operates. Many scientists focus on basic research. The
foundation of knowledge laid down by basic research frequently leads to useful
applications. Research that focuses on developing these applications is known as
applied research. The majority of chemists have applied research as their major
focus. Applied research in chemistry has provided us with medicine, food, water,
shelter, and so many of the material goods that characterize modern life. Just a
few of a myriad of examples are shown in Figure 1.2.
Over the course of the 20th century, we excelled at manipulating atoms and
molecules to create materials to suit our needs. At the same time, however, mistakes were made when it came to caring for the environment. Waste products
were dumped into rivers, buried in the ground, or vented into the air without
regard for possible long-term consequences. Many people believed that Earth
was so large that its resources were virtually unlimited and that it could absorb
wastes without being significantly harmed.
Most nations now recognize this as a dangerous attitude. As a result, government agencies, industries, and concerned citizens are involved in extensive efforts
to clean up toxic-waste sites. Such regulations as the international ban on ozonedestroying chlorofluorocarbons have been enacted to protect the environment.
Members of the American Chemistry Council, who as a group produce 90 percent of the chemicals manufactured in the United States, have adopted a program
called Responsible Care, in which they have pledged to manufacture without
causing environmental damage. The Responsible Care program-its
emblem is
shown in Figure 1.3-is based on the understanding that just as modern technology can be used to harm the environment, it can also be used to protect

FIGURE

1.3

The Responsible Care symbol
of the American Chemistry
Council.
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budget for nondefense scientific
research and development (R&D)
was $57billion. The proposed
budget for scientific R&Drelated
to national defense was
$75billion
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the environment.
For example, by using chemistry wisely, most waste products
can be minimized, recycled, engineered into sellable commodities,
or rendered
environmentally
benign. Fortunately, such approaches also usually lead to greater
profits, which encourages companies to make these innovations.
Chemistry has influenced our lives in profound ways and will continue to do
so in the future. For this reason, it is in everyone's interest to become acquainted
with the concepts of chemistry. A knowledge of chemistry gives us a handle on
many of the questions and issues we face as a society. Are generic medicines
really just as effective as brand-name
ones (Chapter 14)? Should food supplements be federally regulated (Chapter 15)? Is genetically modified food safe
(Chapter 15)? Should fluoride be added to local water supplies (Chapter 16)?
What is happening
to stratospheric
ozone, and how does this problem differ
from the problem of global warming (Chapter 17)? Why is it important to recycle (Chapter 18)? Whar should be our primary energy resources in the future
(Chapter 19)? At some point, either we or the people we elect will be considering questions such as these, as the scene in Figure 1.4 illustrates. The more
informed we are, the greater the likelihood that the decisions we make will be
good ones .

•

Chemists have learned how to produce aspirin using petroleum
ing material. Is this an example of basic or applied research?
Was this your answer? This
primary goal was to develop
duce aspirin from petroleum
molecules, an understanding

FIGURE

as a start-

is an example of applied research because the
a useful commodity. However, the ability to prodepended on an understanding
of atoms and
that came from many years of basic research.

1.4

More than 70 percent of all legislation placed before the Congress of the United
States addresses science-related questions and issues, and many of these issues pertain to chemistry. Learning about science is an important endeavor for all
citizens, particularly those destined to become leaders.

1.2

• 1.2

SCIENCE

IS A WAY OF UNDERSTANDING

THE

UNIVERSE

5

Science Is a Way of Understanding the Universe

cience has given us much. Our modern world is built upon it. Nearly all
forms of technology-from
medicine to space travel-are applications of
science. But what exactly is this amazing thing called science? How should science be used? Where did science come from? Why is it so important?
Science is an organized body of knowledge about nature. It is the product of
observations, common sense, rational thinking, and (sometimes) brilliant
insights. People usually do science with other people-it is very much a communal human endeavor. Science has been built up over thousands of years and
gathered from places all around the world. It is a huge gift to us today from the
thinkers and experimenters of the past.
Yet science is more than a body of knowledge. Science is a method by which
we can explore our natural environment and effectively discover its secrets.
Consider, for example, a scientist who is puzzled by an observation that arises
in the course of her daily work. She ponders the bizarre observation in light of
what she already knows. After some struggle, which includes opening her mind
to a myriad of possibilities, she makes a creative, imaginative leap and is struck
by a new idea. If this new idea were true, she realizes, it would explain the
bizarre observation. It would also give her insight into areas she has yet to
explore.
This, in a nutshell, is what science is all about-it
is a
process by which new ideas are created to help explain
what we observe in nature, both out-of-doors and in the
laboratory. The new idea with its explanatory powers is
called a hypothesis. The hypothesis is a scientific hypothesis when, and only when, it can be tested. The more
tests that the scientific hypothesis passes, the greater the
confidence we have that the hypothesis is true. However,
if the hypothesis fails even one test, then the hypothesis is
taken to be false. A new, more all-encompassing idea is
needed.
The experience of doing science does not follow any prescribed path. What matters is that the scientist is engaged
in activities leading to new discoveries or greater understandings. One of the first activities tends to be the asking
of a broad question of interest to the scientist, such as:
"Where did the moon come from?" or "Can we efficiently
create hydrogen from water using direct solar energy?" or
"When did humans first arrive in North America?" All
other activities are guided by this broad question. These activities will likely
include: learning about what is already known, making observations, narrowing the focus of the research to something manageable, asking specific questions that can be answered by experiment, documenting
expectations,
performing experiments, confirming the results of experiments, reflecting
about what the results might mean, and, most importantly, communicating
with others.
The order in which these and other science-oriented activities are performed are wholly up to the scientist, as illustrated by the wheel of scientific
inquiry in Figure 1.5. No cookbooks. No algorithms oflogic. Just equipment,
a blank lab notebook, some self-discipline, and a healthy dose of creative
curiosity. This is the scientific spirit.

Learn What
Is Known

FIGURE

1.5

This wheel illustrates the essential activities conducted by scientists. The first activity,shown in
the center, is the asking of a
broad question that defines the
scope of research. It is usually
based upon the scientist's particular interests. The scientist can
then move among all the various
activities in unique paths and
repeat activities as often as he or
she finds necessary.
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The Chemical Ecology of
Antarctic Marine Organisms
Research Project was initiated in
1988 by James McClintock,
shown here (fifth from left) with
his team of colleaguesand
research assistants. In 1992, he
was joined by Bill Baker (second
from right). Baker is shown in
the inset dressing for a dive into
the icy Antarctic water. Like
many other science projects, this
one was interdisciplinary, involving the efforts of scientists from a
variety of backgrounds.

•

A STUDY

• Miles beneath the Antarctic ice
sheets there are lakes that have
been secluded for millions of
years. The conditions within these
lakes are similar to what may exist
beneath the ice sheets of Jupiter's
moon Europa. Evidence suggests
that these Antarctic lakes may
contain microscopic life. Iftrue,
this adds to the possibility of life
forms on Europa. Forcurrent
information, enter "Lakevostok"
into your Internet search engine.
MORE

TO

EXPLORE,

National Science Foundation,
Office of Legislative & Public
Affairs
www.nsf.gov/od/lpa/
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The scientific process is aptly illustrated by the efforts of an Antarctic research
team headed by James McClintock, professor of biology at the University of
Alabama at Birmingham, and Bill Baker, professor of chemistry at the University of South Florida, both shown in Figure 1.6. One aspect of their research
involved studying the toxic chemicals Antarctic marine organisms secrete to
defend themselves against predators. McClintock and Baker observed a bizarre
relationship between two animal species, a sea butterfly and an amphipoda relationship that led to a series of scientific activities.
• Broad Question. What is the ecology of Antarctic marine organisms?
• Making Observations. The sea butterfly Clione antarctica is a brightly colored, shell-less snail with winglike extensions used in swimming (Figure
l.7a), and the amphipod Hyperiella dilatata resembles a small shrimp.
McClintock and Baker observed a large percentage of amphipods carrying sea
butterflies on their backs, with the sea butterflies held tightly by the hind legs
of the amphipods (Figure l.7b). Any amphipod that lost its sea butterfly
would quickly seek another-the
amphipods were actively abducting the sea
butterflies!

1.7

(a)The gracefulAntarctic seabutterfly is a speciesof snail that does
not have a shell.
(b) The shrimplike amphipod
attaches a sea butterfly to its back
even though doing so limits the
amphipod's mobility.

(b)

(a)
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Narrowing the Focus. McClintock and Baker noted that amphipods carrying sea butterflies were slowed considerably, making the amphipods more
vulnerable to predators and less adept at capturing prey. So why did they
carry the sea butterflies? They considered this to be an interesting puzzle, and
so they made it the focus of their efforts.

Ill!

Documenting Expectations. Given their experience with the chemical
defense systems of various sea organisms, the research team hypothesized that
amphipods carry sea butterflies because the sea butterflies produced a chemical that deters a predator of the amphipod. Based upon their hypothesis, they
predicted (a) that they would be able to isolate this chemical and (b) that an
amphipod predator would be deterred by it.

!ill

Performing Experiments. To test their hyporhesis and prediction, the
researchers captured several predator fish species and conducted the tests
shown in Figure 1.8. The fish were presented with solitary sea butterflies,
which they took into their mouths but promptly spit back out. The fish readily ate uncoupled amphipods but spit out any amphipod coupled with a sea
butterfly.

(b) Amphipod

11

Reflect on Findings. These are the results expected if the sea butterfly was
secreting some sort of chemical deterrent. The same results would be
obtained, however, if the predator fish simply didn't like the feel of the
sea butterfly in its mouth. The results of this simple test were therefore
ambiguous.

(c) Sea butterfly
and amphipod

IIiI

Confirming Results. All scientific tests need to minimize the number of possible conclusions. Often this is done by running an experimental test alongside a control test. Ideally, the two tests should differ by only one variable.
Any differences in results can be attributed to how the experimental test differed from the control test. A control test, therefore, could be used to confirm
that the deterrent was chemical and not physical.

11

Performing Experiments. The researchers made one set of food pellets containing both fish meal and sea butterfly extract (the experimental pellets). For
their control test, they made a physically identical set containing only fish
meal (the control pellets). As shown in Figure 1.9, the predator fish readily
ate the control pellets but not the experimental ones. The results strongly
supported the chemical deterrent hypothesis.

IIli

Make Observations. Further processing of the sea-butterfly extract yielded
five major chemical compounds, only one of which deterred predator fish
from eating the pellets. Chemical analysis of this compound revealed it to be
the previously unknown molecule shown in Figure 1.10, which they named
pteroenone.

I!iI

IlII

Reflect on Findings. As frequently happens in science, McClintock and
Baker's results led to new questions. What are the properties of pteroenone?
Does this substance have potential for treating human disease? In fact, the
majority of the drugs prescribed in the United States were developed by
chemists working with naturally occurring material. As we explore further in
Chapter 14, this is an important reason to preserve marine habitats and tropical rain forests, which house countless yet-to-be-discovered substances.
Communicate with Others. Professors McClintock and Baker were
members of a research team that involved many other researchers. Naturally, through the course of their research there were ample discussions
among the team that drove the research forward. Eventually a point was
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(a) Sea butterfly

FIGURE

1.8

In McClintock and Baker'sinitial
experiment, a predatory fish (a)
rejected the sea butterfly, (b) ate
the free-swimming amphipod,
and (c) rejected the amphipod
coupled with a sea butterfly.

(a) Control
pellets

(b) Experimental
pellets

FIGURE

1.9

The predator fish (a) ate the control pellets but (b) rejected the
experimental pellets, which contained sea-butterfly extract.
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Pteroenone

FIGURE

1.10

Pteroenone is a molecule produced by sea butterflies as a
chemical deterrent against predators. Its name is derived from
ptero-, which means "winged"
(for the sea butterfly), and
-enone, which describes information about the chemical structure. The black spheres represent
carbon atoms, the white spheres
hydrogen atoms, and the red
spheres oxygen atoms.

FIGURE

1.11

Roy Plunkett (right) and his colleaguespose for this reenactmem
photograph of their discoveryof
Teflon. Their successwas due in
great part to their curiosity.

SCIENCE

reached where McClintock and Baker were sufficiently satisfied with their research that they sought to publish their
findings in a professional journal. Their article, however,
first had to be reviewed by other scientists familiar with
this area of research but not directly involved. Critiques
were provided and the decision was made as to whether the
research met scientific standards. Only after the reviewers
gave the research a green light was the article published
so that others, such as yourself, would be able to learn of
their interesting discoveries. The researchers also have the
option of communicating their research through regional
and national scientific conferences, where the interchange of ideas is most
dynamic.
REPRODUCIBILITY
AND AN ATTITUDE
COMPONENTS
OF SCIENCE

OF INQUIRY

ARE ESSENTIAL

In addition to running control tests, scientists confirm experimental results
by repeated testing. The Antarctic researchers, for example, made many food
pellets, both experimental and control, so that each test could be repeated
many times. Only after obtaining consistent results can a scientist begin to
decide whether the hypothesis in question is supported or not.
If there is an undetected variable or flaw in an experiment, it doesn't matter
how many times the tests are repeated. Measuring your weight on a broken
scale is a good example of a flawed procedure-no
matter how many times you
step on the scale, the weight you measure will be wrong
every time. Similarly, had the Antarctic researchers not
been careful to make sure the fish in the experimental
and control tests were equally hungry and of the same
species, their results and conclusions would have been
unreliable.
Because of the great potential for unseen error in any
procedure, the results of a scientific experiment are considered valid only if they can be reproduced by other
scientists working in similarly equipped laboratories.
This restriction helps to confirm the experimental
results and lends more credence to an interpretation.
Reproducibility is an essential component of science.
Without it, the understandings we gain through science
become questionable.
The success of science has much to do with an
attitude common to scientists. This attitude is one of
inquiry, experimentation,
honesty, and a faith that all
natural phenomena can be explained. Accordingly,
many scientific discoveries have involved trial and error,
experimentation
without guessing, or just plain accidental discovery. In the late 1930s, for example, the
DuPont researcher Roy Plunkett and his colleagues,
shown in Figure 1.11, filled a pressurized cylinder with
a gas called tetrarluoroethylene. The next morning they were surprised to discover that the cylinder appeared empty. Not believing that the contents had
simply vanished, they hacksawed the cylinder apart and discovered a white
solid coating the inner surface. Driven by curiosity, they continued to investigate the material, which eventually came to be known and marketed as the
highly useful polymer Teflon ®.
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Why is it important

for a scientist to be honest?

Was this your answer? Any discovery made by a scientist is subject to the
scrutiny and testing of other scientists. Sooner or later, mistakes or wishful
thinking or even outright deceptions are found out. Honesty, so important
to the progress of science, thus becomes a matter of self-interest.
A THEORY

IS A SINGLE

IDEA THAT HAS GREAT EXPLANATORY

POWER

Periodically, science moves to a point where a wide range of observations can be
explained by a single comprehensive idea that has stood up to repeated scrutiny.
Such an idea is what scientists call a theory. Biologists, for instance, speak of
the theory of natural selection and use it to explain both the unity and the diversity of life. Physicists speak of the theory of relativity and use it to explain how
we are held to Earth by gravity. Chemists speak of the theory of the atom and use
it to explain how one material can transform into another.
Theories are a foundation of science, but they are not fixed. Rather, they
evolve as they go through stages of redefinition and refinement. Since it was first
proposed 200 years ago, for example, the theory of the atom has been repeatedly
refined as new evidence about atomic behavior has been gathered. Those who
know little about science may argue that scientific theories have little value
because they are always being modified. Those who understand science, however, see it differently-theories grow stronger as they are modified.
SCIENCE

HAS LIMITATIONS

Science is a powerful means of gaining knowledge about the natural world, but
it is not without limitations. No experiment can ever prove definitively that a
scientific hypothesis is correct. What happens instead is that we gain more and
more confidence in a hypothesis as it continues to be supported by the results of
many different experiments conducted by many different investigators. If any
experimental result contradicts the hypothesis, and if this result is reproducible,
the hypothesis must be either discarded or revised. Even the most firmly planted
theories are subject to this same scrutiny.
Science deals only with hypotheses that are testable. As such, its domain is
restricted to the observable natural world. While scientific methods can be used
to debunk various claims, science has no way of verifYingtestimonies involving
the supernatural. The term supernaturalliterally
means "above nature." Science
works within nature, not above it. Likewise, science is unable to answer such
philosophical questions as "What is the purpose of life?" or such religious questions as "What is the nature of the human spirit?" Though these questions are
valid and have great importance to us, they rely on subjective personal experience and do not lead to testable hypotheses.

Which statement is a scientific hypothesis?
a. The moon is made of Swiss cheese.
b. Human consciousness arises from an essence that is un detectable.
Was this your answer? Both statements attempt to explain observed phenomena, and so both are hypotheses. Only statement (a) is testable, however, and therefore on ly statement (a) is a scientific hypothesis.

Although we shall never be able to detect the undetectable, we have traveled
to the moon and found that it is not made of Swiss cheese (the last manned
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flight to the moon was in 1974). Analysis of moon samples has shown that the
moon has a chemical composition very similar to that of Earth, a finding that
led to more questions. For example, why are the moon and Earth of similar
chemical composition? Were they once bound together as a single body that
split apart billions of years ago by some massive planetary collision? Continued
experiments suggest yes!
SCIENCE

CAN LEAD TO PROFOUND

NEW IDEAS

Although science can't directly answer philosophical or religious questions, what
we learn from science can be so profound that it challenges our philosophical or
religious thought. Some 400 years ago, for example, it was once widely held that
all celestial objects revolved around Earth. Then, using scientific methods, people began to discover that Earth actually revolves around the sun. That Earth
wasn't the center of the universe had a significant impact on our philosophical
and religious points of view.
The lessons of science are humbling. They show us to be brief specks in a
13-billion-year-old universe that has since expanded into a size unimaginably
vast. How vast? Our orbiting space telescopes are able to discern the light from
billions upon billions of galaxies as they appeared towards the beginning of the
universe, a phase referred to as the Big Bang (Figure 1.12). These galaxies are
now some 42 billion light-years away.* Look this distance in all directions and
you have what cosmologists refer to as the observable universe. According to current models, however, if the entirety of the expanding universe were the surface
FIGURE

1.12

Look deep, deep into space and
this is what we see in almost
every direction. Each disc is one
galaxyof billions of stars as they
appeared billions of years ago.

* A light-year is the distance light travels in one year, which is abour 9.5 trillion kilometers. The
star nearest to our sun is abour 4.2 light-yeats away. Our sun, which is a medium-sized star, is about
26,000 light-years from the center of our galaxy, the Milky Way, which measures about 100,000 lightyears in diameter. The closest neighboring major galaxy, Andromeda, is about 2.5 million light-years
away. These farrhest visible galaxies as seen though space telescopes are about 42,000 million lightyears away, which is the same as 42 billion light-years.

1.2

SCIENCE

is A WAY

OF UNDERSTANDiNG

of Earth, the part observable to us would be smaller than a proton. As we
explore in this textbook, a proton is thousands of times smaller than the smallest
atom. The number of protons that could fit within the surface of Earth is
unimaginable, as is the vastness of the entire universe.
118
Interestingly, the size of the universe is so large that if you were to travel 1010
meters in any direction, the probability is that you would come across another
observable universe identical to the one you are in right now. There you would
find a planet that looks exactly like Earth with someone who looks and thinks
exactly like you, who is reading a book that looks exactly like the one you are reading now. What if this person is actually a future you? Besides living very, very far
away, the only measurable difference is that he or she has already finished reading
this paragraph. Scientists call this the "many worlds" model, where each observable universe is static, representing one possible arrangement of matter. We don't
move through time. Rather, we jump from one observable universe to the next,
which gives the appearance of moving through time. Welcome. You have just
jumped to a new observable universe. The old one you left six sentences ago is now
ever so distant.
Polls show that about half of American adults do not know that it takes one
year for Earth to go around the sun. Many of us, therefore, are still struggling
with scientific ideas of 400 years ago. If you are hip to even a few of the natural
wonders or amazing possibilities that science has recently revealed, then you can
consider yourself a privileged minority.
SCIENCE

HELPS

US LEARN

THE

RULES

OF NATURE

Just as you can't enjoy a ball game, computer game, or party game until you
know its rules, so it is with nature. Because science helps us learn the rules of
nature, it also helps us appreciate nature. You may see beauty in a tree, but you'll
see more beauty in that tree when you realize that it was created from substances
found not in the ground but primarily in the air-specifically, the carbon dioxide
and water put into the air by respiring organisms such as yourself (Figure 1.13).
Learning science builds new perspectives and is not unlike climbing a mountain. Each step builds on the previous step while the view grows ever more
astounding.

Science is 0 window through which we ore
able to perceive nature with greater clarityit is a way of understanding nature. In using
Conceptual Chemistry. you will certainly learn
the ways of science Your ultimate goal.
however. should be to use science to help
you gain a richer perspective on the natural
environment because you are such an integral
port of that environment.

FIGURE

THE

UNIVERSE
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The tree Ayano hugs is made primarily from carbon dioxide and
water, the very same chemicals
Ayano releasesthrough her
breath. In return, the tree releases
oxygen, which Ayano uses to sustain her life.We are one with our
environment down to the level of
atoms and molecules.
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Scientists Measure Physical Quantities
cience starts with observations. To get a firm handle on an observation,
however, the observer should take measurements. For example, it's not
enough to observe that a material has mass. A more complete observation will
include both a measurement of how much mass and a measurement of how
much volume this mass occupies. By quantifYing observations, we are able to
make objective comparisons, share accurate information with others, or look for
trends that might reveal some inner workings of nature.
Scientists measure physical quantities. Some examples of physical quantities
you will be learning about and using in this book are length, time, mass,
weight, volume, energy, temperature, heat, and density. Any measurement of a
physical quantity must always include a number followed by a unit that tells us
what was measured. It would be meaningless, for instance, to say that an animal is 3 because the number by itself does not give us enough information. The

~ALruL/ilJ.illoL
UNIT

• Welcome to Calculation Corner! Conceptual Chemistry
focuses on visual models and qualitative understandings. As with any other science, however, chemistry has
its quantitative aspects. In fact, it is only by the interpretation of quantitative data obtained through laboratory
experiments that chemical concepts can be reliably
deduced. Thus, it is only natural that there are times
when your conceptual understanding of chemistry can
be nicely reinforced by some simple, straightforward
calculations.

ften in chemistry, and especially in a laboratory setting, it is necessary to convert from one unit to
another. Todo so, you need only multiply the given
quantity by the appropriate conversion factor. Allconversion factors can be written as ratios in which the numerator and denominator represent the equivalent quantity
expressed in different units. Because any quantity divided
by itself is equal to 1,all conversion factors are equal to 1.
For example, the followinq two conversion factors are both
derived from the relationship 100 centimeters =
1meter:

O

100 centimeters
1meter

-----~=1

1meter
100 centimeters

CONVERSION

EXAMPLE

Convert 60 centimeters to meters.
ANSWER

.
(60 .ceni'1meTers)

(1meter)
=

(100 s;e.ntimeters )

i

r

conversion
factor

quantity
in meters

i
quantity
in centimeters

0.6 meter

Toderive a conversion factor, consult a table that presents
unit equalities, such as Table 1.1.Then multiply the given
quantity by the conversion factor, and voila,the units are
converted. Alwaysbe careful to write down your units. They
are your ultimate quide, telling you what num bers go where
and whether you are setting up the equation properly.
YOUR

TURN

Multiply each physical quantity by the appropriate conversion factor to find its numerical value in the new unit indicated. Youwill need paper, pencil, a calculator, and Tables
1.1and 1.2.
a. 7320 grams to kilograms.

= 1

Because all conversion factors are equal to 1,multiplying a quantity by a conversion factor does not change the
value of the quantity. What does change are the units. Suppose you measured an item to be 60 centimeters in
length. Youcan convert this measurement to meters by
multiplying it by the conversion factor that allows you to
cancel centimeters.

b. 235kilograms to pounds.
e. 4500 milliliters to liters.
d. 2.0 liters to quarts.
e. 100 calories to kilocalories.
f. 100 calories to joules.
The answers for Calculation Corners appear at the end of each chapter.

1.3

SCIENTISTS

MEASURE

animal could be 3 meters tall, 3 kilograms in mass, or even 3 seconds old.
Meters, kilograms, and seconds are all units that tell us the significance of the
physical quantity, and they must be included to complete the description.
There are two major unit systems used in the world today. One is the United
States Customary System (USCS, formerly called the British System of Units),
used in the United States, primarily for nonscientific purposes.* The other is the
Systeme International (SI), which is used in most other nations. This system is
also known as the International System of Units or as the metric system. The
orderliness of this system makes it useful for scientific work, and it is used by scientists all over the world, including those in the United States. (And the International System is beginning to be used for nonscientific work in the United
States, as Figure 1.14 shows.) This book uses the SI units given in Table 1.1. On
occasion, USCS units are also used to help you make comparisons.
One major advantage of the metric system is that it uses a decimal system,
which means all units are related to smaller or larger units by a factor of 10.
Some of the more commonly used prefixes along with their decimal equivalents
are shown in Table 1.2. From this table, you can see that 1 kilo meter is equal to
1000 meters, where the prefix kilo- indicates 1000. Likewise, 1 millimeter is
equal to 0.001 meter, where the prefix milli- indicates Xooo' You need not
memorize this table, bur you will find it a useful reference when you come across
these prefixes in your course of study.
The remaining sections of this chapter introduce some physical quantities
important to the study of chemistry. In the spirit of the atomic and molecular

TABLE

1.1

METRIC
UNITS
EQU IVALENTS

FOR

PHYSICAL

QUANTITIES

AND

USCS

THEIR

Physical
Quantity

Metric
Unit

Abbreviation

uses

length

kilometer

km

1km = 0.621 miles (mi)

meter

m

1 m = 1.094yards

centimeter

cm

1 cm = 0.3937 inches (in.)

millimeter

mm

none common ly used

time

second

s

second also used in USCS

mass

kilogram

kg

1 kg = 2.205 pounds

gram

g

1 g = 0.°3528 ounces

milligram

mg

1 OZ = 28·345 g
none common ly used

liter

L

1 L = 1.057 quarts

milliliter

mL

1 mL = 0.0339 fl oz

cubic centimeter

crn '

1 ern- = 0.0339 fl oz

Equivalent

(yd)

1 in. = 2.54 cm

volume

energy

(lb)
(OZ)

(qt)

kilojoule

kJ

1kJ = 0.239 kilocalories

joule

J

1J = 0.239 calories (cal)

(kcal)

1 cal = 4.184J
temperature

degree Celsius

°C

(OCx 1.8) + 32 = degrees

kelvin

K

°C + 273 = K

*Two other countries that continue to use the

uses

are Liberia and Myanmar.

Fahrenheit,

OF

PHYSICAL

FIGURE

QUANTITIES
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1.14

The metric system is finally making some headway in the United
States, where various commercial
goods, such as Evan's favarite
soda, are now sold in metric
quantities.
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METRIC PREFIXES

Symbol

Prefix

teragigamega-

T

kilo-

k

hectodeka-

h

G
M

Exponential
Form

Decimal
Equivalent

10'2

1 terameter

109

1 gigameter

106

1 megameter

1,000.

103

1 kilometer

100.

102

1 hectometer

10.

10'

1 dekameter

1,000,000,000,000.
1,000,000,000.
1,000,000.

da

Example

1.

10°

1 meter

d

0.1

10~'

1 decimeter

centi-

c

0.01

10~2

1 centimeter

milli-

m

0.001

10~3

1 millimeter
1 micrometer

no prefix
deci-

(m)

micro-

jJ

0.000001

10~6

nano-

n

0.000

000 001

10~9

1 nanometer

pico-

p

0.000

000 000

10~'2

1 picometer

001

= 1 trillion meters
(Gm) = 1 billion meters
(Mm) = 1 million meters
(km) = 1 thousand meters
(hm) = 1 hundred meters
(dam) = ten meters
= 1 meter
(dm) = 1 tenth of a meter
(cm) = 1 hundredth
of a meter
(mm) = 1 thousandth
of a meter
(urn) = 1 millionth of a meter
(nm) = 1 billionth of a meter
(pm) = 1 trillionth of a meter
(Tm)

theme of Conceptual Chemistry, these physical quantities are described from the
point of view of atoms and molecules. In addition to physical quantities, the
various phases of matter-solid,
liquid, gas-are also described from the point
of view of atoms and molecules.

• 1.4

4'

FIGURE

1.15

The standard kilogram is defined
as the mass of a platinum-iridium
cylinder kept at the International
Bureau of Weights and Measures
in Sevres,France.The cylinder is
removed from its very safelocation only once a year for comparison with duplicates, such as the
one shown here, which is housed
at the National Institute of Standards and Technology in Washington, D.e.

Mass Is How Much and Volume Is How Spacious

0 describe a material object, we can quantify any numb"
of properties,
but perhaps the most fundamental property is mass. Mass is the quantitative measure of how much matter a material object contains. The greater the
mass of an object, the greater amount of matter in it. A gold bar that is twice as
massive as another gold bar, for example, contains twice as many gold atoms.
Mass is also a measure of an object's inertia, which is the resistance the object
has to any change in its motion. A cement truck, for example, has a lot of mass
(inertia), which is why it requires a powerful engine to get moving and powerful
brakes to come to a stop.
The standard unit of mass is the kilogram, and a replica of the primary cylinder used to determine exactly what mass" 1 kilogram" describes is shown in
Figure 1.15. An average-sized human male has a mass of about 70 kilograms
(154 pounds). For smaller quantities, we use the gram. Table 1.2 tells us that the
prefix kilo- means" 1000," and so we see that 1000 grams are needed to make a
single kilogram (1000 grams = 1 kilogram). For even smaller quantities, the
milligram is used (1000 milligrams = 1 gram).
Mass is easy to understand. It is simply a measure of the amount of matter in
a sample, which is a function of how many atoms the sample contains. Accordingly, the mass of an object remains the same no matter where it is located. A
I-kilogram gold bar, for example, has the same mass whether it is on Earth, on
the moon, or floating "weightless" in space. This is because it contains the same
number of atoms in each location.
Weight is more complicated. By definition, weight is the gravitational force
exerted on an object by the nearest most massive body, such as Earth. The weight of
an object, therefore, depends entirely upon its location, as is shown in Figure 1.16.

1.4
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IS HOW

SPACIOUS
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1.16

(a) A I-kilogram gold bar resting on Earth weighs 2.2 pounds. (b) On the moon, this
same gold bar would weigh 0.37 pound. (c) Deep in space, free from any planetary surface, the gold bar would weigh 0 pounds bur still have a mass of I kilogram.

On the moon, a gold bar weighs less than it does on Earth. This is because the
moon is much less massive than Earth; hence, the gravitational force exerted by the
moon on the bar is much less. On Jupiter, the gold bar would weigh more than it
does on Earth because of the greater gravitational force exerted on the bar by this
very massive planet.
Because mass is independent
of location, it is customary in science to measure matter by its mass rather than its weight. Conceptual Chemistry adheres to
this convention by presenting matter in units of mass, such as kilograms, grams,
and milligrams. Such weight units as pounds and tons (1 ton = 2000 pounds)
are occasionally provided as a reference because of their familiarity.

•
• Ifyou counted by 1every 1second,
counting to a million would take
you 11.6days (assuming no time
off for sleeping). How about a billion? Isthere a dramatic difference? Get this: Counting to a
billion would take you 31.8years.
Counting to a trillion, which is a
thousand billions, would take you
31,800 years! Now you know why
there are far more millionaires
than billionaires and not yet any
trillionaires.
MORE

ro

EXPLORE,

Your pocket calculator!

PENNY FINGERS
• Welcome to "Hands-On Chemistry,"
the interactive corner of your
Conceptual Chemistry textbook. This
feature provides you the opportunity to apply chemistry concepts
outside a formal laboratory setting.
Each activity is guaranteed to be
meaningful, interesting, and, at
times, surprising.
At the end of each chapter, you
will find follow-up discussions,
called Insights, for each Hands-On
Chemistry activity. Ideally,you
should look over the Insights only
after you have attempted the activity.The job of the Insights is to correct any misconceptions you may

have about the results of the activity and also to provide food for further thought-sort
of a "Minds-On
Chemistry."So let's begin!

P

ennies dated 1982or earlier are
nearly pure copper, each having a
mass of about 3-5grams. Pennies
dated after 1982 are made of coppercoated zinc, each having a mass of
about 2.9 grams. Hold a pre-1982
penny on the tip of your right index
finger and a post-1982 penny on the
tip of your left index finger. Move your
forearms up and down to feel the difference in inertia-the difference of

0.6 grams (600 milligrams) is subtle
but not beyond a set of well-tuned
senses. Ifone penny on each finger is
below your threshold, try two pre1982Sstacked on one finger and two
post-1982S stacked on the other. Share
this activity with a friend.
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Is there gravity on the moon?

Was this your answer? Yes,absolutely! The moon exerts a downward gravitational pull on any body near its surface, as evidenced by the fact that astronauts were able to land and walk on the moon. This NASAphotograph shows
an astronaut jumping. Without gravity, this jump would have been his last.
So, since there is gravity, why doesn't the flag droop downward? Look carefully and you'll see that it is held up by a stick across its top edge. There is no
wind on the moon (because there is no atmosphere), and so the crew used
the support stick to make the wrinkled flag display nicely in photographs.

DECISIVE

T

his activity challenges any misconceptions you might have
about what determines volume as
it answers the question "Can one
object have a greater mass than
another and yet have the same volume?"Try this activity and find out.
WHAT

YOU

NEED

Tall,narrow glass; masking tape;
empty film canister with lid; bunch of
pennies
PROCEDURE
1.

Fillthe glass two-thirds full with
water and mark the water level
with masking tape.

2.

Fillthe canister with pennies.
Cap the canister and place it in
the water. Note the new water
level with a second strip of
tape.

3. Remove the canister, being careful
notto splash water out of the
glass. Ifthe water level after you
remove the canister is below the
original level, add water until the
volume is again at that level.
4. Remove half the pennies from the
canister so as to decrease its mass.
Cap the canister, predict how
much the water level will rise
when you submerge the canister,
and then submerge it.
Which statement do your results
support:
a. The volume of water an object
displaces depends on lyon the
dimensions of the object and not
on its mass.
b. The volume of water an object
displaces depends on both the
dimensions and the mass of the
object.

DIMENSIONS

1.4

MASS

IS HOW

MUCH

AND

VOLUME

The amount of space a material object occupies is its volume. The SI unit
of volume is the liter, which is only slightly larger than the uses unit of volume, the quart. A liter is the volume of space marked off by a cube measuring
10 centirneters by 10 centimeters by 10 centimeters, which is 1000 cubic centimeters. A smaller unit of volume is the milliliter, which is Xooo of a liter, or
1 cubic centimeter. A convenient way to measure the volume of an irregular object is shown in Figure 1.17. The volume of water displaced is equal to
the volume of the object. Figure 1.18 gives you a sense of the relative sizes of
some familiar objects-some very large ones, and some very small ones.

~
Earth's atmosphere
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1027L

1026g
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Earth

1024L
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The volume of an object, no
matter what its shape, can be
measured by the displacement
of water. When this rock is
immersed in the water, the rise
in the water level equals the volume of the rock, which in this
example measures about 90 mL.
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molecule
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1O-3g
".'.

Lakesup~

MACROSCOPIC

1012g

atom
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Range of masses and volumes in the universe.

1O-24L
Water

molecule

Hydrogen

atom
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VOLUME

MASS
Earth
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Energy Isthe Mover of Matter

~iS

substance, and energy is that which can move substance. The
of energy is abstract and therefore not as easy to define as the
concepts of mass and volume. One definition of energy is the capacity to do
work. If something has energy, it can do work on something else-it
can exert a
force and move that something else. Accordingly, energy is not something we
observe directly. Rather, we only witness its effects.
There are two principal forms of energy: potential and kinetic. Potential
energy is stored energy. A boulder perched on the edge of a cliff has potential
energy due to the force of gravity, just as the poised arrow in Figure 1.19 has
potential energy due to the tension force of the bow. The potential energy of an
object increases as the distance over which the force is able to act increases. The
higher a boulder is positioned above level ground, the more potential energy it
has to do work as it falls downward under the pull of gravity. Similarly, an arrow
in a fully drawn bow, for example, has more potential energy than does one in a
half-drawn bow.
Kinetic energy is the energy of motion. Both a falling boulder and a flying arrow have kinetic energy. The faster a body moves, the more kinetic
energy it has and therefore the more work it can do. For example, the faster
an arrow flies, the more work it can do to a target, as evidenced by its deeper
penetration.

J Il~~~~~pt

FIGURE

1.19

Much of the potential energy in
Ian's drawn bow will be converted to the kinetic energy of
the arrow upon its release.

How does a flying arrow have potential

energy as well as kinetic energy?

Was this your answer? It has potential energy as long as it remains above
the ground. Once it reaches the ground, its potential energy is zero because
it no longer has any potential to do work.
Chemical substances possess what is known as chemical potential energy,
which is the energy stored within atoms and molecules. Any material that can
burn has chemical potential energy. The firecracker in Figure 1.20, for example,
has chemical potential energy. This energy gets released when the firecracker is
ignited. During the explosion, some of the chemical potential energy is transformed to the kinetic energy of flying particles. Much of the chemical potential
energy is also transformed
to light and heat. We explore the relationship
between energy and chemical reactions in Chapter 9.

eR
How does a wooden arrow lying on the ground have potential energy?

FIGURE

1.20

A firecracker is a mixture of solids
that possess chemical potential
energy. When a firecracker
explodes, the solids react to form
gases that fly outward and so possess a great deal of kinetic energy.
Light and heat (both of which are
forms of energy) are also formed.

Was this your answer? The arrow contains chemical potential energy
because it can burn.
The SI unit of energy is the joule, which is about the amount of energy
released from a candle burning for only a moment. In the United States, a common unit of energy is the calorie. One calorie is by definition the amount of
energy required to raise the temperature of 1 gram of water by 1 degree Celsius.
One calorie is 4.184 times larger than 1 joule. Put differently, 4.184 joules of
energy are equivalent to 1 calorie (4.184 joules = 1 calorie). So, a joule is about
one-fourth of a calorie.

1.6
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The energy content of this candy bar (230 Calories = 230,000 calories),when
releasedthrough burning, is enough to heat up 230,000 grams (about 507 pounds)
of water by 1 degree Celsius.

In the United States, the energy content of food is measured by the Calorie
(note the uppercase C). One Calorie equals 1 kilocalorie, which is 1000 calories (note the lowercase c). The candy bar in Figure 1.21 offers 230 Calories
(230 kilocalories), bestowing a total of230,000 calories on the consumer.

• 1.6

Temperature Is a Measure of How HotHeat It Is Not

-The a«m" and molecules that form matter are in constant motion, jiggling to and fro or bouncing from one position to another. By virtue of
their motion, these particles possess kinetic energy. Their average kinetic
energy is directly related to a property you can sense: how hot something is.
Whenever something becomes warmer, the kinetic energy of its submicroscopic particles increases. For example, strike a penny with a hammer and
the penny becomes warm because the hammer's blow causes its atoms to jostle faster, increasing their kinetic energy (the hammer becomes warm for
the same reason). Put a Hame to a liquid and the liquid becomes warmer
because the energy of the Harne causes the particles of the liquid to move
faster, increasing their kinetic energy. For example, the molecules in the hot
coffee in Figure 1.22 are moving faster, on average, than those in the cold
coffee.
The quantity that tells us how warm or cold an object is relative to some standard is called temperature. We express temperature by a number that corresponds to the degree of hotness on some chosen scale. Just touching an object
certainly isn't a good way of measuring its temperature, as Figure 1.23 illustrates.
To measure temperature, therefore, we take advantage of the fact that nearly all
materials expand when their temperature is raised and contract when it is lowered. With increasing temperature, the particles move faster and are on average
farther apart-the material expands. With decreasing temperature, the particles
move more slowly and are on average closer together-the
material contracts. A
thermometer exploits this characteristic of matter, measuring temperature by
means of the expansion and contraction of a liquid, usually mercury or colored
alcohol.

FIGURE

1.22

The difference between hot coffee and cold coffee is the average
speed of the molecules. In the
hot coffee, the molecules are
moving faster,on average,than
they are in the cold coffee. (The
longer "motion trails" on the
molecules of hot coffeeindicate
their higher speed.)
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You may have noticed telephone wires sagging on a hot day. This happens
because the wires are longer in hot weather than in cold. What is happening on the atomic level to cause such changes in wire length?

Was this your answer? On a hot day, the atoms in the wire are moving
faster, and as a result the wire expands. On a cold day, those same atoms are
moving more slowly, which causes the wire to contract.

FIGURE

1.23

Can we trust our sense of hot and
cold? Will both fingers feel the
same temperature when they are
put in the warm water? Try this
yourself, and you will see why we
use a thermometer for an objective measurement.

The most common thermometer
in the world is the Celsius thermometer,
named in honor of the Swedish astronomer Anders Celsius (1701-1744),
who
first suggested the scale of 100 degrees between the freezing point and boiling
point of fresh water. In a Celsius thermometer,
the number 0 is assigned to the
temperature at which pure water freezes and the number 100 is assigned to the
temperature at which it boils (at standard atmospheric pressure), with 100 equal
parts called degrees between these two points.
In the United States, we use a Fahrenheit thermometer,
named after its originator, the German scientist G. D. Fahrenheit (1686-1736),
who chose to assign
to the temperature
of a mixture containing equal weights of snow and common salt and 100 to the body temperature of a human. Because these reference
points are not dependable,
the Fahrenheit scale has since been modified such
that the freezing point of pure water is designated 32°F and the boiling point of
pure water is designated 212°F. On this recalibrated scale, normal human body
temperature is around 98.6°F.
A temperature scale favored by scientists is the Kelvin scale, named after the
British physicist Lord Kelvin (1824-1907).
This scale is calibrated not in terms
of the freezing and boiling points of water, but rather in terms of the motion of
atoms and molecules. On the Kelvin scale, zero is the temperature
at which
there is no atomic or molecular motion. This is a theoretical
limit called
absolute zero, which is the temperature
at which the particles of a substance

o
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FIGURE
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Some familiar temperatures
measured on the Fahrenheit, Celsius, and Kelvin scales.
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have absolutely no kinetic energy to give up. Absolute zero corresponds to
-459.rF
on the Fahrenheit scale and -273.15°C on the Celsius scale. On the
Kelvin scale, this temperatute is simply 0 K, which is read "zero kelvin" or "zero
K." Marks on the Kelvin scale are the same distance apart as those on the Celsius
scale, and so the temperature of freezing water is 273 kelvin. (Note that the word
degree is not used with the Kelvin scale. To say "273 degrees kelvin" is incorrect;
to say "273 kelvin" is correct.) The three scales are compared in Figure 1.24.
It is important to understand that temperature is a
measure of the average amount of energy in a substance,
not the total amount of energy, as Figure 1.25 shows. The
total energy in a swimming pool full of boiling water is
much more than the total energy in a cupful of boiling
water even though both are at the same temperature. Your
utility bill after heating the swimming pool water to
100°C would show this. Whereas the total amount of
energy in the pool is much more than in the cup, the
average molecular motion is the same in both water samples. The water molecules in the swimming pool are moving on average just as fast as the water molecules in the
cup. The only difference is that the swimming pool contains more water molecules and hence a greater total
amount of energy.
Heat is energy that flows from a higher-temperature
object to a lower-temperature object. If you touch a hot
stove, heat enters your hand because the stove is at a
higher temperature than your hand. When you touch a
piece of ice, energy passes out of your hand and into the
ice because the ice is at a lower temperature than your
hand. From a human perspective, if you are receiving heat
you experience warmth; if you are giving away heat, you
experience cooling. The next time you touch the hot forehead of a sick, feverish friend, ask her or him whether your
hand feels hot or cold. Whereas temperature is absolute,
hot and cold are relative. In general, the greater the temperature difference between two bodies in contact with
each other, the greater the rate of heat flow. This is why a
hot clothes iron can cause much more damage to your
skin than a warm clothes iron. Because heat is a form of
energy, its unit is the joule.

When you enter a swimming pool, the water may feel quite cold. After a
while, though, your body "gets used to it," and the water no longer feels 50
cold. Use the concept of heat to explain what is going on.
Was th;s YOUT answer? Heat flows because of a temperature difference.
When you enter the water, your skin temperature is much higher than the
water temperature. The result is a significant flow of heat from your body to
the water, which you experience as cold. Once you have been in the water
awhile, your skin temperature is much closer to the water temperature (due
to the cooling effects of the water and your body's ability to conserve heat),
and so the flow of heat from your body is less. With less heat flowing from
your body, the water no longer feels so cold.

OF HOW

HOT-HEAT

FIGURE

IT IS NOT
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Bodies of water at the same temperature have the same average
molecular kinetic energies.The
volume of the water has nothing
to do with its temperature.
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• Coffee and tea are decaffeinated
using carbon dioxide in a fourth
phase of matter known as a
supercritical fluid. This phase
behaves like a gaseous liquid,
which is attained by adding lots
of pressure and heat. Supercritical carbon dioxide is relatively
easy to produce. Toget water to
form a supercritical fluid, however, requires pressures in excess
of 217atmospheres and a temperature of 374°C.Supercritical
water is very corrosive. Also,so
much oxygen can dissolve in
supercritical water that flames
can burn within this medium,
which is ideal for the destruction
of toxic wastes.
MORE

TO

EXPLORE,

www.thecoffeefaq.com
KEYWORD

SEARCH,

supercritical water toxic wastes

FIGURE

1.26

The familiar bulk properties of a
solid, liquid, and gas. (a)The
submicroscopic particles of the
solid phase vibrate about fixed
positions. (b) The submicroscopic particles of the liquid
phase slip past one another.
(c)The fast-moving submicroscopic particles of the gaseous
phase are separated by large average distances.

~he

SCIENCE

The Phase of a Material Depends on the Motion
of Its Particles

most apparent ways we can describe matter is by its physical
~oerr~:,
~hich may be in one of three phases (also sometimes described as
physical states): solid, liquid, or gas. A solid material, such as a rock, occupies a
constant amount of space and does not readily deform upon the application of
pressure. In other words, a solid has both definite volume and definite shape. A
liquid also occupies a constant amount of space (it has a definite volume), but
its form changes readily (it has an indefinite shape). A liter of milk, for example,
may take the shape of its carton or the shape of a puddle, but its volume is the
same in both cases. A gas is diffuse, having neither definite volume nor definite
shape. Any sample of gas assumes both the shape and the volume of the container it occupies. A given amount of air, for example, may assume the volume
and shape of a toy balloon or the volume and shape of a bicycle tire. Released
from its container, a gas diffuses into the atmosphere, which is a collection of
various gases held to our planet only by the force of gravity.
On the submicroscopic level, the solid, liquid, and gaseous phases are distinguished by how well the submicroscopic particles hold together. This is illustrated in Figure 1.26. In solid matter, the attractions between particles are strong
enough to hold all the particles together in some fixed three-dimensional
arrangement. The particles are able to vibrate about fixed positions, but they
cannot move past one another. Adding heat causes these vibrations to increase
until, at a certain temperature, the vibrations are rapid enough to disrupt the
fixed arrangement. The particles can then slip past one another and tumble
around much like a bunch of marbles in a bag. This is the liquid phase of matter,
and it is the mobility of the submicroscopic particles that gives rise to the liquid's
fluid character-its ability to flow and take on the shape of its container.
Further heating causes the submicroscopic particles in the liquid to move so
fast that the attractions they have for one another are unable to hold them
together. They then separate from one another, forming a gas. Moving at an
average speed of 500 meters per second (1100 miles per hour), the particles of a
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(c)

1.27

The gaseous phase of any material occupies significantly more volume than either its
solid or liquid phase. (a) Solid carbon dioxide (dry ice) is broken up into powder
form. (b) The powder is funneled into a balloon. (c) The balloon expands as the
contained carbon dioxide becomes a gas as the powder warms up.

gas are widely separated from one another. Matter in the gaseous phase therefore occupies much more volume than it does in the solid or liquid phase, as
Figure 1.27 shows. Applying pressure to a gas squeezes the gas particles closer
together, which makes for a smaller volume. Enough air for an underwater diver
to breathe for many minutes, for example, can be squeezed (compressed) into a
tank small enough to be carried on the diver's back.
Although gas particles move at high speeds, the speed at which they can travel
from one side of a room to the other is relatively slow. This is because the gas
particles are continually hitting one another, and the path they end up taking is
circuitous. At home, you get a sense of how long it takes for gas particles to
migrate each time someone opens the oven door after baking, as Figure 1.28
shows. A shot of aromatic gas particles escapes the oven, but there is a notable
delay before the aroma reaches the nose of someone sitting in the next room.

CK
I

Why are gases so much easier to compress into smaller volumes than are
solids and liquids?
Was this your answer? Because there is a lot of space between gas particles.
The particles of a solid or liquid, on the other hand, are already close to one
another, meaning there is little room left fOTa further decrease in volume.
FAMILIAR

TERMS

ARE USED TO DESCRIBE

CHANGING

PHASES

Figure 1.29 illustrates that you must either add heat to a substance or remove
heat from it if you want to change its phase. The process of a solid transforming
to a liquid is called melting. To visualize what happens when heat begins to
melt a solid, imagine you are holding hands with a group of people and each of
you starts jumping around randomly. The more violently you jump, the more
difficult it is to hold onto one another. If everyone jumps violently enough,
keeping hold is impossible. Something like this happens to the submicroscopic
particles of a solid when it is heated. As heat is added to the solid, the particles
vibrate more and more violently. If enough heat is added, the attractive forces
between the particles are no longer able to hold them together. The solid melts.

FIGURE

1.28

In traveling from point A to
point B, the typical gas particle
travels a circuitous path because
of numerous collisions with
other gas particles-about
8 billion collisions every second!
The changes in direction shown
here represent only a few of
these collisions. Although the
particle travels at very high
speeds, it takes a relatively long
time to cross between two distant
points because of these numerous
collisions.
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Heat added

Melting and evaporation involve
the addition of heat; condensation and freezing involve the
removal of heat.

o

<;;;.\o??rat1 Ci

~e\tin9
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Liquid

,
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Gas
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A liquid can be changed to a solid by the removal of heat. This process is
called freezing, and it is the reverse of melting. As heat is withdrawn from the
liquid, particle motion diminishes until the particles, on average, are moving
slowly enough for attractive forces between them to take permanent hold. The
only motion the particles are capable of then is vibration about fixed positions,
which means the liquid has solidified, or frozen.
A liquid can be heated so that it becomes a gas-a process called evaporation.
As heat is added, the particles of the liquid acquire more kinetic energy and move
faster. Particles at the liquid surface eventually gain enough energy to jump out
of the liquid and enter the air. In other words, they enter the gaseous phase. As
more and more particles absorb the heat being added, they too acquire enough
energy to escape from the liquid surface and become gas particles. Because a gas
results from evaporation, this phase is also sometimes referred to as vapor. Water
in the gaseous phase, for example, may be referred to as water vapor.

HOT-WATER

2.

ee for yourself that a material in
its gaseous phase occupies much
~ more space than it does in its liquid phase.
WHAT

YOU

NEED

2 teaspoons of water, 9-inch rubber
balloon, microwave oven, oven mitt,
safety glasses

PROCEDURE

Put the balloon in the microwave
oven and cook atfull power for
however many seconds it takes for
boiling to begin, which is indicated
by a rapid growth in the size ofthe
balloon. It may take only about
10 seconds for the balloon to reach
full size once it starts expanding.
(The balloon will pop if you add
too much water or if you cook it for
too long.)

3- Remove the heated balloon with
1.

Pour the water into the balloon.
Squeeze out as much air as you
can and knot the balloon.

the oven mitt, shake the balloon
around, and listen for the return
ofthe ltquid phase. Youshould be

BALLOON

able to hear it raining inside the
balloon.
What happens if you submerge the
inflated balloon in a pot of ice-cold
water?
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The rate at which a liquid evaporates increases with temperature. A puddle of
water, for example, evaporates from a hot pavement more quickly than it does
from your cool kitchen floor. When the temperature is hot enough, evaporation
occurs beneath the surface of the liquid. As a result, bubbles form and are
buoyed up to the surface. We say that the liquid is boiling. A substance is often
characterized by its boiling point, which is the temperature at which it boils. At
sea level, the boiling point of fresh water is 100°C.
The transformation from gas to liquid-the
reverse of evaporation-is
called
condensation. This process can occur when the temperature of a gas decreases.
The water vapor held in the warm daylight air, for example, may condense to
form a wet dew in the cool of the night.

• 1.8

Density Is the Ratio of Mass to Volume

he relationship between an object's mass and the amount of space it occupies is the object's density. Density is a measure of compactness, of how
tightly mass is squeezed into a given volume. A block of lead has much more
mass squeezed into its volume than does a same-sized block of aluminum. The
lead is therefore more dense. We think of density as the "lightness" or "heaviness" of objects of the same size, as Figure 1.30 shows.
Density is the amount of mass contained in a sample divided by the volume
of the sample:
.
denSlty =

mass
volume

An object having a mass of 1 gram and a volume of 1 milliliter, for example, has
a density of
density

= ~

1mL

= 1~

mL

which reads "one gram per milliliter." An object having a mass of2 grams and a
volume of 1 milliliter is denser; its density is
density

= ~

=

1mL

2~
mL

which reads "two grams per milliliter." Other units of mass and volume
besides gram and milliliters may be used in calculating density. The densities
of gases, for example, are often given in grams per liter because they are so
low. In all cases, however, the units are a unit of mass divided by a unit of
volume.

•

eK
Which occupies a greater volume:
aluminum?

1

kilogram of lead or 1 kilogram of

Was this your answer? The aluminum. Thin k of it this way. Because lead is
so dense, you need only a little bit in order to have 1 kilogram. Aluminum, by
contrast, is far less dense, and so 1 kilogram of aluminum occupies much
more volume than the same mass of lead.

The amount of mass in a block of
lead far exceedsthe amount of
mass in a block of aluminum of
the same size. Hence, the lead
weighs much more and is more
difficult to lift.
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Substance

DEN 5 ITI E5 0 F SO M E SOLI D 5, II QUI D 5, AND

Density(g/ml)

GAS E 5

Density(g/l)

Solids

osmium
gold
lead
copper
iron
zinc
aluminum
ice

2.70
0.92

22,500
19,300
11,300
8,920
7,860
7,140
2,700
920

13-6
1.03
1.00
0.81

13,600
1,030
1,000
810

22·5
19·3
11-3
8.92
].86
].14

Liquids

mercury
sea water
water at 4°e
ethyl alcohol
Gases'
dry air
ooe
20 e
helium at ooe
oxygen at ooe
0

0.00129
0.00121
0.000178
0.00143

1.29
1.21
0.178
1-43

*Allvalues at sea-levelatmospheric pressure.

The densities of some substances are given in Table 1.3. Which would be
more difficult to pick up: a liter of water or a liter of mercury?
Gas densities are much more affected by pressure and temperature than are
the densities of solids and liquids. With an increase in pressure, gas molecules
are squeezed closer together. This makes for less volume and therefore greater
density. The density of the air inside a diver's breathing tank, for example, is
much greater than the density of air at normal atmospheric pressure. With an
increase in temperature, gas molecules are moving faster and thus have a tendency to push outward, thereby occupying a greater volume. Thus, hot air is less
dense than cold air, which is why hot air rises and the balloon in Figure 1.31 can
take its passengers for a breathtaking ride.

1. Which has a greater density: 1gram of water or 10 grams of water?
2. Which has a greater density: 1gram of lead or 10 grams of aluminum?

FIGURE

1.31

The hot air inside this hot-air
balloon is lessdense than the surrounding colder air, which is why
the balloon rises.

Was this your answer?
1. The density is the same for any amount of water. Whereas 1gram of
water occupies a volume of 1 milliliter, 10 grams occupies a volume of
10 milliliters. The ratio 1graml1 milliliter is the same as the ratio
10 qrarns/io milliliters.
2. The lead. Density is mass per volume, and this ratio is greater for any
amount of lead than for any amount of aluminum.

IN

MANIPULATING

• With a little algebraic manipulation, it is easy to
change the equation for density around so that it solves
either for mass or for volume. The first step is to multiply both sides of the density equation by volume. Then
canceling the volumes that appear in the numerator
and denominator results in the equation for the mass
of an object.
mass x _volume

density x volume
density x volume

=

YOlume
mass

EXAMPLE

Apre-1982 penny has a density of 8.92 grams per milliliter
and a volume of 0.392 milliliters. What is its mass?
ANSWER

ox

V

=

M

AN

ALGEBRAIC

EQUATION

ANSWER

V

M

=- =

o

i

2.90
--j-

9
740-/-

= 0.392mL

mL

In summary, the three equations expressing the relationship among density, mass, and volume are
Density

Mass

Volume

0= M
V

M=OxV

V= M

o

Agood way to rernem ber these relationships is to use the
diagram shown below. Use your finger to cover the quantity
you want to know, and that quantity's relationship to the
other quantities is revealed. Forexample, covering the M
shows that mass is equal to density times volume, 0 xV.

= 8.92 g/ x 0.392;;nl = 3-509
.rru,

Tosolve for the volume of an object, divide both sides of
the equation for the mass by the density. Canceling the
densities results in the equation for volume:
~Sl1Y x volume

mass

9-ensitY

density

volume

=

mass
density

EXAMPLE

Apost-icxz penny has a density of 7-40 grams per milliliter
and a mass of 2.90 grams. What is its volume?

YOUR

TURN

1. What is the average density of a loaf of bread that has a
mass of 500 grams and a volume of 1000 milliliters?
2. The loaf of bread in the previous problem loses all its
moisture after being left out for several days. Its volume
remains at 1000 milliliters, but its density has been
reduced to 0-4 grams per milliliter. What is its new mass?
3. A sack of groceries accidently set on a 500-gram loaf
of bread increases the average density of the loaf to
5 grams per milliliter. What is its new volume?

• In Perspective
in

PERSPECTIVE

thi, chapter you were introduced to how chemistry is the study of matt"
and how the scope of chemistry is very broad-including anything you can
touch, taste, smell, see, or hear. Chemistry is a major branch of science, which
this chapter defined as an organized body of knowledge resulting from our
observations, common sense, rational thinking, and insights into nature. After
centuries of development, science has become a powerful tool for helping us to
perceive our environment with greater clarity.
To help you in your study of chemistry, it's important that you be familiar
with some basic physical quantities. These include mass, volume, energy, temperature, and density. Mass is a measure of how much, whereas volume is a
measure of how spacious. Energy is an abstract concept but best understood as
that which is required to move matter. The higher the temperature of a material,
the greater the average kinetic energy of its submicroscopic particles.
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The phase of a material is a function of its temperature. In the solid phase,
the atoms or molecules only vibrate about fixed positions. In the liquid phase,
these submicroscopic particles are able to tumble over one another. In the
gaseous phase, the atoms or molecules have enough kinetic energy to be separated from one another by relatively large distances. Finally, this chapter introduced density, which is the ratio of a material's mass to its volume. Materials are
often characterized by their densities.
A WORD

ABOUT

CHAPTER

ENDMATTER

FROM THE AUTHOR

Each chapter in this book concludes with a list of Key Terms, Chapter Highlight
review questions, numerous higher-level Concept Building questions, HandsOn Chemistry Insights, and, in some chapters, Supporting Calculations.
Key Terms are listed in order of appearance in the chapter. The more familiar
you are with these terms, the easier it will be for you to apply the concepts.
The Chapter Highlight questions help you fix ideas more firmly in your
mind and catch the essentials of the chapter material. They are not meant
to be challenging. You can find the answers to the Chapter Highlight questions
in the chapter. If you study only the Key Terms and the Chapter Highlights and
nothing else, you are minimizing your chance for success in this class.
In contrast to the Chapter Highlights, the Concept Building questions
emphasize thinking rather than mere recall and should be attempted only after
you are well acquainted with the chapter. In many cases, the intention of a particular Concept Building question is to help you to apply the ideas of chemistry
to familiar situations. In some cases, the questions introduce you to new but relevant ideas that you will need to integrate with what you already know. There
are numerous Concept Building questions in each chapter and they are rated by
difficulty to help you select which ones to attempt. Note that your instructor
might recommend specific questions. If you do well with the Concept Building
questions, you can expect to do well on your exams. But remember, these questions are not designed to test you for what you've learned from the chapter.
Instead, they are there as an integral part of your learning experience. To help
keep you on track, detailed solutions to all odd-numbered Concept Building
questions and Supporting Calculations are provided in Appendix C.
Supporting Calculations feature concepts that are more clearly understood
with numerical values and straightforward calculations. Most are based on information given in the chapter's Calculation Corners. Many are presented in a "show
how" format where your task is not to plug and chug an answer but to set up the
proper equations. Be sure to include units and show unit cancellations. The Supporting Calculations are relatively few in number to avoid an emphasis on mathematical rigor that could obscure the primary goal of Conceptual Chemistry-s-e.
focus on the concepts of chemistry and how they relate to modern living.
The Hands-On Chemistry Insights are follow-up discussions designed to
make sure you are getting the most out of performing the Hands-On Chemistry
activities found in every chapter. These Insights are also meant to clear up any
misconceptions that may develop. Ideally, you should read these follow-ups only
after having performed the activities.
Good chemistry to you!
Wont to succeed In your chemistry course? For every hour you spend in class, you
should spend about three hours outside of class studying This is on investment in
yourself that will payoff in more ways than just a good grade, so don't delay, Find a
comfortable place to study and go to itl Better yet, study with a partner and practice
artiCUlating what you've learned. You know you haven't really learned something until
you can express it using your own voice,
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KEY TERMS

Submicroscopic The realm of atoms and molecules,
where objects are smaller than can be detected by
optical microscopes.
Chemistry The study of matter and the
transformations it can undergo.
Matter Anything that occupies space.
Basic research Research dedicated to the discovery of
the fundamental workings of nature.
Applied research Research dedicated to the
development of useful products and processes.
Science An organized body of knowledge resulting
from our observations, common sense, rational
thinking, and insights into nature.
Scientific hypothesis A testable assumption often
used to explain an observed phenomenon.
Control test A test performed by scientists to increase
the conclusiveness of an experimental test.
Theory A comprehensive idea that can be used to
explain a broad range of phenomena.
Mass The quantitative measure of how much matter
an object contains.
Weight The gravitational force of attraction between
two bodies (where one body is usually Earth).
Volume The quantity of space an object occupies.
Energy The capacity to do work.
Potential energy Stored energy.

Temperature How warm or cold an object is relative
to some standard. Also, a measure of the average kinetic
energy per molecule of a substance, measured in
degrees Celsius, degrees Fahrenheit, or kelvins.
Thermometer An instrument used to measure
temperature.
Absolute zero The lowest possible temperature any
substance can have; the temperature at which the
atoms of a substance have no kinetic energy: 0 K =

-273.15°C

=

-459.rF.

Heat The energy that flows from one object to
another because of a temperature difference between
the two.
Solid Matter that has a definite volume and a definite
shape.
Liquid Matter that has a definite volume but no
definite shape, assuming the shape of its container.
Gas Matter that has neither a definite volume nor a
definite shape, always filling any space available to it.

Melting A transformation from a solid to a liquid.
Freezing A transformation from a liquid to a solid.
Evaporation A transformation from a liquid to a gas.
Boiling Evaporation in which bubbles form beneath
the liquid surface.
Condensation
liquid.

A transformation from a gas to a

Density The ratio of an object's mass to its volume.

Kinetic energy Energy due to motion.

CHAPTER

HIGHLIGHTS
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1. Are atoms made of molecules, or are molecules made
of atoms?

2. What is the difference between basic research and
applied research?
3. Why is chemistry often called the central science?

4. The scientific process most often begins with which
of the following: questions, hypotheses, observations,
predictions, tests?
5. What is a control test?
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6. Are scientific theories fixed, or are they subject to
repeated modifications?

TEMPERATURE

7. About how far away are the farthest observable
objects in the universe?

20. In which is the average speed of the molecules less:
in cold coffee or in hot coffee?

SCIENTISTS

21. What happens to the volume of most materials
when they are heated?

MEASURE

PHYSICAL

HEAT

QUANTITIES

8. What are the two major systems of measurement
used in the world today?

11. A milligram is equal to how many grams?
AND

VOLUME

THE PHASE
OF A MATERIAL
MOTION
OF ITS PARTICLES

IS HOW

12. What is inertia, and how is it related to mass?

ON

THE

26. Which requires the input of thermal energy:
evaporation or condensation?

14. What is volume?
15. What is the difference between an object's mass and
its volume?
OF MATTER

17. What do we call the energy an object has because of
its motion?
18. Which represents more energy: a joule or a calorie?

19. Which represents more energy: a calorie or a Calorie?

BUILDING

•

27. What is it called when evaporation takes place
beneath the surface of a liquid?
DENSITY

16. What do we call the energy an object has because of
its position?

I CONCEPT

DEPENDS

25. Which requires the removal of thermal energy:
melting or freezing?

13. Which can change from one location to another:
mass or weight?

IS THE MOVER

HOT-

24. How does the arrangement of particles in a gas
differ from the arrangements in liquids and solids?

SPACIOUS

ENERGY

HOW

23. Is it natural for heat to travel from a cold object to a
hotter object?

10. Which is greater: a micrometer or a decimeter?

IS HOW MUCH

OF

22. Which temperature scale has its zero point as the
point of zero atomic and molecular motion?

9. Why are prefixes used in the metric system?

MASS

IS A MEASURE

T IS NOT

BEGINNER

•

IS TH E RATIO

OF MASS

TO VOLUME

28. The units of density are a ratio of what two
quantities?
29. What happens to the volume of a loaf of bread that
is squeezed? The mass? The density?
30. What happens to the density of a gas as it is
compressed into a smaller volume?

INTERMEDIATE

•

EXPERT

I
31 .• Why is it important to work through the Chapter
Highlights before attempting the Concept Builders?
32 .• In what sense is a color computer monitor or
television screen similar to our view of matter? Place a
drop (and only a drop) of water on your computer
monitor or television screen for a closer look.

35 .• What do members of the Chemical
Manufacturers Association pledge in the Responsible
Care program?
36 .• Why is the process of science not restricted to
anyone particular method?

33 .• Of the three sciences physics, chemistry, and
biology, which is the most complex?

37 .• Some politicians take pride in maintaining a
particular point of view. They think a change of mind
would be seen as a sign of weakness. How is a change of
mind viewed differently in science?

34 .• Is chemistry the study of the submicroscopic, the
microscopic, the macroscopic, or all three? Defend your
answer.

38 .• How might the demand for reproducibility in
science have the long-run effect of compelling honesty?

CONCEPT

39 .• Distinguish between a scientific hypothesis and a
theory.
40 .• Why were McClintock and Baker exploring the
oceans off Antarctica?
41 .• McClintock and Baker worked together on
scientific research projects involving marine organisms
of the Antarctic seas, yet they have different scientific
backgrounds-McClintock
in biology and Baker in
chemistry. Is this unusual? Explain.

BUILDING

52 .• The great philosopher and mathematician
Bertrand Russell (1872-1970) wrote, "I think we must
retain the belief that scientific knowledge is one of the
glories of man. I will not maintain that knowledge can
never do harm. I think such general propositions can
almost always be refuted by well-chosen examples.
What I will maintain-and
maintain vigorously-is
that knowledge is very much more often useful than
harmful and that fear of knowledge is very much more
often harmful than useful." Think of examples to
support this statement.

42 .• What evidence supported McClintock and
Baker's hypothesis that amphipods abducted sea
butterflies for chemical defense against predators?

53 .• Why is reproducibility such a vital component
of science?

43 .• Why is it wrong to assume that you are only
"doing science" while you are doing experiments?

54 .• Does a theory become stronger or weaker the
more it is modified to account for experimental
evidence?

44 .• There are no libraries in Antarctica. How then
are scientists in Antarctica able to research that which is
already known about a subject?
45 .• Can a person claim to be a scientist if they no
longer do experiments?
46 .• Of the scientific activities listed in Figure 1.5,
which do you think would be the top two activities
undertaken by an older, well-seasoned scientist? How
about a younger, less-seasoned scientist?
47 .• Of the scientific activities listed in Figure 1.5,
which is likely the most time-consuming?
48 .• At what point in the scientific process does the
scientist make observations?
49 .• During which of the scientific activities listed in
Figure 1.5 does the scientist come up with a
hypothesis?
50 .•

Which of the following are scientific hypotheses?

a. Stars are made of the lost teeth of children.
b. Albert Einstein was the greatest scientist ever to
have lived.
c. The planet Mars is reddish because it is coated
with cotton candy.
d. Aliens from outer space have transplanted themselves into the minds of government workers.
e. Tides are caused by the moon.
f You were Abraham Lincoln in a past life.
g. A human remains self-aware while sleeping.
h. A human remains self-aware after death.
51 .• In answer to the question "When a plant grows,
where does the material come from?" the ancient Greek
philosopher Aristotle (384-322 B.C.) hypothesized that
all material came from the soil. Do you consider his
hypothesis to be correct, incorrect, or partially correct?
What experimental tests do you propose to support
your choice?
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55 .• A thrown die lands with the six side facing up.
Use the many-worlds hypothesis to explain how the die
actually landed on all values at once.
56 .• What kinds of questions is science unable to
answer?
57 .• How long does it take for Earth to revolve
around the sun?
58 .• As discussed in the Spotlight essayappearing after
this chapter, pseudoscience, like science, makes
predictions. The predictions of a dowser, who locates
underground water with a dowsing stick, have a very high
rate of success-nearly 100%. Dowsing works. Why?
59 .• Mter the devastating tsunami of December 2004,
dozens of Scientologists mobilized to affected regions of
south Asia to join in the relief effort. Instead of
traditional medical aid, however, these pseudoscientists
(See Spotlight essay) provided pamphlets along with
"touch assist" treatment in which they touch wounded
areas with a fingertip. What might the victims have
thought about the efforts of the Scientologists?
60 .• Why are the units of a measurement just as
important as the number?
61. • Name two physical quantities discussed in this
chapter that change when a junked car is neatly crushed
into a compact cube.
62 .• Which would you rather have: a decigram of
gold or a kilogram of gold?
63 .• Can an object have mass without having weight?
Can it have weight without having mass?
64 .• Why do we use different units for mass and
weight?
65 .• Gravity on the moon is only one-sixth as strong
as gravity on Earth. What is the mass of a 6-kilogram
object on the moon, and what is its mass on Earth?
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66 .• Does a 2-kilogram solid-iron brick have twice as
much mass as a ] -kilogram solid-iron brick? Twice as
much weight? Twice as much volume?
67 .• Does a 2-kilogram solid-iron brick have twice as
much mass as a I-kilogram solid block of wood? Twice
as much volume? Explain.
68 .•

Why is energy hard to define?

69 .•

What determines the direction of heat flow?

70 .• Under what circumstances does heat naturally
travel from a cold substance to a warmer substance?
71. • Which has more total energy: a cup of boiling
water at 100°C or a swimming pool of boiling water at
100°C?

84 .• If you drop a hot rock into a pail of water, the
temperature of the rock and that of the water both
change until the two are equal. The rock cools, and the
water warms. Does this hold true if the hot rock is
dropped into the Atlantic Ocean?
85 .• Which has stronger attractions among its
submicroscopic particles: a solid at 25°C or a gas at
25°C? Explain.
86 .• The leftmost diagram below shows the moving
particles of a gas within a rigid container. Which of the
three boxes on the right (a, b, or c) best represents this
material upon the addition of heat?

72 .• Which is more evident: potential or kinetic
energy? Explain.
73 .•

Will your body possess energy after you die? If

(a)

(b)

(c)

so, what kind?

74 .•

Temperature is a measure of what?

75 .• Why is there a minimum temperature (absolute
zero) but no maximum temperature?
76 .•

Distinguish between temperature and heat.

77 .• An old remedy for separating two nested
drinking glasses stuck together is to run water at one
temperature into the inner glass and then run water
at a different temperature over the surface of the
outer glass. Which water should be hot and which
cold?
78 .• A Concorde supersonic airplane heats up
considerably when traveling through the air at speeds
greater than the speed of sound. As a result, the
Concorde in flight is about 20 centimeters longer
than when it is on the ground. Offer an explanation
for this length change from a submicroscopic
perspective.
79 .• A method for breaking boulders used to be
putting them in a hot fire, then dousing them with cold
water. Why would this fracture the boulders?
80 .• Creaking noises are often heard in the attic of
old houses on cold nights. Give an explanation in terms
of thermal expansion.
81 .• Any architect will tell you that chimneys are
never used as a weight-bearing part of a wall. Why?
82 .• Would you or the gas company gain by having
gas warmed before it passed through your gas meter?
83 .• Which has more total energy: a cup of boiling
water at 100°C or a swimming pool of slightly cooler
water at 90°C?

87 .• The leftmost diagram below shows two phases of
a single substance. In the middle box, draw what these
particles would look like if heat were taken away. In the
box on the right, show what they would look like if
heat were added. If each particle represents a water
molecule, what is the temperature of the box on the
left?

88 .• Which occupies the greatest volume: 1 gram of
ice, 1 gram ofliquid water, or 1 gram of water vapor?
89 .• Gas particles travel at speeds of up to 500 meters
per second. Why, then, does it take so long for gas
molecules to travel the length of a room?
90 .• Humidity is a measure of the amount of water
vapor in the atmosphere. Why is humidity always very
low inside your kitchen freezer?
91 .• What happens to the density of a gas as the gas is
compressed into a smaller volume?
92 .• A post-1982 penny is made with zinc, but its
density is greater than that of zinc. Why?
93 .• The following three boxes represent the number
of submicroscopic particles in a given volume of a
particular substance at different temperatures. Which
box represents the highest density? Which box
represents the highest temperature? Why would this be

ANSWERS

a most unusual substance ifbox (a) represented the
liquid phase and box (b) represented the solid phase?

TO CALCULATION

CORNERS
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96 .• Which is less dense: high density polyethylene
(HDPE) or water? How do you know?
97 .• When water freezes, it expands. What does this
say about the density of ice compared with the density
of water?

(a)

(b)

98 .• Is a massive brick of pure gold more or less
dense than a slender wedding ring also made of pure
gold?

(cl

94 .• Is a more massive object necessarily more dense
than a less massive object?

99 .• What happens to the density of a filled water
balloon as it is pulled to the bottom of the ocean?

95 .• Is a denser object necessarily more massive than a
less-dense object?

100 .• Which weighs more, aliter of ice or a liter of
water?

I SUPPORTING

CALCULATIONS

•

BEGINNER

101.• Show how the mass in kilograms of a 130-pound
human standing on Earth is 59 kg.
102 .• What is the mass in kilograms of a 130-pound
human standing on the moon?
103 .• Show that there are 960,000 J in a candy bar
containing 230,000 calories.
104 .• How many calories are there in a candy bar
containing 230 Calories?

•

INTERMEDIATE

•

EXPERT

106 .• Someone wants to sell you a piece of gold and
says it is nearly pure. Before buying the piece, you
measure its mass to be 52.3 grams and find that it
displaces 4.16 mL of water. Calculate its density and
consult Table 1.3 to assess its purity.
107 .• Show that a 52.3-gram sample of pure gold
displaces 2.71 mL of water.
108 .•

A kilogram is equal to how many milligrams?

105.• How many milliliters of dirt are there in a hole
that has a volume of 5 liters? How many milliliters of air?

ANSWERS
TO
CALCULATION
UNIT

CORNERS

CONVERSION

a. 7.32 kg
d.2.1qt

b.5181b
e.O.lkcal

c. 4.5 L

f. 400

J

Perhaps you are wondering about how many digits
to include in your answers. Were you perplexed, for
example, that the answer to (f) is 400 J and not 418.4 J?
There are specific procedures to follow in figuring

which digits from your calculator to write down. The
digits you are supposed to write down are called
significant figures. Because there are few calculations in
the chapter portions of Conceptual Chemistry, however,
a full discussion of significant figures is left to Appendix
B. It is there for those of you looking for a little more
quantitative depth, which is certainly often needed
when performing experiments in the laboratory.
MANIPULATING

AN

ALGEBRAIC

1. 0.5 grams per milliliter
2.400 grams
3. 100 milliliters

EQUATION
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FINGERS

You have to be moving the pennies up and down in
order to optimize your threshold of detection. What
you are sensing here is the difference in inertia. Recall
that inertia is an object's resistance to any change in its
motion. If you minimize the motion, you minimize
your ability to detect any difference in inertia the two
coins may have. Switch pennies between your left and
right index fingers (with your eyes dosed) to confirm
your ability to detect a difference.
With or without the motion, the pennies exert a
downward pressure that your nerve endings sense. To
feel this pressure, repeat the experiment with the pre1982s on one index finger and the post-1982s on the
other index finger, but this time keep your hands still.
How many do you need to stack before you can sense a
difference in pressure? If you did this pressure
experiment on the moon, would you need to stack
more or fewer? Why?

slower air molecules, and the air molecules get warmer
because their kinetic energy increases. (This is similar
to how the kinetic energy of a hammer pounding a nail
into a flimsy wall can be transferred to a picture frame
hanging on the opposite side of the wall.) You can feel
this warming by holding your hand dose to the
balloon.
As the gaseous water molecules lose kinetic energy,
they begin to condense into the liquid phase, a noisy
process amplified by the balloon (listen carefully).
From a molecular point of view, why does the
balloon shrink more quickly in ice water? How is this
activity similar to the demonstration depicted in Figure
1.27?

EXPLORING

Ronald Breslow, Chemistry Today and Tomorrow: The
Central Useful and Creative Science. Sudbury, MA:
jones and Bardett, 1997.
•

DECISIVE

DIMENSIONS

Don't feel bad if your prediction was wrong-you are
in good company. But now you understand that the
volume of water displaced by an object is equal to the
object's volume, not its mass or its weight.
HOT-WATER

BALLOON

A marble hitting your hand pushes against your hand.
In a similar fashion, a gaseous water molecule hitting
the inside of the balloon pushes against the balloon.
The force of a single water molecule is not that great,
but the combined forces of the billions and billions of
them in this activity is sufficient to inflate the balloon
as the liquid water evaporates to the gaseous phase.
Thus, you saw how the gaseous phase occupies much
more volume than the liquid phase. If you observed the
balloon carefully, you noticed it continues to inflate
(although not so rapidly) after all the water has been
converted to water vapor. This occurs because the
microwaves continue to heat the gaseous water
molecules, making them move faster and faster,
pushing harder and harder against the balloon's inner
surface.
Mter you take the balloon out of the microwave, the
balloon is in contact with air molecules, which, being
cooler, move more slowly than the water molecules.
Gaseous water molecules colliding with the inner
surface of the balloon pass their kinetic energy to the

FURTHER

Written by a past president of the American Chemical
Society, this paperback analyzes the role chemistry has
played in the development of our modern society and
how chemistry is sure to play an increasing role in our
future.

John Allen Paulos, Innumeracy: Mathematical Illiteracy
and Its Consequences. New York: Vintage Books,
1990.
• A delightful account of the statistical misunderstandings of
the common citizen. What illiteracy is to reading,
inn umeracy is to mathematics.

Royston Roberts, Serendipity: Accidental Discoveries in
Science. New York: John Wiley & Sons, 1989.
• Fascinating stories illustrating how many scientific advances
are made by chance discovery when an investigator is keen
enough to recognize the significance of the discovery.

Carl Sagan, The Demon-Haunted World· Science as a
Candle in the Dark. New York: Random House, 1995.
• An eloquent account of the present status ofsociety's
attitudes toward science and the dangers weface when
reasongives way to the myths ofpseudo science, New Age
thinking, and fundamentalism.

www.awls.org
•

Home page [or the Association fOr \X0men in Science, an
organization dedicated to achieving equity and full
participation fOr women in science, mathematics,
engineering, and technology.

EXPLORING

www.chemcenter.org
Maintained by the American Chemical Society, this site is
an excellent starting point [or searching out such chemistryrelated infOrmation as current events or the status of a
particular avenue of research.
www.epa.gov/chemrtk/volchall.htm
III

The High Production VOlume (HPV) Challenge Program
provides extensive data on chemicals manufactured in or
imported to the United States in amounts of at least
1 million lb per year.

WWW.CSlCOp.org
Home page fOr the Committee [or the Scientific
Investigation of Claims of the Paranormal. This
organization of No bel laureates and other respected
scientists takes on the claims of pseudo science with all the
rigor required of any scientific claim.
www.sciencenews.org/sn_arch
III

www.randi.org
III

This is the website jor lames Randi, a widely known
magician who is active in critically examining claims
the paranormal.

http:// space.mi t.edu/home/
III

tegmark/ mul tiverse.h tml

www.ConceptChem.com
III

Visit ConceptChem.com to register your Conceptual
Chemistry Alive! DVD-ROM.
Registered users receive free
technical support as well as access to the authors answers to
the over 600 questions appearing within CCAlive!
Behind-the-scene photos as well as interesting infOrmation
about the cast, crew, and production of CCAlive! are also
available.

Archives of ScienceNews, a widely read weekly magazine
covering current developments in science.

Skepdic. corn (spelled with a d) is the site of Sacramento
City Colleges Robert T Carrell's "Sleeptics Dictionary, "
where you'll find critical discussions on alternative
medicine, cryptozoology, extraterrestrials, UFOs, frauds
and hoaxes, junk science, New Age energy, the paranormal,
and much more.

[or

Created by Max Tegmark, a cosmologist at Princeton
University, this website is a good starting place to learn
more about multiple universes. It includes many FAQs as
well as numerous hyperlinks and references.

the

hemistry

www.skepdic.com
III
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PSEUDOSCIENCE

•

There are numerous issues relating
to science and society. "In the
5potlight"is a special feature of
Conceptual Chemistry that highlights
these issues and prods you to consider implications. These features
can also serve as a centerpiece for
potentially heated discussions with
your classmates and others. To
inform yourself further on the issues,
be sure to explore the related web
sites listed on the last page of each
preceding chapter.

F

or a claim to qualify as "scientific"
it must meet certain standards.
For example, the claim must be
reproducible by others who have no
stake in whether the claim is true or
false. The data and subsequent interpretations are open to scrutiny in a
social environment where it's okay to
have made an honest mistake, but
not okay to have been dishonest or
deceiving. Claims that are presented
as scientific but do not meet these
standards are what we call pseudoscience, which literally means "fake
science." In the realm of pseudoscience, skepticism and tests for possible wrongness are downplayed or
flatly ignored.
Examples of pseudoscience
abound. Astrology is an ancient belief
system that supposes there is a mystical correspondence between individuals and the universe-that
human affairs are so special that
they are influenced by the positions
and movements of planets and other
celestial bodies. When astroloqers
use up-to-date astronomical information and computers that chart the
movements of heavenly bodies, they
are operating in the realm of science.

But when they use these data to pTOduce nontestable astroloqical revelations, they have crossed over into
pseudoscience.
A shaman who studies the oscillations of a pendulum suspended over
the abdomen of a pregnant woman
can predict the sex of the fetus with
an accuracy of 50 percent. Downplaying all the times he was wTOng,the
shaman can easily collect hundreds
of testimonies of success. These testimonies, however, are incomplete evidence of the shaman's ability, hence
they do not qualify as scientific. His
claims are pseudoscientific. An
example of pseudoscience that has
zero success is provided by energymultiplying machines. These
machines are alleged to deliver more
energy than they take in. We are told
that the designs are "still on the

drawing boards and in need offunds
fOTdevelopment."
Humans are very good at denial,
which may explain why pseudoscience is such a thriving enterprise.
Many pseudoscientists themselves
do not recognize their efforts as
pseudoscience. A practitioner of
"absent healing,"for example, may
truly believe in her ability to cure
people she will never meet except
through e-mail and credit card
exchanges. The pressure to make a
decent living in today's fast-paced
and often heartless society can be
overwhelming. That said, books on
pseudoscience greatly outsell books
on science in general bookstores.
Today there are more than 20,000
practicing astrologers in the United
States. Do people listen to these
astroloqers just for the fun of it?

Many do, but science writer Martin
Gardner reports that a greater percentage of Americans today believe
in astrology and occult phenomena
than did citizens of medieval Europe.
Very few newspapers carry a daily science column, but nearly all provide
daily horoscopes.
Meanwhile, the results of science
literacy tests given to the general
public are appalling. Some 63 percent
of American adults are unaware that
the last dinosaur died long before the
first human arose; 75 percent do not
know that antibiotics kill bacteria
but not viruses; 57 percent do not
know that electrons are smaller than
atoms. In his book The DemonHaunted World, Carl Sagan wrote
that a truer measure of public understanding in science would come from
asking deeper questions such as:
"How do we know that dinosaurs
died before the first humans arose?"
or"Howdo
we knowthat antibiotics
kill bacteria and not viruses?" or
"How do we knowthat electrons are
smaller than atoms?"The results of a
test with such questions would no
doubt be even more disheartening.
What we find is a rift-a growing
divide-between
those who have a
trusting understanding of science
and those who perceive science as
stiff and unimaginative or, worse,
beyond common intelligence. Many
view this as a battle between knowledge and ignorance, between skepticism and gullibility, between stepping
into the future or stepping back to our
past. With the rise of pseudoscience, it
appears that ignorance, gullibility and
a nostalgia for the good old days of
demons and infectious diseases are
on the winning side.

The renowned magician James
Randi has issued a genuine million-dollar challenge to anyone
who can demonstrate, under their
own conditions, any psychic,
supernatural, or paranormal phenomenon with adequate controls
in place. Many have applied, but
no one has ever won this challenge. Why not?
Was this your answer? As exciting as it would be to have special
powers, like those of Harry Potter,
the reality appears to be that it
just isn't so. We are simply
humans who are held firmly
within the realm of nature, not
above it. The kicker, thoug h, is that
nature has many incredible wonders of its own that we have yet to
discover. Tomake these new and
exciting discoveries, which would
you rather choose: the tools of scien ce or the tool s of pseudoscience?
IN THE SPOTLIGHT
DISCUSSION
QUESTIONS:
1.

Why do many people trust herbal
medicines to prevent disease?

2.

Why are health insurance agencies
beginning to cover expenses for chiropractic care?

3. Would you rather have a friend or a
stranger help you throug h a sickness? Why? Which health professionals tend to be the friendliest?
4. Why are more people afraid of flying
than of driving?
5. Why does the general public have
such little knowledge or understanding of science?

6. The CEOof a large corporation is
told that its operations are leading
towards an ecological crisis. Who
might the CEOfirst contact to confirm the allegation: a politician, a
marketing agent, a lawyer, an
astrologer, an environmental
activist, or a scientist?
7- Who is best situated to persuade a
tough-minded businessman to
move his company towards ecologically sound practices: a customer, a
politician, a marketing agent, a
lawyer, an astrologer, an environmental activist, or a scientist? Rank
these people in order of their possible persuasion power.
8. Apsychic claims to be able to detect
an object randomly concealed
within one of several opaque boxes.
When tested, the psychic performs
no better than what mig ht be
expected by chance. What excuses
might the psychic come up with to
explain why he or she was unsuccessful?
9. What advice mig ht you provide to a
scientist who was about to appear
on a nationally televised program to
debate a supernatural or paranormal topic?
10.

A concentrated herb solution is
found to have a therapeutic effect.
Might there still be a therapeutic
effect if this solution is diluted to
half strength? A quarter strength?
How about if the solution is diluted
repeatedly so that a dose is only 1
trillion-trillionth as strong, meaning that the dose contains practically none of the original herb
extract? At what point, if any, does
the herb solution stop having a
therapeutic effect? Might a dose of
pure water mislabeled as containing the extract also have a therapeutic effect?
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the greater its kinetic energy-the

greater its capacity to cause harm.

Similarly, the faster the speed of the molecules in the coffee, the greater
their capacity to harm your tongue. So, while kinetic energy and other
chemistry-related terms are useful for communication, they do not guarantee conceptual understanding.

Ifyou focus first on the concepts, the

language used to describe them will come to you much more naturally.
Because this chapter focuses on how chemists describe and classify
matter, it lays the foundation for all future chapters. Take special note of
the boldfaced terms, and be sure to practice articulating and paraphrasing the concepts they represent. Do this by describing these concepts
aloud to yourself (or to a friend) without looking at the book. When you
are able to express these concepts in your own words, you will have the
insig ht to do well in this course and beyond.
We begin by looking at how chemists describe matter by its physical
and chemical properties.

•
• 2.1

Matter Has Physical and Chemical Properties

f

copeeri" that describe the look or feel of a substance, such a, color, hardness, density, texture, and phase, are called physical properties. Every
substance has its own set of characteristic physical properties that we can use to
identify that substance (Figure 2.1).

-

Gold
Opacity: opaque
Calor: yellowish
Phase at 25"C: solid
Density: 19.3 g/mL

FIGURE

Diamond
Opacity: transparent
Color: colorless
Phase at 25"C: solid
Density: 3.5 g/mL

Water
Opacity: transparent
Calor: colorless
Phase at 25"C: liquid
Density: 1.0 g/mL

2.1

Gold, diamond, and water can be identified by their physical properties. If a substance has all the physical properties listed under gold, for example, it must be gold.

2.1

MATTER

HAS

PHYSICAL

AND

CHEMICAL

PROPERTIES

The physical properties of a substance can change when conditions change,
but that does not mean a different substance is created. Cooling liquid water to
below ODC causes the water to transform to solid ice, but the substance is still
water because it is still H20 no matter which phase it is in. The only difference
is how the H20 molecules are oriented relative to one another. In the liquid, the
water molecules tumble around one another, whereas in the ice they vibrate
about fixed positions. The freezing of water is an example of what chemists call a
physical change. During a physical change, a substance changes its phase or
some other physical property but not its chemical composition,
as Figure 2.2
shows.

Water molecules, H20,
of liquid water

Atoms of liquid
mercury, Hg,
at 25°e
(b)

(a)

FIGURE

Water molecules, H20,
of solid water (ice)

2.2

Two physical changes. (a) Liquid water and ice might look like different substances,
but at the submicroscopic level, it is evident that both consist of water molecules.
(b) At 25°C, the atoms in a sample of mercury are a certain distance apart, yielding a
density of 13.53 grams per milliliter. At 100°e, the atoms are farther apart, meaning
that each milliliter now contains fewer atoms than at 25°e, and the density is now
13.35 grams per milliliter. The physical property we call density has changed with
the temperature, but the identity of the substance remains unchanged: mercury is
mercury.

Atoms of liquid
mercury, Hg, at
1000e (expanded)

4'
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ECK
The melting of gold is a physical change. Why?
Was this your answer? During a physical change, a substance changes on ly
one or more of its physical properties; its identity does not change. Because
melted gold is still gold but in a different form, this change is a physical
change.

•
• Hydrogen is touted as the fuel of
the future It burns clean, producing only energy and water vapor,
Much has to happen, however,
before we can convert from fossil
fuels to hydrogen. For example,
we need an efficient method for
generating hydrogen. Ideally,a
system will be developed that
produces hydrogen using the
energy of direct sunlig ht. Also,
the infrastructure for distributing hydrogen needs to be built.
These are no small tasks, but current economic and environmental pressures appear to be
pushing us in this direction.
MORE

TO

EXPLORE,

American Hydrogen Association
www.clean-air.org
www.hydrogennow.org
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Chemical properties are those that characterize the ability of a substance
to react with other substances or to transform from one substance to another.
Figure 2.3 shows three examples. The methane of natural gas has the chemical
property of reacting with oxygen to produce carbon dioxide and water, along
with lots of heat energy. Similarly, it is a chemical property of baking soda to
react with vinegar to produce carbon dioxide and water while absorbing a
small amount of heat energy. Copper has the chemical property of reacting
with carbon dioxide and water to form a greenish-blue solid known as patina.
Copper statues exposed to the carbon dioxide and water in the air become
coated with patina. The patina is not copper, it is not carbon dioxide, and it is
not water. It is a new substance formed by the reaction of these chemicals with
one another .
All three of these transformations involve a change in the way the atoms in
the molecules are chemically bonded to one another. (A chemical bond is the
attraction between two atoms that holds them together in a molecule.) A
methane molecule, for example, is made of a single carbon atom bonded to
four hydrogen atoms, and an oxygen molecule is made of two oxygen atoms
bonded to each other. Figure 2.4 shows the chemical change in which the
atoms in a methane molecule and those in two oxygen molecules first pull
apart and then form new bonds with different partners, resulting in the formation of molecules of carbon dioxide and water. Any change in a substance
that involves a rearrangement of the way atoms are bonded is called a
chemical change. Thus the transformation of methane to carbon dioxide and
water is a chemical change, as are the other two transformations shown in
Figure 2.3.
The chemical change shown in Figure 2.5 occurs when an electric current is
passed through water. The energy of the current causes the water molecules to
split into atoms that then form new chemical bonds. Thus, water molecules are
changed into molecules of hydrogen and oxygen, two substances that are very
different from water. The hydrogen and oxygen are both gases at room temperature, and they can be seen as bubbles rising to the surface.

2.3

The chemicalpropertiesof substancesallowthem to transform
to new substances,Both natural
gasand baking soda transform
to carbon dioxideand water.
Copper transformsto patina.
Methane

Reacts with oxygen to form
carbon dioxide and water,
giving off lots of heat during
the reaction.

Baking soda
Reacts with vinegar to form
carbon dioxide and water,
absorbing heat during the
reaction.

Copper
Reacts with carbon dioxide
and water to form the greenishblue substance called patina.
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Water

L
Carbon

dioxide
Methane

FIGURE

2.4

The chemical change in which molecules of methane and oxygen transform to molecules of carbon dioxide and water as atoms break old bonds and form new ones.
The actual mechanism of this transformation is more complicated than depicted
here; however, the idea that new materials are formed by the rearrangement of atoms
is accurate.

FIGURE

2.5

Water can be transformed to
hydrogen gas and oxygen gas by
the energy of an electric current.
This is a chemical change
because new materials (the two
gases) are formed as the atoms
originally in the water molecules
are rearranged.

Gaseous hydrogen, H2
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In the language of chemistry, materials undergoing a chemical change are said
to be reacting. Methane reacts with oxygen to form carbon dioxide and water.
Water reacts when exposed to electricity to form hydrogen gas and oxygen gas.
Thus the term chemical change means the same thing as chemical reaction. During a chemical reaction, new materials are formed by a change in the way atoms
are bonded together. We shall explore chemical bonds and the reactions in
which they are formed and broken in later chapters.

•

tAECK
Each sphere in the following diagrams represents an atom. Joined spheres
represent molecules. One set of diagrams shows a physical change, and the
other shows a chemical change. Which is which?
8

, ftP

.- , .-
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•...
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••
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...•
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Was this your answer? Remember that a chemical change (also known as a
chemical reaction) involves molecules breaking apart 50 that the atoms are
free to form new bonds with new partners. You must be careful to distinquish this breaking apart from a mere change in the relative positions of a
group of molecules. In set A,the molecules before and after the change are
the same. They differ only in their positions relative to one another. Set A
therefore represents a physical change. In set B,new molecules consisting of
bonded red and blue spheres appear after the change. These molecules represent a new material, and so Bis a chemical change.

FIRE

T

his activity is for those of you with
access to a gas stove. Place a large
pot of cool water on top of the
stove, and set the burner on high.
What product from the combustion
of the natural gas do you see con-

den sing on the outside of the pot?
Where did it come from? Would more
or less of this product form if the pot
contained ice water? Where does this
product go as the pot gets warmer?
What physical and chemical changes
can you identify?

WATER

T
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2.6

The transformationof water to
ice and the transformationof
iron to rust both involvea
changein physicalappearance.
The formation of iceis a physical
change,and the formation of rust
is a chemicalchange.

DETERMINING
WHETHER
CAN BE DIFFICULT

A CHANGE

IS PHYSICAL

OR CHEMICAL

How can you tell whether a change you observe is physical or chemical? It can
be tricky because in both cases there are changes in physical appearance. Water,
for example, looks quite different after it freezes, just as a car looks quite different after it rusts (Figure 2.6). The freezing of water results from a change in
how water molecules are oriented relative to one another. This is a physical
change because liquid water and frozen water are both forms of water. The
rusting of a car, by contrast, is the result of the transformation of iron to rust.
This is a chemical change because iron and rust are two different materials,
each consisting of a different arrangement of atoms. As we shall see in the next
two sections, iron is an element and rust is a compound consisting of iron and
oxygen atoms.
By studying this chapter, you can expect to learn the difference between a
physical change and a chemical change. However, you cannot expect to have a
firm handle on how to categorize an observed change as physical or chemical
because doing so requires a knowledge of the chemical identity of the materials involved as well as an understanding of how their atoms and molecules
behave. This sort of insight builds over many years of study and laboratory
expenence.
There are, however, two powerful guidelines that can assist you in assessing
physical and chemical changes. First, in a physical change, a change in appearance is the result of a new set of conditions imposed on the same material.
Restoring the original conditions restores the original appearance: frozen water
melts upon warming. Second, in a chemical change, a change in appearance is
the result of the formation of a new material that has its own unique set of physical properties. The more evidence you have suggesting that a different material
has been formed, the greater the likelihood that the change is a chemical change.
Iron is a material that can be used to build cars. Rust is not. This suggests that
the rusting of iron is a chemical change.
Figure 2.7 shows potassium chromate, a material whose calor depends on
temperature. At room temperature, potassium chromate is a bright canary yellow. At higher temperatures, it is a deep reddish orange. Upon cooling, the
canary calor returns, suggesting that the change is physical. With a chemical
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FIGURE

2.7

Potassium chromate changes calor as its temperature changes. This change in color
is a physical change. A return to the original temperature restores the original bright
yellow color.
change, reverting to original conditions does not restore the original appearance.
Ammonium
dichromate, shown in Figure 2.8, is an orange material that when
heated explodes into ammonia, water vapor, and green chromium(III)
oxide.
When the test tube is returned to the original temperature,
there is no trace of
orange ammonium
dichromate.
In its place are new substances having completely different physical properties.

FIGURE

2.8

When heated, orange ammonium dichromate undergoes a chemical change to
ammonia, water vapor, and chromium(III) oxide. A return to the original temperature does not restore the orange color because the ammonium dichromate is no
longer there.
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Michaela has grown an inch in height over the past year. Is this best
described as a physical or a chemical change?

Atomic symbol
for gold

8
Atomic symbol

Was this your answer? Are new materials being formed as Michaela grows?
Absolutely-created
out of the food she eats. Her body is very different from,
say, the peanut butter sandwich she ate yesterday. Yet throug h some very
advanced chemistry, her body is able to take the atoms of that peanut butter
sandwich and rearrange them into new materials. Biological growth, therefore, is best described as a chemical change.

• 2.2

4f

G]

Atoms Are the Fundamental Components
of Elements

ou know that atoms make up the matter around yuu, from stars to "eel to

chocolate ice cream. You might think that there must be many different
kinds of atoms to account for the huge diversity of matter, but the number of
different kinds of atoms is surprisingly small. The great variety of substances
results from the many ways a few kinds of atoms can be combined. Just as the
three colors red, green, and blue can be combined to form any color on a television screen, or the 26 letters of the alphabet make up all the words in a dictionary, only a few kinds of atoms combine in different ways to produce all
substances. To date, we know of slightly more than 100 distinct atoms. Of these,
abour 90 are found in nature. The remaining atoms have been created in the
laboratory.
Any material that is made up of only one type of atom is classified as an element. A few examples are shown in Figure 2.9. Pure gold, for example, is an element-it contains only gold atoms. Similarly, one of the gases in air is nitrogen,
an element. Nitrogen gas is an element because it contains only nitrogen atoms.
Likewise, the graphite in your pencil is an element-carbon.
Graphite is made
up solely of carbon atoms. All of the elements are listed in a chart called the
periodic table, shown in Figure 2.10.
As you can see from the periodic table, each element is designated by its
atomic symbol, which comes from the letters of the element's name. For example, the atomic symbol for carbon is C and that for chlorine is Cl. In many cases,

Atomic symbol
for carbon

o
FIGURE

2.9

Any element consists of only one
kind of atom. Gold consists of
only gold atoms, a flaskof
gaseous nitrogen consists of only
nitrogen atoms, and the carbon
of a gtaphite pencil consists of
only carbon atoms.
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The periodic table lists all the
known elements.
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the atomic symbol is derived from the element's Latin name. Gold has the
atomic symbol Au after its Latin name, aurum. Lead has the atomic symbol Pb
after its Latin name, plumbum (Figure 2.11). Elements having symbols derived
from Latin names are usually those discovered earliest. Note that only the first
letter of an atomic symbol is capitalized. The symbol for the element cobalt, for
instance, is Co, while CO is a combination
of two elements: carbon, C, and
oxygen, O.
The terms element and atom are often used in a similar context. You might
hear, for example, that gold is an element made of gold atoms. Generally,
element is used in reference to an entire macroscopic or microscopic sample, and
atom is used when speaking of the submicroscopic particles in the sample. The

FICiURE

2.11

A plumb bob, a heavy weight attached to a string and used
by carpenters and surveyors to establish a straight vertical
line, gets it name from the lead (plumbum, Pb) that is still
sometimes used as the weight. Plumbers got their name
because they once worked with lead pipes.

2.3

ELEMENTS

CAN

COMBINE

important distinction is that elements are made of atoms and not the other way
around.
How many atoms are bound together in an element is shown by an
elemental formula. For elements in which the basic units are individual atoms,
the elemental formula is simply the chemical symbol: Au is the elemental formula for gold, and Li is the elemental formula for lithium, to name just two
examples. For elements in which the basic units are two or more atoms bonded
into molecules, the elemental formula is the chemical symbol followed by a subscript indicating the number of atoms in each molecule. For example, elemental
nitrogen, as was shown in Figure 2.9, commonly consists of molecules containing two nitrogen atoms per molecule. Thus N2 is the usual elemental formula
given for nitrogen. Similarly, O2 is the elemental formula for oxygen, and S8 is
the elemental formula for sulfur.

•

TO FORM
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•
• Carbon is the only element that
can form bonds with itself indefinitely. Sulfur's practical limit is S8
and nitrogen's limit is around
N'2. The elemental formula for a
l-carat diamond, however, is
about (10,000,000,000,000,000,000,000MORE

TO EXPLORL

See Chapter 9 for a calculation of
the num ber of carbon atoms in a
t-carat diamond.

CK
The oxygen we breathe, 02' is converted to ozone, 03' in the presence of an
electric spark. Is this a physical or chemical change?
Was this your answer? When atoms regroup, the result is an entirely new
substance, and that is what happens here. The oxygen we breathe, 02' is
odorless and life-giving. Ozone, 03' can be toxic and has a pungent smell
common ly associated with electric motors. The conversion of O2 to 03 is
therefore a chemical change. However, both O2 and 03 are elemental forms
of oxygen.

• 2.3

Elements Can Combine to Form Compounds

4~toms
of different elements bond to one another, they make a
~~~;ound. Sodium atoms and chlorine atoms, for example, bond to
make the compound sodium chloride, commonly known as table salt. Nitrogen
atoms and hydrogen atoms join to make the compound ammonia, a common
household cleaner.
A compound is represented by its chemical formula, in which the symbols
for the elements are written together. The chemical formula for sodium chloride
is NaCl and that for ammonia is NH3. Numerical subscripts indicate the ratio
in which the atoms combine. By convention, the subscript 1 is understood and
omitted. So the chemical formula NaCl tells us that in the compound sodium
chloride there is one sodium for everyone chlorine, and the chemical formula
NH3 tells us that in the compound ammonia there is one nitrogen atom for
every three hydrogen atoms, as Figure 2.12 shows.
Compounds have physical and chemical properties that are different from the
properties of their elemental components. The sodium chloride, NaCl, shown
in Figure 2.13 is very different from the elemental sodium and elemental chlorine used to form it. Elemental sodium, Na, consists of nothing but sodium
atoms, which form a soft, silvery metal that can be cut easily with a knife. Its
melting point is 97.5°C, and it reacts violently with water. Elemental chlorine,
C12, consists of chlorine molecules. This material, a yellow-green gas at room
temperature, is very toxic and was used as a chemical warfare agent during
World War I. Its boiling point is 234°C. The compound sodium chloride,
NaCI, is a translucent, brittle, colorless crystal having a melting point of 800°e.
Sodium chloride does not chemically react with water the way sodium does, and
not only is it not toxic to humans the way chlorine is, but the very opposite is

W

Sodium chloride, NaCI

Hydrogen

I

.
N Itrogen

Ammonia, NH3

FIGURE

2.12

The compounds sodium chloride
and ammonia are representedby
their chemicalformulas,NaCl
and NH3. A chemicalformula
showsthe ratio of atoms used to
make the compound.
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and

Sodium metal

FIGURE

chlorine gas

react to form

sodium chloride

2.13

Sodium metal and chlorine gas react together to form sodium chloride. Although
the compound sodium chloride is composed of sodium and chlorine, the physical
and chemical properties of sodium chloride are very different from the physical and
chemical properties of either sodium metal or chlorine gas.

true: it is an essential component of all living organisms. Sodium chloride is not
sodium, nor is it chlorine; it is uniquely sodium chloride, a tasty chemical when
sprinkled lightly over popcorn .

•

Hydrogen sulfide, H25, is one of the smelliest compounds. Rotten eggs get
their characteristic bad smell from the hydrogen sulfide they release. Can
you infer from this information that elemental sulfur, 58, is just as smelly?
Was this your answer? No,you cannot. In fact, the odor of elemental sulfur
is neg ligible compared with that of hydrogen sulfide. Compounds are truly
different from the elements from which they are formed. Hydrogen sulfide,
H25, is as different from elemental sulfur, 58, as water, H20, is from elemental
oxyqen.O;

COMPOUNDS
ARE NAMED
THEY CONTAIN

ACCORDING

TO THE ELEMENTS

A system for naming the countless number of possible compounds has been
developed by the International Union for Pure and Applied Chemistry
(IUPAC). This system is designed so that a compound's name reflects the elements it contains and how those elements are put together. Anyone familiar
with the system, therefore, can deduce the chemical identity of a compound
from its systematic name. As you might imagine, this system is very intricate.
However, you need not learn all its rules. At this point, learning some guidelines
will prove most helpful. These guidelines alone will not enable you to name
every compound; however, they will acquaint you with how the system works
for many simple compounds consisting of only two elements.

2.3

ELEMENTS

CAN

OXYGEN
SAFETY

ompounds can be broken down to
their component elements. For
example, when you pour a solution of the compound hydrogen peroxide, H 0 over a cut, an enzyme in
your blood decomposes it to produce
oxygen gas, 02' as evidenced by the
bubbling that takes place. It is this
oxygen at high concentrations at the
site of injury that kills off microorganisms. A similar enzyme is found
in baker's yeast.

C

2

WHAT

2,

YOU

NEED

Packet of baker's yeast; 3 percent
hydrogen peroxide solution; short,
wide drin king glass; tweezers;
matches

COMBINE

BUBBLE

COMPOUNDS

BURSTS

Wear safety glasses, and remove all
combustibles, such as paper towels,
from the area. Keep your fingers well
away from the flame because it will
glow more brig htly as it is exposed to
the oxygen.
PROCEDURE
1.

2.

Pour the yeast into the glass. Add
a couple of capfuls of the hydrogen peroxide and watch the oxygen bubbles form.
Test for the presence of oxygen
byholding a lighted match with
the tweezers and putting the
flame near the bubbles. Lookfor
the flame to glow more brightly

as the escaping oxygen passes
over it.
Describe oxygen's physical and
chemical properties.

The name of the element farther to the left in the periodic table
is followed by the name of the element farther to the right, with the suffix -ide
added to the name of the latter:
Hydrogen chloride
Magnesium oxide
Strontium phosphide

When two or more compounds have different numbers of the
same elements, prefixes are added to remove the ambiguity. The first four prefixes are mono- ("one ") , diz- ("two ") , tri-. ("tree
h ") , an d tetra- ("f,")
our. Th e pre fix
mono-, however, is commonly omitted from the beginning of the first word of
the name:

G U I 0 ELl N E 2

Carbon and oxygen
CO
Carbon monoxide
CO2
Carbon dioxide
Nitrogen and oxygen
N02
Nitrogen dioxide
N204
Dinitrogen tetroxide
Sulfur and oxygen
502
Sulfur dioxide
503
Sulfur trioxide
Many compounds are not usually referred to by their systematic
names. Instead, they are assigned common names that are more convenient or
have been used traditionally for many years. Some common names we use in
Conceptual Chemistry are water for H20, ammonia for NH3, and methane for
G U I 0 ELl N E 3

FORM

NOTE

G U I 0 ELl N E 1

Sodium chloride
Lithium oxide
Calcium fluoride

TO
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CH4• Pteroenone, the name of the compound extracted from the sea butterlly
referred to in Chapter 1, is a common name. The systematic name for this compound, though more descriptive of the elements it contains, is much longer:
5(5)- methyl-6 (R)-hydroxy-7 ,9-dimethyl-7, 9-diene-4- undecanone.

•

Cl(
What is the systematic name for NaF?
Was this your answer? This compound, sodium fluoride, is a common
ingredient of most toothpastes.

• 2.4

Most Materials Are Mixtures

mixture is a combination of two or more substances in which each substance retains its properties. Most materials we encounter are mixtures:
mixtures of elements, mixtures of compounds, or mixtures of elements and
compounds. Stainless steel, for example, is a mixture of the elements iron,
chromium, nickel, and carbon. Seltzer water is a mixture of the liquid compound water and the gaseous compound carbon dioxide. Our atmosphere, as
Figure 2.14 illustrates, is a mixture of the elements nitrogen, oxygen, and argon
plus small amounts of such compounds as carbon dioxide and water vapor.
Tap water is a mixture containing mostly water but also many other compounds. Depending on your location, your water may contain compounds of
calcium, magnesium, Huorine, iron, and potassium; chlorine disinfectants;
trace amounts of compounds of lead, mercury, and cadmium; organic compounds; and dissolved oxygen, nitrogen, and carbon dioxide. Although it is
surely important to minimize any toxic components in your drinking water,
it is unnecessary, undesirable, and impossible to remove all other substances
from it. Some of the dissolved solids and gases give water its characteristic
taste, and many of them promote human health: chlorine destroys harmful

FIGURE

2.14

Earth'satmosphereis a mixture
of gaseouselementsand compounds. Some of them are shown
here.

Component
Nitrogen, N2

78%

Oxygen, 02

21 %

Argon,Ar

0.9%

Water,H20

0-4% (variable)

Carbon dioxide, CO2

0.034% (variable)
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bacteria, and as much as 10 percent of our daily requirement
for iron, potassium, calcium, and magnesium is obtained from drinking water (Figures 2.15
and 2.16) .

•

So far, you have learned about three kinds of matter: elements, compounds,
and mixtures. Which box below contains only an element? Which contains
only a compound? Which contains a mixture?

A

B

c

Was this your answer? The molecules in box A each contain two different
types of atoms and so are representative of a compound. The molecules in
box Beach consist of the same atoms and so are representative of an element. Box C is a mixture of the compound and the element.
Note how the molecules of the compound and those of the element
remain intact in the mixture. That is, upon the formation of the mixture,
there is no exchange of atoms between the components.

Tap water provides us with water
as well as a large number of other
compounds, many of which are
flavorful and help us to grow.
Bottoms up!

There is a difference between the way substances-either
elements or compounds-combine
to form mixtures and the way elements combine to form
compounds. Each substance in a mixture retains its chemical identity. The sugar
molecules in the teaspoon of sugar in Figure 2.17, for example, are identical to
the sugar molecules already in the tea. The only difference is that the sugar molecules in the tea are mixed with other substances, mostly water. The formation
of a mixture, therefore, is a physical change. As was discussed in Section 2.3,
when elements join to form compounds,
there is a change in chemical identity.
Sodium chloride is not a mixture of sodium and chlorine atoms. Instead,
sodium chloride is a compound,
which means it is entirely different from the
elements used to make it. The formation of a compound is therefore a chemical
change.
MIXTURES

CAN BE SEPARATED

BY PHYSICAL

MEANS

The components
of mixtures can be separated from one another by taking
advantage of differences in the components'
physical properties. A mixture of
solids and liquids, for example, can be separated using filter paper through
which the liquids pass but the solids do not. This is how coffee is often made:
the caffeine and Haver molecules in the hot water pass through the filter and
into the coffee pot while the solid coffee grounds remain behind. This method
of separating a solid-liquid
mixture is called filtration and is a common technique used by chemists.
Mixtures can also be separated by taking advantage of a difference in boiling or melting points. Seawater is a mixture of water and a variety of compounds, mostly sodium chloride. Whereas pure water boils at 100oe, sodium
chloride doesn't even melt until 800°e. One way to separate pure watet from
the mixture we call seawater, therefore,
is to heat the seawater to about
100°e. At this temperature,
the liquid water readily transforms
to water
vapor but the sodium chloride stays behind, dissolved in the remaining water.
As the water vapor rises, it can be channeled into a cooler container, where it

FIGURE

2.16

Most of the oxygen in the air bubbles produced by an aquarium aerator escapes into the atmosphere.
Some of the oxygen, however,
mixes with the water. It is this oxygen the fish depend on to survive.
Without this dissolved oxygen,
which they extract with their gills,
the fish would promptly drown.
So fish don't "breathe" water. They
breathe the oxygen, 02' dissolved
in the water.
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Symbol for sugar
molecule, which is
sucrose, C12H22011

FIGURE

2.17

Table sugar is a compound consisting of only sucrose molecules.
Once these molecules are mixed
into hot tea, they become interspersed among the water and tea
molecules and form a sugar-teawater mixture. No new compounds are formed, and so this is
an example of a physical change.

(a)

condenses to a liquid without the dissolved solids. This process of collecting a
vaporized substance, called distillation, is illustrated in Figure 2.18. After all
the water has been distilled from seawater, what remain are dry solids. These
solids, also a mixture of compounds,
contain a variety of valuable materials,
including sodium chloride, potassium bromide, and a small amount of gold!
(For details on why this gold is not recoverable,
see Section 18.3.) Further
separation
of the components
of this mixture is of significant
commercial
interest (Figure 2.19).

(b)
FIGURE
FIGURE

2.18

(a) A simple distillation setup used to separate one component-waterfrom the mixture we call seawater, The seawater is boiled in the flask on the
left. The rising water vapor is channeled into a downward-slanting tube
kept cool by cold water flowing across its outer surface. The water vapor
inside the cool tube condenses and collects in the flask on the right. (b) A
whiskey still works on the same principle. A mixture containing alcohol is
heated to the point where the alcohol, some flavoring molecules, and some
water are vaporized. These vapors travel through the copper coils, where
they condense to a liquid ready for collection.

2.19

At the southern end of San Francisco Bay
are areas where the seawater has been partitioned off. These are evaporation ponds
where the water is allowed to evaporate,
leaving behind the solids that were dissolved
in the seawater. These solids are further
refined for commercial sale. The remarkable
color of the ponds results from suspended
particles of iron oxide and other minerals,
which are easily removed during refining.
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BOTTOMS UP AND BUBBLES OUT
Boilthe water to dryness. (Turn off
the burner before the water is all
gone. The heat from the pot will
finish the evaporation.)

hat'S in a glass of water? Separate the components of your
tap water to find out.

UJ

WHAT YOU NEED

2.

Tap water, sparkling clean cooking
pot, stove, knife
SAFETY NOTE
Wear safety glasses for step 1 because
some splattering may occur.

3. Tosee the gases dissolved in your
water, fill a clean cooking pot with
water and let it stand at room
temperature for several hours.
Note the bubbles that adhere to
the inner sides of the pot.

PROCEDURE
1.

Put on your safety glasses and add
the tap water to the cooking pot.

• 2.5
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Examine the resulting residue
by scraping it with the knife.
These are the solids you ingest
with every glass of water you
drink.
Where did the bubbles of step 3
come from? What do you suppose
they contain?

Chemists Classify Matter as Pure or Impure

f a material is pure, it consists of only a single element or a single compound. In pure gold, for example, there is nothing but the element gold. In
pure table salt, there is nothing but the compound sodium chloride. If a material is impure, it is a mixture and contains two or more elements or compounds.
This classification scheme is shown in Figure 2.20.
Because atoms and molecules are so small, it is impractical to prepare a sample that is truly pure-that is, truly 100 percent of a single material. For example, if just one atom or molecule out of a trillion trillion were different, then
the 100 percent pure status would be lost. Samples can be "purified" by various methods, however, such as distillation. When we say pure, it is understood
to be a relative term. Comparing the purity of two samples, the purer one contains fewer impurities. A sample of water that is 99.9 percent pure has a greater

FIGURE

MATTER

2.20

I

The chemical classification of
matter.

I

I

Impure
(mixture)

Pure

[

I

~
Element

Compound

Gold, Au

Salt, NaCI

Sulfur, S6

Carbon dioxide, CO2

Nitrogen, N2

Ammonia, NH3

Homogeneous
mixture

I

Heterogeneous
mixture

[

Sand in water
Oil and water
Sand and salt

Air (N2,02)

Suspension
Milk (water, solid proteins)

Salt water (NaCI, H20)

Blood (water, solid proteins)

White gold (Au, Pd)

Fog (air, tiny water droplets)

Solution
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•
• Yellowgold is a solid homogeneous mixture (alloy)of gold with
smaller amounts of cheaper metals such as copper or zinc. White
gold is an alloy of gold with
smaller amounts of white metals,
such as silver or palladium. Whitegold jewelry is often coated with
rhodium, another white, but
expensive, metal. Unlike gold, the
precious metal platinum is used
in jewelry in almost its pure form,
about 95 percent. Platinum is a
very white metal and so does not
need to be rhodium-plated like
white gold. Platinum is also very
dense. Aplatinum ring will feel
heavier than a typical yellow- or
white-gold ring, but it will also be
much more expensive.
MORE

ro

EXPLORE,

Gillett's Jewellers
www.gilletts.com.au

proportion of impurities than does a sample of water that is 99.9999 percent
pure. The 99.9999 percent pure water would be much more expensive because
this high degree of purity is rather difficult to attain (see Calculation Corner on
page 58).
Sometimes, naturally occurring mixtures are labeled as being pure, as in "pure
orange juice." Such a statement merely means that nothing artificial has been
added. According to a chemist's definition, however, orange juice is anything
but pure, as it contains a wide variety of materials, including water, pulp, Havorings, vitamins, and sugars.
Mixtures may be heterogeneous or homogeneous. In a heterogeneous mixture, the different components can be seen as individual substances, such as
pulp in orange juice, sand in water, or oil globules dispersed in vinegar. The different components are visible. Homogeneous mixtures have the same composition throughout. Anyone region of the mixture has the same ratio of
substances as does any other region, and the components cannot be seen as individual identifiable entities. The distinction is shown in Figure 2.21.
A homogeneous mixture may be either a solution or a suspension. In a solution, all components are in the same phase. The atmosphere we breathe is a
gaseous solution consisting of the gaseous elements nitrogen and oxygen as well
as minor amounts of other gaseous materials. Saltwater is a liquid solution
because both the water and the dissolved sodium chloride are found in a single

Granite
(a) Heterogeneous

"Snow"in

Pizza

snow globe

mixtures

~

f

/

)J
-0,4·'

Air
(b) Homogeneous

FIGURE

i

Clear seawater

White gold

mixtures

2.21

(a) In heterogeneous mixtures, the different components can be seen with the naked
eye. (b) In homogeneous mixtures, the different components are mixed at a much
finer level and so are not readily distinguished.

2.5

CHEMISTS

CLASSIFY

HOW

• Aloo-gram sample of water contains about 3 trillion
trillion molecules. If this sample were ideally pure, every
one of those molecules would be water. Atoms and molecules, however, are so amazingly small, hence numerous, that the formation of an ideally pure sample of
macroscopic quantity is virtually impossible.

f

or example, consider a loo-gram sample of water that
is 99.9999 percent pure. What this means is that the
sample contains 99.9999 grams of water, which is still
about 3 trillion trillion water molecules. Pretty good, right?
However, if the remaining 0.0001 gram were made of dissolved lead, Pb,then this would correspond to about
300,000 trillion atoms of Pb,which is quite small compared to the num ber of water molecules, but is still an
amazingly large number.
Any material that is seemingly pure will inevitably contain impurities. Sometimes these impurities are of particular interest. For example, minor impurities in a solution
might be toxic and their presence needs to be monitored.
How much is present is frequently measured in units of
milligrams per liter of solution (rnq/L),micrograms per
liter (uq/L), or nanograms per liter (ng/L).
What is the ratio of lead to water in a solution that contains 1mg of dissolved lead per i liter of water?

MATTER

PURE

AS

PURE

IS PURE?

OR

IMPURE

I

EXAMPLE

There are about 35 grams of salts in every liter of ocean
water. Express this concentration in units ofppm.
ANSWER

Convert grams of salt into milligrams of salt:

i

g
(35jJ" salts) [lOoom
1 ]

=

35,000 mg salts

There are about 35,000 mg of salts in a liter of ocean water,
which equals 35,000 ppm.
EXAMPLE

A sample of water is found to have a lead concentration of
4 ppm. What is this concentration in units ofppb? In ppt?
ANSWER

Use the following conversion factors
1ppm
1ppb

=
=

1000ppb
1000 ppt

(4 Y~n1)[1000 ~b]

=

1yPm

4000 ppb

Step 1.Convert milligrams of Pb into grams of Pb:
(4000 .PPb)[lOOO~t]
1 'ppD
(1JIl9 Pb)[

1g "']
1000 JIlg

=

Interestingly, the concentration of gold in ocean water is
about 4 ppt.

9][1000
(1,1( of water) lk~i
1)<9g ]
[

=

1000 grams of water

Step 3-Multiply by 1000 to simplify the ratio:

l

4,000,000ppt

0.001 gram of Pb

Step 2. Water has a density of 1kg/L, so the number of
grams in aliter of water is:

0.001 g Pb
----1000 9 water

=

J x 1000 = --------- 1gram Pb

1,000,000 grams of water

YOUR

TURN

1. Typical levels of fluoride found in fluoridated public
drinking water is about 1.0 ppm.lfyou were to drink a
quarter of aliter (250 mL) of this water, how many
micrograms of fluoride would you have ingested?
2. Aquatic organisms require a dissolved oxygen concentration of about 6 ppm. How many grams of oxygen is
this per liter of water?
3. Chloroform, CHC13i, s a common contaminant of chlorinated drinking water. Ausual concentration may be
around 25 ppb. How many milligrams is this per liter of
water?

From this calculation, we see that a i-mq/L solution
contains 1part impurity for every 1million parts of water.
Forthis reason, the units of mq/L are also often expressed
as parts per million, or simply ppm. Similarly, micrograms
per liter is often expressed as parts per billion, ppb, and
nanograms per liter is often expressed as parts per trillion,

4. In the country you live in, what is your concentration
expressed in units of ppb? What is your concentration
in the world (assume total human population of 6.2 billion) expressed in units ofppb? In units ofppt?

ppt,

Answers to Calculation Corners appear at the end of each chapter.
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liquid phase. An example of a solid solution is white gold. We shall be discussing
solutions in more detail in Chapter 7.
A suspension forms when the particles of a substance are finely mixed but
not dissolved. The components of a suspension can be of different phases,
such as solid particles suspended within a liquid or liquid droplets suspended
within a gas. In a suspension, the mixing can be so thorough that the different
phases are not readily distinguished. Milk is a suspension because it is a homogeneous mixture of proteins and fats finely dispersed in water. Blood is a suspension composed of finely dispersed blood cells in water. Another example
of a suspension is clouds, which are homogeneous mixtures of tiny water
droplets suspended in air. Shining a light through a suspension, as is done in
Figure 2.22, results in a visible cone as the light is reflected by the suspended
components.
The easiest way to distinguish a suspension from a solution in the laboratory
is to spin a sample in a centrifuge. This device, spinning at thousands of revolutions per minute, separates the components of suspensions but not those of
solutions, as Figure 2.23 shows.

The path of light becomes visible
when the light passesthrough a
suspensIOn.
Impure water can be purified by
a. removing the impure water molecules.
b. removing everything that is not water.
c. breaking down the water to its simplest components.
d. adding some disinfectant such as chlorine.
Was this your answer? Water, H20, is a compound made of the elements
hydrogen and oxygen in a z-to-: ratio. Every H20 molecule is exactly the
same as every other, and there's no such thing as an impure H20 molecule. Just about anything, including you, beach balls, rubber ducks, dust
particles, and bacteria, can be found in water. When something other
than water is found in water, we say that the water is impure. It is important to see that the impurities are in the water and not part of the water,
which means that it is possible to remove them by a variety of physical
means, such as filtration or distillation. The answer to this Concept Check
is (b).

Blood plasma
(a solution)

~
~
Blood
(a suspension)

FIGURE

White blood cells
Red blood cells

Centrifuge

2.23

Blood, because it is a suspension, can be centrifuged into its components, which
include the blood plasma (a yellowishsolution) and white and red blood cells.The
components of the plasma cannot be separated from one another here because a
centrifuge has no effect on solutions.
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Elements Are Organized in the Periodic Table
by Their Properties

~entioned
in Section 2.2, the periodic table is a listing of all the
"~:~:
elements. There is so much more to this table, however. Most
notably, the elements are organized in the table based on their physical and
chemical properties. One of the most apparent examples is how the elements are
grouped as metals, nonmetals, and metalloids.
As shown in Figure 2.24, most of the known elements are metals, which are
defined as those elements that are shiny, opaque, and good conductors of electricity and heat. Metals are malleable, which means they can be hammered into
different shapes or bent without breaking. They are also ductile, which means
they can be drawn into wires. All but a few metals are solid at room temperature. The exceptions include mercury, Hg; gallium, Ga; cesium, Cs; and francium, Fr; which are all liquids at a warm room temperature of 30°C (86°F).
Another interesting exception is hydrogen, H, which takes on the properties of a
liquid metal only at very high pressures (Figure 2.25). Under normal conditions,
hydrogen atoms combine to form hydrogen molecules, H2, which behave as a
nonmetallic gas.

FIGURE

The periodic table color-codedto
showmetals,nonmetals, and
metalloids.

About 50,000 pounds of
synthetic diamonds
are produced
each year.

He
\\.

If this silver mug were
filled with boiling water,
the handle would quickly
become too hot to handle
because silver is one of the
best conductors of heat.

Cylinders of ".~
99.9999% pure "',
silicon are sliced into '<,,_
wafers for the manufactur;~
of integrated circuits.
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Zinc has a low melting
point and is commonly
used in making coins.
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Mercury freezes at
-40°C and is a liquid
at room temperature.

Helium is formed
underground
as a by-product
of radioactive
decay.
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Alloys of titanium are
relatively strong and
resistant to corrosion,
which makes them useful
for hip implants.
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Go Ge
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Bromine is a dark
orange liquid that
readily vaporizes at
room temperature.
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Geoplanetary models suggest that hydrogen exists as a
liquid metal deep beneath the surfaces of Jupiter
(shown here) and Saturn. These planets are composed
mostly of hydrogen. Inside them, the pressure exceeds
3 million times Earth's atmospheric pressure. At this
tremendously high pressure, hydrogen is pressed to a
liquid-metal phase. Back here on Earth at our relatively low atmospheric pressure, hydrogen exists as a
nonmetallic gas of hydrogen molecules, H2•

Please put to rest any
fear you may have about
needing to memorize the
periodic table, or even
ports of it- better to
focus on the many great
concepts

behind its

organization.

FIGURE

The nonmetallic elements, with the exception of hydrogen, are on the right
of the periodic table. Nonmetals are very poor conductors of electricity and heat
and may also be transparent. Solid nonmetals are neither malleable nor ductile.
Rather, they are brittle and shatter when hammered. At 30°C (86°F), some nonmetals are solid (carbon, C), others are liquid (bromine, Br), and still others are
gaseous (helium, He).
Six elements are classified as metalloids: boron, B; silicon, Si; germanium,
Ge; arsenic, As; antimony, Sb; and tellurium, Te. Situated between the metals
and the nonmetals in the periodic table, the metalloids have both metallic and
nonmetallic characteristics. For example, these elements are weak conductors of
electricity, which makes them useful as semiconductors
in the integrated circuits
of computers. Note from the periodic table how germanium,
Ge (number 32),
is closer to the metals than to the nonmetals. Because of this positioning, we can
deduce that germanium has more metallic properties than silicon, Si (number
14), and is a slightly better conductor of electricity. So we find that integrated
circuits fabricated with germanium operate faster than those fabricated with sil-

2.26
GROUPS

The 7 periods (horizontal rows)
and 18 groups (vertical columns)
of the periodic table. Note that
not all periods contain the same
number of elements. Also note
that, for reasons explained later,
the sixth and seventh periods
each include a subset of elements,
which are listed apart from the
main body.
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decreasesin moving from left to
right across any period. Atomic
size is a periodic (repeating)
property.

He

H

61

I The size of atoms gradually

18

[JI

le]

PROPERTIES

4

Rb

Sr

Y

Zr

Nb

Mo

icon. Because silicon is much more abundant and less expensive to obtain, however, silicon computer chips remain the industry standard.
A PERIOD

IS A HORIZONTAL

ROW, A GROUP

A VERTICAL

•

COLUMN

Two other important ways in which the elements are organized in the periodic
table are by horizontal rows and vertical columns. Each horizontal row is called
a period, and each vertical column is called a group (or sometimes a ftmily). As
shown in Figure 2.26, there are 7 periods and 18 groups.
Across any period, the properties of elements gradually change. This gradual
change is called a periodic trend. As is shown in Figure 2.27, one periodic trend
is that atomic size tends to decrease as you move from left to right across any
period. Note that the trend repeats from one horizontal row to the next. This
phenomenon of repeating trends is called periodicity, a term used to indicate
that the trends recur in cycles. Each horizontal row is called a period because it
corresponds to one full cycle of a trend. As we explore in further detail in Section 5.8, there are many other properties of elements that change gradually in
moving from left to right across the periodic table.

Which are larger: atoms of cesium, Cs (number 55),or atoms of radon, Rn
(number 86)?
Was this your answer? Perhaps you tried looking to Figure 2.27 to answer
this question and quickly became frustrated because the sixth-period elements are not shown. Well, relax. Look at the trends and you'll see that, in
anyone period, all atoms to the left are larger than those to the rig ht.
According ly,cesium is positioned at the far left of period 6, and so you can
reasonably predict that its atoms are larger than those of radon, which is
positioned at the far rig ht of period 6. The periodic table is a road map to
understanding the elements.

Down any group (vertical column), the properties of elements tend to be
remarkably similar, which is why these elements are said to be "grouped" or "in
a family." As Figure 2.28 shows, several groups have traditional names that

rT:

I
i

i
,

carat is the common unit
used to describe the mass of a
gem. A i-carat diamond, for
example, has a mass of 0.20
gram. The karat is the common
unit used to describe the purity
of a precious metal, such as gold.
A za-karat gold ring is as pure as
can be. A gold ring that is 50 percent pure is 12 karat.
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National Institute of Standards
and Technology
www.nist.gov/public_affairs/
public.htm
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The common names for various
groups of elements.
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describe the properties of their elements. Early in human history, people discovered that ashes mixed with water produce a slippery solution useful for removing grease. By the Middle Ages, such mixtures were described as being alkaline, a
term derived from the Arabic word for ashes, al-qali. Alkaline mixtures found
many uses, particularly in the preparation of soaps (Figure 2.29). We now know
that alkaline ashes contain compounds of group 1 elements, most notably potassium carbonate, also known as potash. Because of this history, group 1 elements,
which are metals, are called the alkali metals.
Elements of group 2 also form alkaline solutions when mixed with water.
Furthermore,
medieval alchemists noted that certain minerals (which we now
know are made up of group 2 elements) do not melt or change when put in fire.
These fire-resistant substances were known to the alchemists as "earth." As a
holdover from these ancient times, group 2 elements are known as the alkali

earth metals.

FIGURE

2.29

Ashes and water make a slippery
alkaline solution once used to
clean hands.

Over toward the right side of the periodic table elements of group 16 are
known as the chalcogens ("ore-forming"
in Greek) because the top two elements
of this group, oxygen and sulfur, are so commonly found in ores. Elements of
group 17 are known as the halogens ("salt-forming"
in Greek) because of their
tendency to form various salts. Group 18 elements are
all unreactive gases that tend not to combine with other
elements. For this reason, they are called the noble
gases, presumably from the fact that the nobility of earlier times were above interacting with common folk.
The elements of groups 3 through 12 are all metals
that do not form alkaline solutions with water. These
metals tend to be harder than the alkali metals and less
reactive with water; hence they are used for structural
purposes. Collectively they are known as the transition
metals, a name that denotes their central position in
the periodic table. The transition metals include some
of the most familiar and important elements-iron,
Fe;
copper, CUi nickel, Ni; chromium,
Cri silver, Ag; and
gold, Au. They also include many lesser-known
elements that are nonetheless important in modern technology. Persons with hip implants appreciate the transition metals titanium (Ti),
molybdenum
(Mo), and manganese (Mn), because these noncorrosive
metals
are used in implant devices.
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•
The elements coppeT (Cu), silver (Ag), and gold (Au) are three of the few metals that can be found naturally in their elemental state. These three metals
have found great use as currency and jewelry for a number of reasons,
including their resistance to corrosion and their remarkable colors. How is
the fact that these metals have similar properties reflected in the periodic
table?
Was this
(number
suggests
chemical

your answer? Copper (number 29), silver (number 47), and gold
79) are all in the same group in the periodic table (group 11), which
they should have similar-though
not identical-physical
and
properties.

In the sixth period is a subset of 14 metallic elements (numbers 58 to 71)
that are quite unlike any of the other transition metals. A similar subset
(numbers 90 to 103) is found in the seventh period. These two subsets are
the inner transition metals. Inserting the inner transition metals into the
main body of the periodic table, as in Figure 2.30, results in a long and cumbersome table. So that the table can fit nicely on a standard paper size, these
elements are commonly placed below the main body of the table, as shown
in Figure 2.31.
The sixth-period inner transition metals are called the lanthanides because
they fall after lanthanum, La. Because of their similar physical and chemical
properties, they tend to occur mixed together in the same locations in the earth.
Also because of their similarities, lanthanides are unusually difficult to purify.
Recently, the commercial use of lanthanides has increased. Several lanthanide
elements, for example, are used in the fabrication of the light-emitting diodes
(LEDs) oflaptop computer monitors.

2

41

Inner transition metals

I

Si

l-----

61_--··7

FIGURE

2.30

Inserting the inner transition metals between atomic groups 3 and 4 results in a
periodic table that is not easy to fit on a standard sheet of paper.

• The air inside a traditional light
bulb is a mixture of nitrogen and
argon. As the tungsten filament is
heated, minute particles oftungsten evaporate-much
like steam
leaving boiling water Over time,
these particles are deposited on
the inner surface of the bulb
causing the bulb to blacken. Losing its tungsten, the filament
eventual breaks and the bulb has
"burned out." Aremedy is to
replace the air inside the bulb
with a halogen gas, such as iodine
or bromine. In such a halogen
bulb, the evaporated tungsten
com bines with the halogen
rather than depositing on the
bulb, which remains clear. Furthermore, the halogen-tungsten
combination becomes unstable
and splits apart when it touches
the hot filament. The halogen
returns as a gas while the tungsten is deposited onto the filament, thereby restoring the
filament. This is why halogen
lamps have such long lifetimes.
MORE
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General Electric
www.gelighting.com/na
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The typical display of the inner
transition metals. The count of
elements in the sixth period goes
from lanthanum (La, 57) to
cerium (Ce, 58) on through to
lutetium (Lu, 71) and then back
to hafnium (Hf 72). A similar
jump is made in the seventh
period.
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• The Hanford nuclear facility in
central Washington state, from
1943 to 1986, produced 72 tons of
plutonium, nearly two-thirds the
nation's supply. Creating this
much plutonium generated an
estimated 450 billion gallons of
radioactive and hazardous liquids, which were discharged into
the local environment. Today,
some 53million gallons of high ..
level radioactive and chemical
wastes are stored in 177under ..
ground tan KS, many of them leaking into the groundwater.
MORE

TO

EXPLORE,

US Department of Energy
www.hanford.gov

The seventh-period inner transition metals are called the actinides because
they fall after actinium, Ac. They, too, all have similar properties and hence are
not easily purified. The nuclear power industry faces this obstacle because it
requires purified samples of two of the most publicized actinides: uranium, D,
and plutonium, Pu. Actinides heavier than uranium are not found in nature but
are synthesized in the laboratory.

*

• In IPerspective
this chapter we explored many of the rudiments of chemistry, including
l~ow matter is described by its physical and chemical properties and
denoted by elemental and chemical formulas. We saw how compounds are different from the elements from which they are formed and how mixtures can be
separated by taking advantage of differences in the physical properties of the
components. Also addressed was what a chemist means by pure and how matter
can be classified as element, compound, or mixture. Lastly, we saw how elements are organized in the periodic table by their physical and chemical properties. Along the way, you were introduced to some of the most important key
terms of chemistry. With an understanding of these fundamental concepts and
of the language used to describe them, you are well equipped to continue your
study of nature's submicroscopic realm.
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KEY TERMS
Physical property Any physical attribute of a
substance, such as color, density, or hardness.

Heterogeneous mixture A mixture in which the various
components can be observed as individual substances.

Physical change A change in which a substance
changes its physical properties without changing its
chemical identity.

Homogeneous mixture A mixture in which the
components are so finely mixed that the composition is
the same throughout.

Chemical property A type of property that
characterizes the ability of a substance to change into a
different substance.

Solution A homogeneous mixture in which all
components are dissolved in the same phase.

Chemical change During this kind of change, atoms
in a substance are rearranged to give a new substance
having a new chemical identity.
Chemical reaction Synonymous with chemical change.

Suspension A homogeneous mixture in which the
various components are finely mixed, but not dissolved.
Metal An element that is shiny, opaque, and able to
conduct electricity and heat.

Element A fundamental material consisting of only
one type of atom.

Nonmetals An element located toward the upper right
of the periodic table that is neither a metal nor a
metalloid.

Periodic table A chart in which all known elements
are organized by physical and chemical properties.

Metalloid An element that exhibits some properties of
metals and some properties of nonmetals.

Atomic symbol An abbreviation for an element or atom.

Period A horizontal row in the periodic table.

Elemental formula A notation that uses the atomic
symbol and (sometimes) a numerical subscript to
denote how atoms are bonded in an element.

Group A vertical column in the periodic table; also
known as a family of elements.

Compound A material in which atoms of different
elements are bonded to one another.
Chemical formula A notation used to indicate the
composition of a compound, consisting of the atomic
symbols for the different elements of the compound
and numerical subscripts indicating the ratio in which
the atoms combine.
Mixture A combination of two or more substances in
which each substance retains its properties.
Pure The state of a material that consists of a single
element or compound.
Impure The state of a material that is a mixture of
more than one element or compound.

I CHAPTER

Periodic trend The gradual change of any property in
the elements across a period.
Alkali metals Any group 1 element.
Alkali earth metals Any group 2 element.
Halogens Any "salt-forming" element.
Noble gases Any unreactive element.
Transition metals Any element of groups 3 through 12.
Inner transition metals Any element in the two
subgroups of the transition metals.
Lanthanides Any sixth-period inner transition metal.
Actinides Any seventh-period inner transition metal.

HIGHLIGHTS

I

3. What doesn't change during a physical change?
4. What changes during a chemical reaction?
1. What is a physical property?
2. What is a chemical property?

5. What are some of the dues that help us determine
whether an observed change is physical or chemical?
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ATOMS ARE THE FUNDAMENTAL
OF ELEMENTS

COMPONENTS

17. How can the components of a mixture be separated
from one another?

6. How many types of atoms can you expect to find in a
pure sample of any element?
7. Distinguish between an atom and an element.

CHEMISTS
CLASSIFY
OR IMPURE

8. How many atoms are in a sulfur molecule that has
the elemental formula Ss?
ELEMENTS
CAN COMBINE
COMPOUNDS

18. How does distillation separate the components of a
mixture?
MATTER

AS PURE

19. Why is it not practical to have a macroscopic sample that is 100 percent pure?

TO FORM

20. Classify the following as (a) homogeneous mixture, (b) heterogeneous mixture, (c) element, or
(d) compound: milk __ , sodium __ .

9. What is the difference between an element and a
compound?

21. Name an example of a solid solution.

10. How many atoms are there in one molecule of
H3PO 4?How many atoms of each element are there in
one molecule ofH3P04?
11. Are the physical and chemical properties of a compound necessarily similar to those of the elements from
which it is composed?
12. What is the IUPAC systematic name for the compound KF?

22. How is a solurion different from a suspension?
ELEMENTS
ARE ORGANIZED
TABLE BY THEIR PROPERTIES

IN THE PERIODIC

23. Are most elements metallic or nonmetallic?
24. How do the physical properties of nonmetals differ
from the physical properties of metals?
25. Where are metalloids located in the periodic table?

13. What is the chemical formula for the compound
titanium dioxide?

26. How many periods are there in the periodic table?
How many groups?

14. Why are common names often used for chemical
compounds instead of systematic names?

27. Why are group 1 elements called alkali metals?
28. Why are group 17 elements called halogens?

MOST

MATERIALS

ARE MIXTURES

29. Which group of elements are all gases at room temperature?

15. What defines a material as being a mixture?
16. What does tap water contain that distilled water
doesn't?

CONCEPT

BUILDING

•

BEGINNER

30. Why are the inner transition metals not listed in

the main body of the periodic table?

•

INTERMEDIATE

•

EXPERT

31 .• While visiting a foreign country, you try to get
verbal directions to a local museum from a foreignspeaking citizen. After multiple attempts you are
unsuccessful. An onlooker sees your frustration and
concludes that you are not smart enough to understand
simple directions. Another onlooker sympathizes with
you because he knows how difficult it is to navigate
through an unfamiliar city. Which onlooker is correct?

34 .• Person A is able to explain an idea to a group of
college students. Person B is able to explain the same
idea, to the same depth, to a group of elementary
school students. Who has demonstrated a greater command of the idea?

32 .• If someone is able to explain a new idea to you
using large, unfamiliar words, what does this say about
how smart you are?

36 .• A cotton ball is dipped in alcohol and wiped
across a tabletop. Explain what happens to the alcohol
molecules deposited on the tabletop? Is this a physical
or chemical change?

33 .• If someone is able to explain an idea to you
using small, familiar words, what does this say about
how well that person understands the idea?

35 .• What is the best way to really prove to yourself
that you understand an idea?

37 .• A skillet is lined with a thin layer of cooking oil
followed by a layer of unpopped popcorn kernels.

CONCEPT

Upon heating, the kernels all pop thereby escaping the
skillet. Identify any physical or chemical changes.
38 .• A cotton ball dipped in alcohol is wiped across a
tabletop. Would the resulting smell of the alcohol be
more or less noticeable if the tabletop were much
warmer? Explain.

BUILDING
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maple syrup onto a scoop of clean fresh snow. As the
syrup hits the snow it forms a delicious taffY.Identity
the physical changes involved in the making of sugar on
snow. Identify any chemical changes.
50 .• Oxygen, 02' has a boiling point of90 K
(-183°C), and nitrogen, N2, has a boiling point of
77 K (-196°C). Which is a liquid and which is a gas at
80 K (-193°C)?

39 .• Use exercise 37 as an analogy to describe what
occurs in exercise 38. Does it make sense to think that
the alcohol is made of very tiny particles (molecules)
rather than being an infinitely continuous material?

51 .• What happens to the properties of elements
across any period of the periodic table?

40 .• Alcohol wiped across a tabletop rapidly disappears.
What happens to the temperature of the tabletop? Why?

52 .• Why is it sometimes difficult to decide whether
an observed change is physical or chemical?

41 .• Try to explain how alcohol evaporates from the
surface of a tabletop, assuming that matter is continuous
and NOT made of tiny atoms and molecules.

53 .• Each night you measure your height just before
going to bed. When you arise each morning, you measure your height again and consistently find that you are
1 inch taller than you were the night before but only as
tall as you were 24 hours ago! Is what happens to your
body in this instance best described as a physical change
or a chemical change? Be sure to try this activity if you
haven't already.

42 .• Red-colored.Kool-Aid crystals are added to a still
glass of water. The crystals sink to the bottom. Twentyfour hours later, the entire solution is red even though
no one stirred the water. Explain.
43 .• Red-colored Kool-Aid crystals are added to a still
glass of hot water. The same amount of crystals is added
to a second still glass filled with the same amount of
cold water. With no stirring, which would you expect
to become uniform in color first: the hot water or the
cold water? Why?
44 .• The same amount of red-colored Kool-Aid crystals
is added to a still glass of tap water and a still glass of distilled water. Both are the same temperature. Neither are
stirred. Which should become uniform in calor first?
45 .• The same amount of red-colored Kool-Aid crystals is added to a still glass of thick sugar water and a
still glass of distilled water. Both are the same temperature. Neither are stirred. Which should become uniform in color first?
46 .• With no one looking, you add 5 mL of a cinnamon solution to a blue balloon, which you tie shut. You
also add 5 mL of fresh water to a red balloon, which
you also tie shut. You heat the two balloons in a
microwave until they each inflate to about the size of a
grapefruit. Your brother then comes along, examines
the inflated balloons, and tells you that the blue balloon
is the one containing the cinnamon. How did he know?
47 .• You combine 50 mL of small BBs with 50 mL of
large BBs and get a total of 90 mL of BBs of mixed size.
Explain.

54 .• Classify the following changes as physical or
chemical. Even if you are incorrect in your assessment,
you should be able to defend why you chose as you did.
a. grape juice turns to wine
b. wood burns to ashes
c. water begins to boil
d. a broken leg mends itself
e. grass grows
£ an infant gains 10 pounds
g. a rock is crushed to powder
55 .• Is the following transformation representative of
a physical change or a chemical change?

56 .• Each sphere in the diagrams below represents an
atom. Joined spheres represent molecules. Which box
contains a liquid phase? Why can you not assume that
box B represents a lower temperature?

48 .• You combine 50 mL of water and 50 mL of
purified alcohol and get a total of98 mL of mixture.
Explain.
49 .• In the winter Vermonters make a tasty treat
called "sugar on snow" in which they pour boiled-down

A

B
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57 .• Based on the information given in the following
diagrams, which substance has the lower boiling point,
or -. ?

A

B

58 .• What physical and chemical changes occur when
a wax candle burns?
59 .• Which elements are some of the oldest known?
What is your evidence?
60 .• Oxygen atoms are used to make water molecules. Does this mean that oxygen, 02' and water,
H20, have similar properties? Why do we drown when
we breathe in water despite all the oxygen atoms present in this material?
61 .• Oxygen, 02' is certainly good for you. Does it
follow that if small amounts of oxygen are good for you
then large amounts of oxygen would be especially good
for you?
62 .• Some bottled water is now advertised as containing extra quantities of "Vitamin 0," which is a marketing gimmick for selling oxygen, 02' Might this bottled
water actually contain extra quantities of oxygen, 0/
How much more than one might find in regular bottled water? How might the amount of oxygen we
absorb through our lungs compare to that which we
might absorb through our stomach?
63 .• A sample of water that is 99.9999 percent pure
contains 0.0001 percent impurities. Consider from
Chapter 1 that a glass of water contains on the order of a
trillion trillion (l X 1024) molecules. If 0.000 1 percent
of these molecules were the molecules of some impurity,
about how many impurity molecules would this be?
a. 1000 (one thousand: 1 X 103)
b. 1,000,000 (one million: 1 X 106)
C. 1,000,000,000 (one billion: 1 X 109)
d. 1,000,000,000,000,000,000
(one million trillion:
1 X 1018) (One million trillion is the same as one
quintillion. )

67 .• Read carefully. Twice as much as one million trillion is two million trillion. One thousand times as much
is 1000 million trillion. One million times as much is
1,000,000 million trillion, which is the same as one trillion trillion. Thus, one trillion trillion is one million
times greater than a million trillion. Gor rhar? So how
many more water molecules than impurity molecules
are there in a glass of water that is 99.9999 percent pure?
68 .• Someone argues that he or she doesn't drink tap
water because it contains thousands of molecules of
some impurity in each glass. How would you respond
in defense of the water's purity, if it indeed does contain
thousands of molecules of some impurity per glass?
69 .• Classify the following as element, compound, or
mixture, and justify your classifications: salt, stainless
steel, tap water, sugar, vanilla extract, butter, maple syrup,
aluminum, ice, milk, cherry-Havered cough drops.
70 .• If you eat metallic sodium or inhale chlorine gas,
you srand a strong chance of dying. Ler these two elements react with each other, however, and you can
safely sprinkle rhe compound on your popcorn for better taste. What is going on?
71 .• Which of the following boxes contains an element?
A compound? A mixture? How many different types of
molecules are shown altogerher in all three boxes?

-
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A

B
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C

72 .• Common names of chemical compounds are
generally much shorter than the corresponding systematic names. The systematic names for water, ammonia,
and methane, for example, are dihydrogen monoxide,
H20; trihydrogen nitride, NH3; and tetrahydrogen
carbide, CH4• For these compounds, which would you
rather use: common names or systematic names?
Which do you find more descriptive?
73 .• What is the difference between a compound and
a mixture?

64 .• What do tap water and distilled water contain
besides water?

74 .• How might you separate a mixture of sand and
salt? How about a mixture of iron and sand?

65 .• How does your answer for exercise 63 make you
feel about drinking water that is 99.9999 percent free
of some poison, such as a pesticide? (See Appendix A
for a discussion of scientific notation.)

75 .• Mixtures can be separated into their components
by taking advantage of differences in the chemical properties of the components. Why might this separation
method be less convenient than taking advantage of differences in the physical properties of the components?

66 .• Explain what chicken noodle soup and garden
soil have in common without using the phrase
heterogeneous mixture.

76 .• Why can't the elements of a compound be separated from one another by physical means?

SUPPORTING

77 .• How can a solution be distinguished
suspension?
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Why isn't dirt listed in the periodic table?

90. lilt Why is water not classified as an element?

w
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IQ

88. lilt With the periodic table as your guide, describe
the element selenium, Se (number 34), using as many
of this chapter's key terms as you can.
89 .•

t;>-
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calcium-dependent
bone marrow tissues (calcium,
Ca, number 20). How does this fact relate to what
you know about the organization
of the periodic
table?

from a

78 .• Classify the following as (a) homogeneous mixture, (b) heterogeneous mixture, (c) element, or (d)
compound:
table salt

CALCULATIONS

91. lilt Why not memorize

,

the periodic table?

92 .• How do you know whether a material is an element or not just by looking at it?
93 .• Why is half-frozen fruit punch always sweeter
than the same fruit punch completely melted?

C

79 .• Which of the boxes above best represents a
suspension?
80 .• Which of the boxes above best represents a
solution?

94. lilt Many dry cereals are fortified with iron, which
is added to the cereal in the form of small iron particles. How might these particles be separated from the
cereal?

81 .• Which of the boxes above best represents a
compound?

95 .• Is aging primarily
chemical change?

82 .• Why is it difficult to purify an inner-transition
metal?

96 .• How practical is it to change how long people
live while NOT maintaining their youthful vigor?

83 .• Germanium, Ge (number 32), computer chips
operate faster than silicon, Si (number 14), computer
chips. So how might a gallium, Ga (number 31), chip
compare with a germanium chip?

For exercises 97-100,
after this chapter.

98 .• Make an argument for why drugs that helped to
extend the human life span would be reasonably cheap.

85 .• Helium, He, is a nonmetallic gas and the second
element in the periodic table. Rather than being placed
adjacent to hydrogen, H, however, helium is placed on
the far right of the table. Why?

99 .• Which problem is best addressed by scientists
and which is best addressed by politicians? How to
increase the human life span; How to get food and
medicine to the needy.

86 .• Name ten elements you have access to macroscopic samples of as a consumer here on Earth.

100. lilt A daily dose of 83 mg of aspirin has been
shown to significantly decrease the risk of heart disease
in people over 40 years old, yet most people over 40
don't follow this regimen. Why?

Sr (number 38), is especially danbecause it tends to accumulate in

SUPPORTING

CALCULATIONS

•

101. lilt The Colorado River in Colorado has a salinity
of about 50 ppm. By the time this water passes into
Mexico, its salinity has increased to about 1000 ppm.
About how many milligrams of salts have been added
to each liter of water over the course of the water's journey from Colorado to Mexico?

reftr to the Spotlight essay appearing

97 .• Make an argument for why drugs that helped to
extend the human life span would be very expensive.

84 .• Is the air in your house a homogeneous or heterogeneous mixture? What evidence have you seen?

87 .• Strontium,
gerous to humans

an example of a physical or

BEGINNER

•

INTERMEDIATE

•

EXPERT

102 .• Rainwater is naturally acidic, containing about
48 micro grams of acidity per liter. Express this concentration in units of ppm, ppb, and ppt.
103 .• Dioxins are highly toxic compounds that form
upon the burning of certain plastics, especially PVc.
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Dioxins bioaccumulate, which means that animals higher
in the food chain tend to have greater concentrations.
Most of our exposure to dioxins comes from the food we
eat. How many milligrams of dioxins are there in a liter of
milk containing a dioxin concentration of 0.16 ppt?

105 .• Does the concentration of chlorine in drinking
water tend to increase or decrease as it leaves the water
treatment plant and disperses into the community?
Why?

104 .• Drinking water is routinely disinfected by
adding chlorine to a concentration of about 2 ppm.
How many milligrams is this per liter of water?

IANSWERS
TO
I CALCULATION
HOW

PURE

HANDS-ON

FIRE

IS PURE?

1. One liter of 1.0 ppm fluoridated drinking water
contains 1.0 mg of fluoride. A quarter of this amount
is 0.25 mg, which is 250 micrograms.
L (1000

(0.25 ;ng)

microgramsJ
L

l;ng

.
= 250 mlCrograms

2. A dissolved oxygen concentration of 6 ppm corre-

sponds to 6 mg/L. With 1 liter, you have 6 mg:

Use a conversion unit to express 6 mg as 0.006 gram:
(6

;ni)(

1 gr~J
1000 -g

INSIGHTS

=

WATER

As you can see in Figure 2.4, the two primary products
when natural gas burns are carbon dioxide and water.
Because of the heat generated by the burning, the water
is released as water vapor. When it comes into contact
with the relatively cool sides of the pot, this water vapor
condenses to the liquid phase and is seen as "sweat." If
the pot contained ice water, more vapor would condense, enough to form drops that roll off the bottom
edge. As the pot gets warmer, this liquid water is heated
and returns to the gaseous phase.
The only chemical change is the conversion of natural gas to carbon dioxide and water vapor. There are
two physical changes-condensation
of the water vapor
created in the methane combustion and evaporation of
this water once the pot gets sufficiently hot. (Of course,
the evaporation of the water in the pot is another physical change.)

0.006 gram
OXYGEN

3. A concentration of25 ppb is 25 micrograms per liter.

Convert from micrograms into milligrams as follows:
(2 5·~roglams------)(

CHEMISTRY

CORNER

1 milligram
.
1000 ~f.0grams

J

=

0.025 nu'lligram

Thus, there are 0.025 milligrams of chloroform in
each liter of this water.
4. Assuming you live in the United States, which has
a population of about 300 million, then your concentration is about 1/0.3 billion = 3 ppb. The concentration of you in the whole world is about 1/6.2 billion =
0.16 ppb, which is about 160 ppt. If you can imagine
how few of you there are compared to national or
world populations, then you have a sense of how
dilute a dissolved substance is when its concentration
is measured by ppb or ppt.

BUBBLE

BURSTS

Hydrogen peroxide, HzOz, is a relatively unstable compound. In solution with water, it slowly decomposes,
producing oxygen gas. In describing oxygen's physical
properties, you should have noted that it is an invisible
gas having no odor detectable over that of the yeast.
Oxygen is light enough to rise out of the glass once it is
released from the bubbles. What is your evidence of
this? A chemical property of oxygen is that it intensifies
burning.

BOTTOMS

UP AND

BUBBLES

OUT

It would be humorous to scrape the residue from your
boiled-down drinking water into sealable containers
labeled as drinking water from your particular region,
such as "Rocky Mountain Drinking Water." Think of
the potential market. You could ship these containers
to customers around the world, and because the con-

EXPLORING

tainers are not weighted down with water, shipping
costs would be very low. Of course, each bottle would
have to come with the instruction "Just add distilled
water." Would you or would you not want to push it
by adding the word Pure to your label? With your
classmates, discuss the science and ethics of such a
venture.
As we explore in Chapter 7, gases do not dissolve well
in hot liquids. Air that is dissolved in room-temperature
water, for example, will bubble out when the water is
heated. Thus you can speed up step 3 by using warm
water.
For further experimentation,
perform step 3 in two
pots side by side. In one pot, use warm water from the
kitchen faucet. In the second pot, use boiled water that
has cooled down to the same temperature. You'll find
that boiling deaerates the water, that is, removes the
atmospheric gases. Chemists sometimes need to use
deaerated water, which is made by allowing boiled
water to cool in a sealed container. Why don't fish live
very long in deaerated water?

I EXPLORING

FURTHER

•

The Division of Educational Programs of the Argonne
National Laboratory presents the Newton Bulletin Board
Service, which features /1sk a Scientist. "Explore the chemistry archivesflr the answers to more than 1500 student
questions compiled since 1991.

www.newscrentist.corn
•

Websiteflr the British weekly science and technology newsmagazine. Current events and many "hot issues"in science
arepresented.

www.gen.cam.ac.uk/sens
11

Website[or the Strategies flr Engineering Negligible
Senescence (SENSj project, which aims to inspire the
scientific community to seek out practical approaches to
developing antiaging medicine. This project is spearheaded by the eccentric and often controverisal but
nonetheless respected Cambridge biogerontologist Aubrey
de Grey.

www.alteon.com
• As we age, the collagen of our bodiesflrms crosslinks that
cause the collagen to lose its elasticity. The Alteon company
wasflunded by a number of chemists who had discovered
a class of compounds that could effictively inhibit and even
reverse these crosslinks. Explore this website [or more
details.
www.ConceptChem.com

•

•

www.chemsoc.org
•

Chemistry news updates, an on-line chemistry magazine,
and much more at this site run by the Royal Society of
Chemistry.

Visit ConceptChem. com to registeryour Conceptual
Chemistry Alive! DVD-ROM. Registered users receivefree
technical support as well as accessto the authors answers to
the over 600 questions appearing within CCAlive!
Behind-the-scene photos as well as interesting information
about the cast, crew, and production of CCAlive! are also
available.

www.chemsoc.org/viselements/pages/periodic_table.html
•

The Visual Elements project of the Royal Society of Cbemistry.providing animations of almost all the elements.
A high-speed Internet connection is required.

www.gsi.de
•

Websiteflr the heavy-ion researchftcility in Darmstadt,
Germany, where many of the heaviest but shortest-lived elements are being created.
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www.newton.dep.anl.gov

The CRC Handbook of Chemistry and Physics.
Boca Raton, FL: CRC Press, 1996.
TOwardthe front of this classic reference book, you'llfind a
section on the history and general properties of each element.

FURTHER

the

hemistry
place

ELEMENTS OF CHEMISTRY
Visit the Chemistry Place at:
www.aw-bc.com/chemplace

EXTENDING

THE HUMAN

LIFE SPAN

L

•

iving isn't easy, especially at the
level of the molecules that make
us. Our cells and the molecules
they contain are constantly exposed
to a hostile environment of viruses,
bacteria, free radicals, radiation, and
random chemical reactions. We live
because our bodies are able to repair
themselves from perpetual molecular damage. Over time, however, our
bodies lose the ability to self-heal. We
age. We grow frail and eventually die.
Since the introduction of modern
medicine and better health habits,
the average life expectancy of
humans has increased dramatically-in the United States from
about 48 years in 1900 to about 78
years in 2000. The maximum attainable human life span of about 120
years, however, appears to have
remained fairly constant. Is there
truly a limit to how long we can live?
Is it possible to change how long we
live while still maintaining a youthful
vigor and resilience? After all, the
quality of life matters just as much, if
not more, as the quantity of life.
Scientists have long known that a
healthier and longer life can be
attained by reducing the intake of
calories by at least one-third of a normal healthy diet while maintaining
necessary nutrients. Worms fed such
a calorie-restricted diet live up to 5
months longer, which for them is a
life span increase of about 60 percent. Mice live about 14 months
longer (50 percent increase) and dogs
also about 14 months longer (10 percent increase). Would calorie restriction also help humans extend their
maximum life span? The answer is
likely yes, but by how much is ques-
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tionable. Some scientists are optimistic that it could add 10 to 15 years.
others are more cautious in thinking
maybe 2 to 3 years is more reasonable. Either way, there are potential
benefits to be had and every gain
counts.
Scientists are working to unravel
the molecular mysteries of why calorie restriction works. This, in turn,
should help them to discover compounds that mimic the effects of
calorie restriction. Interestingly, one
class of compounds that mimics the
effects are polyphenols, which are
abundant in highly pigmented foods,
such as pomegranates, or beverages,
such as red wine.
Gerontologists who study the
aging process have come to recognize at least six categories of dam-

age sustained by our cells and biomolecules (see Table 1). These would
be the underlying causes of our
becoming frail and more susceptible
to death as we grow older. Prevent or
reverse these damages and the
result would be a rejuvenated body,
which, in turn, would have a greater
chance of experiencing an extended
life span. The important thing to
note here is that we're not talking
about keeping old people alive in
their frailty. Instead, we're talking
about strategies that would permit
people to both look and feel better
despite having lived for so many
years. Humans would remain productive and active for much longer
periods oftime.
Do you suppose scientists are
interested in finding remedies to the

SIX

CATEGORIES

OF

CELLULAR

DAMAGE

Problem

Current and Potential Remedies'

• Cells die and are not replaced.

Improved health habits; growth factors; gene
doping, stem cells; apoptosis active dephosphorylation inhibitors (salubrinal)

• DNAwithin the cell nucleus is
altered, giving rise to cancer.

Improved health habits; chemotherapy;
radiation therapy; surgery; telomere restoration therapy; gene therapy; nanoshells

• DNAwithin cellular
mitochondria is altered,
resulting in cell death.

Gene therapy to produce mitochondrial
proteins from nuclear DNA

• Unwanted cells, such as fat
cells, accumulate.

Improved health habits; calorie-restriction
diet; surgery; target cell surface differences

• Collagen loses elasticity
because of cross-linking.

Sun screen; advanced glycosylation
endproduct breaker drugs, such as ALT-711, to
break crosslin ks or in hibit their formation.

• Accumulation of unwanted
junk such as atherosclerotic
and amyloid plaques.

Beta sheet breaker peptides; inhibition of
ABADbeta amyloid complex; genetically
modified white blood cells; lysosome replacement therapy

'Boldface: Use as keyword phrase within your Internet search engine.

problems listed in the table? How
interested? How about the businesses or organizations that sponsor
the scientists? Do you suppose more
or less money will be channeled into
these efforts as more promising discoveries are made? Will there be a
sufficient demand for resulting products that provide for a longer and
healthier life? With wrinkle-free skin?
Mig ht the demand be greater than
anything ever known to humankind?
Might we have more or fewer remedies available to us by the time you
are 40 years older? Might these
remedies allow you to live another 40
years? Might there be even more
remedies available after your extra
40 years of healthy living? What if
medical science advances faster than

certain time limit; aging is a consequence of living in a corrosive
environment. If,however,you want
to keep a car "like new," what do
you do? Wait until it completely
falls apart? Or repair as necessary
despite the expense of new body
parts or skilled labor? Both people
and cars need daily maintenance
if their life expectancies are to be
maximized. If a car can be nurtured to live for many centuries,
can people too? Do we have the

you age? Do you understand that we
don't presently need to know how to
help you reach your 1000th birthday
in order for you to reach your 1000th
birthday, or beyond?

How are people like cars?
Was this your answer? Leonard
Hayflick of the University of California at San Francisco, says people are like cars because they age
reliably "even thoug h there's nothing in the blueprints that shows a
process for doing it." In other
words, there is no "death gene," no
mechanism that kills us off after a

resources?
IN THE SPOTLIGHT
DISCUSSION
QUESTIONS
1.

There are millions of people who
don't exercise or eat right even
thoug h they know such habits will
likely extend how long they live in
good health. Why?

2.

In the past 20 years, the average life
expectancy within most nations has
risen by a couple of years, but so has
the "healthy life expectancy," which
is a measure of how long people
remain in good health. Are the two
necessarily related? How so?

3. What effects might a cure for
aging have on the problem of overpopulation?
4. How would society be able to support so many people llvtnq well into
their lOOS?
5. The Department of Defense today
owes its soldiers $653 billion in
future retirement benefits. What
might happen to this cost if the soldiers actually lived some 40 years
longer than expected? How about
100 years? 500 years? At what point
should the Department of Defense
no longer "owe" these benefits to
the soldiers? What trends do you
foresee in company retirement
plans? Might there be a greater
emphasis on "privatized retirement
accounts"? Why?
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The origin of most atoms goes back to the birth of the universe.
Hydrogen, H,the lightest atom, was probably the original atom,
and hydrogen

atoms make up more than go percent

of the

atoms in the known universe. Heavier atoms are produced

3·1

Chemistry Developed Out of
Our Interest in Materials

3.2

Lavoisier Laid the Foundation
of Modern Chemistry

3·3

Dalton Deduced That Matter
Is Made of Atoms

3·4

The Electron Was the First
Subatomic Particle
Discovered

3·5

The Mass of an Atom Is
Concentrated in Its Nucleus

3.6

The Atomic Nucleus Is Made
of Protons and Neutrons

in

stars, which are massive collections of hydrogen atoms pulled
together

by gravitational

deep in a

forces. The great pressures

star's interior cause hydrogen atoms to fuse to heavier atoms
With the exception

of hydrogen, therefore, all the atoms that

occur naturally on Earth-including

those in your body-are

the products of stars. A tiny fraction of these atoms came from
our own star, the sun, but most are from stars that ran their
course long before our solar system came into being. You are
made of stardust, as is everything that surrounds you.
50 most

atoms

imponderable
merable

are ancient.

They have existed

ages, recycling through

forms, both nonliving

through

the universe

and living. In this sense,you

don't "ownthe atoms that make up your body-you
ply their present

in innu-

are sim-

caretaker. There will be many caretakers

to

follow.
Atoms are so small that there are more than

10

billion tril-

lion of them in each breath you exhale. This is more than the
number

of breaths in Earth's atmosphere.

the atoms of your breath
the atmosphere.
on Earth inhaling

are uniformly

Within a few years,
mixed throughout

What this means is that anyone anywhere
a breath

of air takes in numerous

atoms

that were once part of you. And, of course, the reverse is true:
you inhale atoms that were once part of everyone who has
ever lived. We are literally breathing

one another.

In this chapter, we trace the history of the discovery of the
atom, which is perhaps the most important

discovery humans

have ever made. We also look at how researchers

discovered
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that atoms are made of even smaller units of matter, known as subatomic
particles. Along the way, you will see how progress in science depends
not only on keen observations and interpretations

but also on an open-

mindedness so frequently found in each new generation of investigators

•
• 3.1

AIR

~.~t

FIGURE

~ans

3.1

Aristotle thought that all materials
were made of various proportions
of four fundamental qualities:
hot, dry, cold, and moist. Various
combinations of these qualities
gave rise to the four basic elements: hot and dry gave fire,
moist and cold gave water, hot
and moist gave air, and dry and
cold gave earth. A hard substance
like rock contained mostly the dry
quality, for example, and a soft
substance like clay contained
mostly the moist quality.

FIGURE

have long tinkered with the materials around us and used
~h~: to our advantage. Once we learned how to control fire, we were
able to create many new substances. Moldable wet clay, for example, was found
to harden to ceramic when heated by fire. By 5000 B.C., pottery fire pits gave
way to furnaces hot enough to convert copper ores to metallic copper. By 1200
B.C., even hotter furnaces were converting
iron ores to iron. This technology
allowed for the mass production of metal tools and weapons and made possible
the many achievements of ancient Chinese, Egyptian, and Greek civilizations.
In the fourth century B.C., the influential
Greek philosopher
Aristotle
(384-322 B.C.) described the composition and behavior of matter in terms of the
four qualities shown in Figure 3.1: hot, cold, moist, and dry. Although we know
today that Aristotle's model is wrong, it was nonetheless a remarkable achievement
for its day, and people using it in Aristotle's time found it made sense. When pottery was made, for example, wet clay was converted to ceramic because the heat of
the fire drove out the moist quality of the wet clay and replaced it with the dry
quality of the ceramic. Likewise, warm air caused ice to melt by replacing the dry
quality characteristic of ice with the moist quality characteristic of water.
Aristotle's views on the nature of matter made so much sense to people that
less obvious views were difficult to accept. One alternative view was the forerunner of our present-day model: matter is composed of a finite number of incredibly small but discrete units we call atoms. This model was advanced by several
Greek philosophers,
including Democritus
(460-370 B.C.), who coined the
term atom from the Greek phrase a tomos, which means "not cut" or "that which
is indivisible." According to the atomic model of Dernocritus, the texture, mass,
and color of a material were a function of the texture, mass, and color of its
atoms, as illustrated in Figure 3.2. So compelling was Aristotle's reputation,
however, that the atomic model would not reappear for 2000 years.

W

WATER

3.2

In his atomic model, Democrirus
imagined that atoms of iron were
shaped like coils, making iron
rigid, strong, and malleable, and
that atoms of fire were sharp,
lightweight, and yellow.
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According ro Arisrotle, it was theoretically possible ro transform any substance ro another substance simply by altering the relative proportions of the
four basic qualities. This meant that, under the proper conditions, a metal like
lead could be transformed to gold. This concept laid the foundation of
alchemy, a field of study concerned primarily with finding potions that would
produce gold or confer immortality. Alchemists from the time of Arisrotle ro as
late as the 1600s tried in vain to convert various metals to gold. Despite the
futility of their efforts, the alchemists learned much about the behavior of many
chemicals, and many useful laboratory techniques were developed.

• 3.2

Lavoisier Laid the Foundation
of Modern Chemistry

n the 1400s, the printing press was invented in Europe, and an explosion of
information, including scientific information, followed. Evidence against Aristotle's model of matter began ro accumulate. In 1661, a well-known English experimentalist, Robert Boyle (1627-1691), departed from Arisrotelian thought by
proposing that a substance was not an element if it was made of two or more components. He published these and related thoughts in a text entitled The Skeptical
Chymist, which had a significant impact on future generations of chemical thinkers.
About a century after Boyle, huge steps roward our present understanding of
elements and compounds were taken by the French chemist Antoine Lavoisier
(1743-1794). Embracing Boyle's views, Lavoisier accepted the idea of an
element as any material made of only one component. Taking this model a step
further, as shown in Figure 3.3, he identified a compound as any material composed of two or more elements. As you may recall from Chapter 2, these definitions are in line with our present understanding. Hydrogen, for example, is an
element because it is made of only hydrogen aroms, and water is a compound
because it is made of aroms of the elements hydrogen and oxygen.
The significance of Lavoisier's definitions is that they required experimentation. This was counter ro the old ways of the Greek philosophers, who formulated their ideas based on logic and reason. Because he focused on the results of
laborarory research, Lavoisier was a key player in the development of modern
chemistry. To many, he is known as the "father of modern chemistry."
MASS

IS CONSERVED

IN A CHEMICAL

REACTION

In the important experiment illustrated in Figure 3.4, Lavoisier carefully measured the mass of a sealed glass vessel that contained tin. When he heated the vessel, a chemical reaction occurred and the tin turned ro a white powder. Lavoisier

Substance A
Substance C
(compound-made
of
more than one element)

FIGURE

===~

---~
___

~
~~

~~-"'--='~-"'---'-~....J

(element)

Substance B
(element)

3.3

A representation of Lavoisier'snotion of elements and compounds. SubstancesA
and B cannot be broken down to smaller components and so are classifiedas elements. These two elements can react together to form the more complex substance
C, which is classifiedas a compound because it is made of more than one element.

Antoine Lavoisier,shown here with
his wife, Marie-Anne, who assisted
him in many of his experiments,
was a concerned citizen as well as a
first-rate scientist. He established
free schools, advocated the use of
fire hydrants, and designed street
lamps to make travel through urban
neighborhoods safer at night. To
help finance his scientificprojects,
Lavoisiertook part-time employment as a tax collector. Becauseof
this employment, he was beheaded
in 1794 during the French Revolution. Soon after his execution, however,the French government was
erecting statues in his honor.

•
• Tin foil and aluminum foil are not
the same thing! Tin foil is made of
the element tin, Sn (atomic number 50), and aluminum foil is
made of the element aluminum,
Al(atomic number 13).Both are
useful for cooking and wrapping
foods. Tin foil is stiffer than aluminum foil and it tends to give a
slight tin taste to food wrapped in
it, which is one of the reasons it
was replaced by aluminum foil
in the early zoth century. Aluminum, however, should not be
used with acidic foods, such as
tomato sauce. because the acid
reacts with the aluminum. It's
likelythat people still refer to aluminum foil as tin foil because of
the shorter name.
MORE

TO

EXPLORE,

http://en.wikipedia.org/wiki/
Aluminum
http://en.wikipedia.org/wiki/Tin
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Lavoisiermeasured the mass of a
sealed glassvesselcontaining tin
and the mass of the same vessel
containing a white powder left
after the tin underwent a chemical reaction. He found the mass
to be the same before and after
the reaction.
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Sunlight used to speed up
the reaction of the tin
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again measured the vessel's mass and found it had not changed. From the results
of his experiments and the results of similar experiments performed by other
investigators, Lavoisier hypothesized that mass is always conserved during a
chemical reaction, where conserved in this context means that the amount of the
mass does not change-the
number of grams of mass present after the reaction
is the same as the number of grams present before the reaction. This hypothesis
is now considered to be a scientific law, which is any scientific hypothesis that
has been tested over and over again and has not been contradicted. (A scientific
law is sometimes referred to as a scientific principle.) Formally, the law of mass
conservation states the following:
There is no detectable change in the total mass of materials when they react
chemically to form new materials.

The law of mass conservation remains one of the most important laws in
chemistry today. It is easy to see, however, why it took earlier investigators so
long to formulate this law. After all, when wood burns, the mass of the ashes is
always less than the mass of the original wood. Also, it was known that some
substances, such as hardening cement, tend to gain mass as they undergo chemical change. What early investigators failed to recognize, however, is the role
gases play in many chemical reactions. When wood burns, gaseous carbon dioxide and water vapor are released. The ashes have less mass because they are only
one of the products of the reaction. Cement gains mass as it absorbs atmospheric carbon dioxide.
Lavoisier was exceedingly careful in attending to details. In recognizing the
role that gases might play, he knew the importance of sealing his apparatus
before performing a chemical reaction.

Had Lavoisier been a follower of ancient Greek philosophy, what might have
prevented him from discovering the law of mass conservation?
Was this your answer? Using on ly logic and reason, it is difficult to conclude that mass is conserved in a chemical reaction. In most reactions, the
total amount of mass appears to change because some of the products of
the reaction are invisible atmospheric gases. Thus the law of mass conservation would have likely escaped Lavoisier's notice had he relied on the
"common-sense"logic
and reason used by Greek philosophers rather than
on precise measurements
and experimentation.

When Lavoisier opened the sealed vessel in which the white powder had
formed, he observed that air rushed in. He hypothesized that, as it formed the
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Difference
in water
level

CD Lavoisierplaced a piece
of tin on a blockof wood
floating in water and
covered it with a glassjar.

FIGURE

(1)

Focused sunlight caused
the tin to react and the
water levelin the jar to
rise.

® When the reaction was
complete, there was
20 percent less air in
the jar.

3.5

Lavoisier directed sunlight at tin floating on a block of wood in a glass jar inverted
over water. As the tin reacted to form a powder, the water level in the jar rose, indicating that some of the air originally in the jar had taken part in the reaction.

white powder, the tin absorbed either the air inside the vessel or perhaps only
some component
of the air. To find out what percentage of the air had reacted
with the tin, he performed the same experiment using the arrangement shown in
Figure 3.5. When the tin was done reacting, the water level in the jar had risen
to about one-fifth of the total volume of the jar. Lavoisier realized that the only
possible explanation was that air originally in the jar (which kept water out before
the reaction began) had somehow been consumed in the chemical reaction with
the tin. Because water replaced about 20 percent of the original volume of air, he
reasoned that air is a mixture of at least two gaseous materials. One gas, making
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strips with scissors. Topromote
rusting of the steel wool, add
about a capful of either vinegar or
saltwater. Pour water into the
widemouthed jar to a depth of
about 2 inches. Then invert the
narrow jar into the water. Place
the lip of the inverted jar on a coin
to prevent sealing with the bottom of the widemouthed jar.

can witness the involvement
of a gas in a reaction by performing an experiment similar
to the ones Lavoisier performed
with tin.
OU

Y

WHAT

YOU

NEED

Nonsoapy steel-wool pad; narrow,
straight-sided jar, such as an olive jar;
widemouthed jar (or shallow cooking
pot); water; vinegar or saltwater
PROCEDURE
1.

Follow the setup shown in the
photograph. Stuff the steel-wool
pad into the bottom of the narrow
jar. Apad that doesn't fit through
the jar opening can be cut into

2.

Note the water level inside the
inverted jar.

3. Leavethe setup alone until the
steel wool, which is primarily iron,
begins to look rusty (a couple of
hours should do it).
What has happened to the water
level in the inverted jar? Why?

OF

MODERN

CHEMISTRY
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up about 20 percent of the air, disappeared from its gaseous phase by combining
with the tin. The second gas, making up the other 80 percent, must have
remained in the gaseous phase because it did not combine with the metal.
Soon after Lavoisier completed these experiments, he learned that an English
chemist, ]oseph Priestley (1733-1804), had prepared and isolated a gas that had
remarkable properties. This gas caused candles to burn more brightly and charcoal to burn hotter. Lavoisier found that this gas couldn't be broken down to
simpler substances and so recognized it to be an element. Because the gas could
be used to produce acidic solutions, Lavoisier gave it the name oxygen, which
means "acid former." He found that oxygen was the reacting component of the
air in his tin experiments.
See Figure 3.6 for a description of how Priestley first prepared and isolated
oxygen.
PROUST

Ioseph Priestleywas a self-trained
scientist. He was the first to recognize the nature of carbonated beveragesand began the study of
photosynthesis with his discovery
that plants absorb carbon dioxide
when exposed to sunlight. A radical
in many of his political views,
Priestleywas regarded with much
suspicion, especiallyafter he publicly sympathized with the French
Revolution. After he was harassed
and a mob had burned his home
and library, he took the advice of
his good friend Benjamin Franklin
and moved to America, where he
spent the last few years of his life in
self-imposed exile.

PROPOSED

THE LAW OF DEFINITE

PROPORTIONS

In 1766, the English chemist Henry Cavendish (1731-1810) isolated a gas that
could be ignited in air to produce water and heat. Lavoisier was the first to recognize this gas as an element, which he named hydrogen-a
Greek word that
means "water former." Lavoisier was also the first to recognize that, in forming
water, the hydrogen was reacting with atmospheric oxygen. Thus, water must be
a compound (not an element as Aristotle professed) made of the two elements
hydrogen and oxygen.
By the 1790s, the French chemist ]oseph Proust (1754-1826) had noted
that, in forming water, hydrogen and oxygen always react in a particular mass
ratio. He found, for example, that 8 grams of oxygen react with 1 gram of
hydrogen (no more and no less) to produce 9 grams of water. Equivalently, 32
grams of oxygen react with 4 grams of hydrogen (no more and no less) to produce 36 grams of water. In all cases, the ratio of oxygen mass to hydrogen mass
is 8: 1. Even if oxygen and hydrogen are not mixed in an 8: 1 ratio, they react as
though they were, as Figure 3.7 shows.
These and similar results with other chemical reactions, especially those involving metallic compounds, led Proust to propose the law of definite proportions:
Elements combine in definite mass ratios to form compounds.

How elements "knew" to react in particular mass ratios was a great mystery.
The law of definite proportions, however, turned out to be one of the greatest
clues to the discovery of the atom.

FIGURE

3.6

Priestleycollected oxygen gas by
heating the highly toxic metallic
compound known today as mercuric oxide, HgO. When heated,
mercuric oxide decomposes to
liquid mercury and oxygen gas.
Priestleycollected the oxygen gas
in an apparatus similar to the one
illustrated here. As the gas is
formed, it displaceswater in the
submerged inverted glass.

Oxygen,

O2

CD

Mercuric oxide,
HgO

Water moves out of
the glass as oxygen
gas moves in.
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common method of collecting a
gas produced in a chemical reaction is by the displacement of
water. In this activity, you will collect
the carbon dioxide produced from
the reaction between baking soda
and vinegar.

H

WHAT

YOU

NEED

Large pot (or sink), water, small plastic soda bottle (the zo-ounce size
works nicely), film canister with lid,
sharp knife, baking soda, vinegar,
long wooden match, assistant
SAFETY

NOTE

Wear safety glasses while using the
knife and while the chemical reaction
is taking place.

1.

2.

3. Pour a capful of vinegar into the
film canister. As the bubbles
begin to form, quickly cap the
canister, placing your thum b over
the hole in the lid to hold in as
much gas as possible. Immediately submerge the canister right
side up directly below the mouth
of the soda bottle. Release your
thumb, and bubbles of carbon
dioxide will rise and be captured
in the bottle.

Cut a hole no wider than a pencil
in the lid of the film canister. Add
a teaspoon of baking soda to the
canister and leave it un capped.
Fillthe large pot (or the sink)
three-fourths full with water. Fill

5. Toexamine the properties of the
gas generated in the baking
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soda-vinegar reaction, seal your
hand over the mouth of the
inverted soda bottle, carefully
place the bottle upright on a table,
and then uncover the mouth.
There may still be some water in
the bottle, but the gas above the
water is carbon dioxide, which
stays in the bottle because it is
heavier than air. Light the match
and place the flame into the carbon dioxide. Because there is no
oxygen (there is on ly carbon dioxide). the flame is quickly extinguished because carbon dioxide
does not support burning the way
oxygen does.

Leftover unreacted
chemicals

How many grams of water can be produced
when 16 grams of oxygen is mixed with 2 grams
of hydrogen ?

Oxygen
(a)

+

I

I

Hydrogen

8g

19

Was this your answer? Oxygen and hydrogen
(bl
109
19
react in an 8:1mass ratio to form water, but that
doesn't mean you have to have exactly 8 grams of
(c)
8g
2g
oxygen and exactly 1gram of hydrogen in the reaction vessel. What this ratio means is that the mass
of oxygen taking part in the reaction is always
exactly eight times the mass of hydrogen taking part. Because here the oxygen
rnass-s-to grams-is eight times the hydrogen maSS-2 grams-the
16 grams
of oxygen reacts fully with the 2 grams of hydrogen to produce 18grams of
water Note that a 16:2 ratio is mathematically the same as an 8:1ratio.

• 3·3

IS MADE

the soda bottle with water, and
with your hand over the opening,
invert it into the water in the pot.
Have your assistant hold the soda
bottle upright in the pot with the
mouth of the bottle not touching
the pot bottom.

4. To collect more carbon dioxide,
drain the water from the film
canister and repeat the procedure while your assistant continues to hold the inverted
bottle.

PROCEDURE

MATTER

Dalton Deduced That Matter Is Made of Atoms

he observations Jf Lavoisier, Proust, and others led John Dalton (17661844), a self-educated English schoolteacher,
to reintroduce
the atomic
ideas of Democritus.
In 1803, Dalton wrote a series of postulates-claims
he

---;> Water

+

Oxygen

+

I
Hydrogen

9g
9g

2g

9g

FIGURE

19

3.7

(a) In forming water, oxygen and
hydrogen always react in an 8: 1
mass ratio. (b) When an excess of
oxygen is present, the reaction
still occurs in an 8: 1 ratio, with
the excess oxygen-2 grams in
this case-remaining
unreacted.
(c) When an excess of hydrogen is
present, the reaction still occurs
in an 8: 1 ratio, with the excess
hydrogen remaining unreacted.
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• When the definite proportions for a given reaction are
known, unit conversion (see the Calculation Corner on
page 12) can help you determine the amount of a chemical that takes part in the reaction. For instance, we can
express the law of definite proportions for the formation of water as

MUCH

8goxygen
1 ghydrogen

and

»>
1 g hydrogen
64 gJ)xygen x
89JlJl<ygen

T

8goxygen

8 g hydrogen

l'

T

Conversion

Quantity
of oxygen
in grams

YOUR

I

you
f are given a certain amount of one element and
want to know how much of the other element is needed
for a complete reaction, you need only multiply by the
appropriate conversion factor to find the answer.

factor

Quantity
of hydrogen
in grams

How much hydrogen is needed in order for 64 grams of
oxygen to react completely in the formation of water?

TURN

1. Nitrogen and hydrogen react in a 14:3mass ratio to
form ammonia. How much hydrogen is needed in order
for 7-0 grams of nitrogen to react completely?
2.

EXAMPLE

How much ammonia forms in the reaction between
7-0 grams of nitrogen and 6.0 grams of hydrogen ?

Answers to Calculation Corners appear at the end of each chapter.

assumed to be true based on experimental
as follows:
consists of indivisible,

evidence-that

minute

2. Atoms can be neither created nor destroyed
3. All atoms of a given element
4. Atoms chemically
compounds.
5. Atoms of different

John Dalton was born into a very
poor family. Although his formal
schooling ended at age 11, he continued to learn on his own and even
began teaching others when he was
only 12. His primary research interest
was weather, which led him to conduct many experiments with gases.
Soon after publishing his conclusions
on the atomic nature of matter, his
reputation as a first-rate scientist
increased rapidly. In 1810, he was
elected into Britain's premiere scientific organization, the Royal Society.

=

Knowing how much of each element must be present for
complete reaction then allows you to determine how much
product forms. If 64 grams of oxygen reacts with 8 grams of
hydrogen, then a total of 64 grams + 8 grams =]2 grams of
water is formed.

1 ghydrogen

1. Each element

REACTS

ANSWER

8 9 oxygen:l 9 hydrogen
From this relationship, we can derive two conversion
factors:

OF A CHEMICAL

combine

elements

can be summarized

particles called atoms.
in chemical

reactions.

are identical.
in definite

have different

whole-number

ratios

to form

masses.

Even though Dalton was not correct about atoms being indivisible or about
all atoms of a given element being identical (we'll see why later in the chapter),
his postulates answered many questions about the nature of elements and compounds. Postulate 2, for example, which described the indestructible nature of
atoms, accounted for Lavoisier's mass-conservation
principle. During a chemical
reaction, atoms may be exchanged, but never are they created out of nothing
nor do they simply vanish. Postulate 4 explained compounds
as the combination of the atoms of different elements. Oxygen and hydrogen atoms, for example, combine to form water.
Dalton concluded that because 8 grams of oxygen always combines with
1 gram of hydrogen, the oxygen atom must be eight times more massive than
the hydrogen atom. In drawing this conclusion, he assumed that a single oxygen atom joins with a single hydrogen atom. According to Dalton, therefore, the
most fundamental
unit of water was HO rather than the familiar H20 we know
today.

3.3
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OF ATOMS

In 1808, the French chemist joseph Gay-Lussac (1778-1850) reported that
when gaseous elements react, their volumes are in a ratio of small whole numbers. This is similar to what Proust described in his law of definite proportions
except that Gay-Lussac was focusing on volume, not mass. Gay-Lussac's experiments showed that 2liters of hydrogen completely reacts with lliter of oxygen
(no more and no less) to form 2 liters of water vapor:
2 liters hydrogen gas + 1 liter oxygen gas --7 2liters water vapor
Dalton, however, was highly critical of Gay- Lussac's experiments. Dalton had
already firmly established in his own mind that the formula for water was HO.
If water contained twice as much hydrogen as oxygen, the formula would have
to be H20. In addition, Dalton could not understand how 2 liters of water
formed and not just 1 liter, as shown in Figure 3.8a.
Cay-Lussac's results, illustrated in Figure 3.8b, showed that 2liters of water
vapor formed. So where did the atoms needed to create the additionalliter of
water vapor come from? Did each hydrogen atom and each oxygen atom split
in half? This would effectively double the number of atoms, allowing for a second volume of water. The notion of an atom splitting in half, however, was
counter to Dalton's well-received atomic hypothesis.
In 1811, the Italian physicist and lawyer Amadeo Avogadro (1776-1856)
gave a brilliant explanation for Gay-Lussac's experimental results. Avogadro
hypothesized that the fundamental particles of hydrogen and oxygen were not
atoms but rather diatomic molecules, where the term diatomic indicates two

• Deduction is the process of deducing a logical conclusion. You can
deduce, for example, that if some
birds do not swim, and all penguins swim, then some birds are
not penguins. Induction is the
process of generalizing a theory
out of observations. For example, if
all the crows you've ever seen are
black, then you can induce that all
crows are black (though the rare
albino crow may prove yOUTinduction wrong). Science generally
works neither by deduction nor by
induction. Instead, science follows
a third mode of infering truth
known as retroduction, which is
the process of studying the facts
and devising a theory to explain
them. While deduction and induction lead to conclusions, retroduction leads to the formation of new
ideas. John Dalton's imaginative
and creative leap to the idea that
we are made of incredibly tiny particles called atoms is a classic
example. Science is based much
more on human creativity than it
is on logic.
MORE

TO

EXPLORE,

BUTton S. Guttman, "The Real
Method of Scientific Discovery,"
Skeptical lnquirer 28(1), Jan./Feb.:

3.8

(a) Dalton pointed out that if water had the formula H20, then 2 liters of hydrogen
(shown here as 20 atoms) and 1 liter of oxygen (shown here as 10 atoms) should
yield 1 liter of water vapor (shown here as 10 molecules containing a total of 30
atoms). (b) Gay-Lussac'sexperiments showed that 2 liters of water vapor formed.
Where did the atoms for this second liter of water vapor come from? Questions such
as this led Dalton to distrust Gay-Lussac'sexperimental results.

45-47·
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DALTON DEFENDED HIS ATOMIC HYPOTHESIS
AGAINST EXPERIMENTAL
EVIDENCE

FIGURE
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atoms per molecule. Thus, the formula for hydrogen is H2, and the formula for
oxygen is 02' Diatomic particles of hydrogen and oxygen would have double
the number of atoms in a given volume, thus allowing for the formation of a
second volume of water, as Figure 3.9 shows.

•

t-A-rrK-------------How many molecules of hydrogen chloride, HCI,form when ten molecules
of diatomic hydrogen, H2, react with ten molecules of diatomic chlorine, CV
If ten molecules represent one volume, how many volumes of hydrogen
chloride form?

------;..

+
In addition to exploring the chemical identity of gases and the nature
of chemical reactions, ]oseph GayLussac was one of the first balloonists. In one of his balloon flights to
test hypotheses on the composition
of air and the extent of Earth's magnetic field, Gay-Lussac reached an
altitude of7000 meters (23,000
feet). This record remained unbroken for the next 50 years.

Hydrogen, H2

?

Chlorine, CI2

Were these your answers? In this reaction, 20 hydrogen chloride molecules
are formed. One volume of hydrogen plus one volume of chlorine react to
form two volumes of hydrogen chloride.

g;;) Hydrogen chloride

00
Hydrogen
(2 liters)
40 atoms

FIGURE

Oxygen
(1 liter)

+

20 atoms

3.9

Because each particle of gaseous
hydrogen and gaseous oxygen is
diatomic, 2liters of hydrogen
and 1 liter of oxygen form 2 lieers
of water vapor. In this way, molecules of hydrogen, H2, and oxygen, 02' are split rather than
atoms of hydrogen, H, and oxygen, 0, and Dalton's atomic theory is not violated.

Dalton understood
Avogadro's creative argument but
found it unacceptable
because it failed to explain how
two atoms of the same element
could bond to each
other. Based on his own research, Dalton had come to
the erroneous
conclusion
that atoms of the same kind
always have a natural repulsion for one another. Because
of Dalton's authority
in the scientific community,
Avogadro's hypothesis
was discarded and did not reappear
for another half-century.
In 1860, an international
conference of chemists conWater
vened
to
discuss
how
the
masses
of atoms of different ele(2Iiters)
ments could be measured and compared with one another.
60 atoms
(As we explore in Section 9.2, knowing the relative masses
of atoms helps chemists understand and control chemical
reactions.) At the time, there was little agreement because
different chemists using different experimental procedures and assuming different theories came up with different results. Progress in chemistry was stymied
by this problem.
At this conference, a pamphlet written by the Italian chemist Stanislao Cannizzaro (1826-1910) was presented. In this pamphlet, which he had used with
his students for several years, Cannizzaro
explained and justified Avogadro's
hypothesis
and showed how correct atomic masses and formulas could be
obtained through easy calculations. The concept was simple: provided equal volumes of gases contain equal numbers of atoms or molecules, the relative masses
of these particles can be obtained by weighing equal volumes of gases that are at
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1 liter hydrogen

lx

16x

FIGURE

DALTON

3.10

One liter of oxygen is 16 times more massivethan the same volume of hydrogen.
Assuming 1liter of oxygen and 1liter of hydrogen contain the same number of particles, the mass of an oxygen particle must be 16 times greater than the mass of a
hydrogen particle.

the same temperature and pressure. As shown in Figure 3.10, for example, 1 liter
of oxygen is 16 times heavier (more massive) than l Iiter of hydrogen, suggesting
that, assuming the same number of atoms per molecule, an oxygen molecule is
16 times heavier (more massive) than a hydrogen molecule. Analysis of equal volumes of gases for many other elements resulted in the first tables of accurate relative atomic masses, and from these tables grew the all-important periodic table.
Despite the critical attacks by Dalton, the contributions of Gay-Lussac and
Avogadro turned out to be most important to the development of atomic theory. Their efforts, however, were not widely recognized until after their deaths.
Gay- Lussac died 10 years prior to the 1860 conference, and Avogadro died
4 years prior.
MENDELEEV
USED KNOWN
THE PERIODIC
TABLE

RELATIVE

ATOMIC

MASSES

Amadeo Avogadroreceiveda doctor
oflaw degreewhen he was 20 years
old. He enjoyedpracticing law but
was more interested in science,
which eventuallybecame his life's
occupation. As a professorof physics
and mathematics in Italy,he was
geographicallyand intellectually
isolatedfrom the chemical community developingon the other side of
the Alps in northern France and in
England. This isolation made it difficult for him to defend his viewson
the nature of atoms. In addition, he
valuedhis privacyand preferred
focusinghis energieson his family.

TO CREATE

By the 1860s, many scientists working independently had noted that when they
listed elements in order of relative masses, a number of interesting patterns
arose. Many physical and chemical properties, for example, tended to change
gradually in moving from one element to the next. At regular intervals, however,
an element had properties that were vastly different from those of the preceding
element and more like those of a much lighter element. In other words, the
properties of elements tended to recur in cycles, exhibiting the periodicity we
looked at in Section 2.6.
In 1869, a Russian chemistry professor, Dmitri Mendeleev (1834-1907),
produced a chart summarizing the properties of known elements for his students. Mendeleev's chart was unique in that it resembled a calendar. Across each
horizontal row, he placed all the elements that appeared in one interval of
repeating properties. Down each vertical column he placed elements of similar
properties. He found, however, that in order to align elements properly in a column, he had to shift elements left or right occasionally. This left gaps-blank
spaces that could not be filled by any known element (Figure 3.11). Instead of
looking on these gaps as defects, Mendeleev boldly predicted the existence of
elements that had not yet been discovered. Furthermore, his predictions about
the properties of some of those missing elements led to their discovery.

Stanislao Cannizzaro's main
research interests were in the chemistry of carbon compounds found
in living organisms. Cannizzaro did
much to dispel the then widely
held belief that the laws governing
those chemicals were different from
the laws governing chemicals not
found in living organisms.
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Dmitri Mendeleev was a devoted
and highly effective teacher. Students adored him and would fill
lecture halls to hear him speak
about chemistry. Much of his work
on the periodic table occurred in
his spare time following his lectures. Mendeleev taught not only in
the university classrooms but anywhere he rraveled. During his journeys by train, he would travel third
class with peasants to share his findings about agriculture.
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An early draft of Mendeleev's periodic table.

That Mendeleev was able to predict the properties of new elements helped
convince many scientists of the accuracy of Dalton's atomic hypothesis. This in
turn helped promote Dalton's proposed atomic nature of matter from a hypothesis to a more widely accepted theory. Mendeleev's chart, which ultimately led
to our modern periodic table with its horizontal periods and vertical groups, also
helped lay the groundwork for our understanding
of atomic behavior and is recognized as one of the most important achievements of modern science .

•

The following statements summarize the scientific discoveries presented in
Sections 3.2 and 3.3. Place them in chronological order.
a. Elements are made of atoms.
b. Chemicals react in definite whole-number ratios.
c. Relative masses of atoms can be measured.
d. Hydrogen gas and oxygen gas consist of diatomic molecules.
e. The periodic table can be used to predict the properties of elements.
f. Mass is conserved during a chemical reaction.
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Was this your answer? Lavoisier discovered that mass is conserved during a
chemical reaction, which led Proust to discover that chemicals react in definite whole-number ratios. Based on this information, Dalton proposed that
elements are made of atoms. This was followed by Gay-Lussac's experiments,
which suggested to Avogadro that hydrogen gas and oxygen gas consist of
diatomic molecules. Using this as a premise, Cannizzaro was able to show
how Avogadro's hypothesis could be used to measure the relative masses of
atoms Knowing relative masses allowed Mendeleev to devise the periodic
table and use it to predict the properties of elements yet to be discovered. The
correct sequence is therefore f, b, a, d, c, e.
Today, the results of many scientific experiments confirm the atomic nature
of matter. Contrary to Dalton's notion of the indivisible atom, however, an
accumulation
of evidence tells us that atoms are in fact divisible and that they
are made of smaller particles called electrons, protons, and neutrons. For the
remainder of this chapter, we explore these subatomic particles in detail, continuing with our historical perspective.

• 3-4 The Electron Was the First Subatomic
Particle Discovered

.r

In 1752, Benjamin Franklin (1706-1790)
learned from experiments with
thunderstorms
that lightning is a flow of electrical energy through the
atmosphere.
This discovery prompted
19th-century
scientists
to explore
whether or not electrical energy could travel through gases other than the
atmosphere. To find out, they applied a voltage across glass tubes in which they
had sealed various gases. (To apply a voltage means to connect each end of a
tube to a wire and then connect the free ends of the two wires to a battery.)
In every case, the result was a brightly glowing ray (Figure 3.12a). This meant
that electrical energy was able to travel through different types of gases. To the

(a)

(b)
FIGURE

3.12

(a) Electrical energy passing through a glass tube filled with neon gas generates a
brighr red glowing ray. (b) The ray passing through an evacuated glass tube is not
usually visible. In the tube shown here, however, the ray is highlighted by a fluorescent backing that glows green as the ray passes over it.

Benjamin Franklin invented the
lightning rod, which is a sharp
point of metal placed on a rooftop
and connected to the ground by a
long wire. Houses equipped with
such rods are protected from the
danger of lightning bolts. A popular
myth holds that Franklin discovered
the electrical nature of lightning by
flying a kite during a lightning
storm. Franklin, however, was smart
enough to know the extreme danger
posed by such a foolish act.
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Joseph John Thomson, known to
his colleaguesasJ. J., was one of the
first directors of the famous
Cavendish Laboratory of Cambridge University in England,
where almost all the discoveries
concerning subatomic particles and
their behavior were made. Sevenof
Thomsen's students went on to
receiveNobel prizes for their scientific work. Thomson himself won a
Nobel prize in 1906 for his work
with the cathode ray tube.

(a) A simple cathode ray tube.
The small hole in the positvely
charged end of the tube, the
anode, permits the passage of a
narrow beam that strikes the end
of the evacuated tube, producing
a glowing dot as the beam interacts with the glass. (b) The cathode ray is deflected by a magnetic
field.
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surprise of these early investigators, a ray was also produced when the voltage
was applied across a glass tube that had been evacuated and was thus empty of
any gas (Figure 3.12b). This implied that the ray was not a consequence of the
gas, but rather an entity in and of itself.
Experiments showed that the ray emerged from the end of the tube that was
negatively charged. Because this negatively charged end was called the cathode,
the apparatus, shown in Figure 3.13a, was named a cathode ray tube. Magnetic
fields caused the ray to deflect, as did small electrically charged metal plates.
%en such plates were used, the ray was always deflected toward the positively
charged plate and away from the negatively charged plates. Because like signs of
electric charge repel each other, this meant the cathode ray was negatively
charged. The speed of the ray was found to be considerably less than the speed
of light. Because of these characteristics, it appeared that the ray behaved more
like a beam of particles than a beam oflight.
In 1897,].]. Thomson (1856-1940) measured the deflection angles of cathode ray particles in a magnetic field, using a magnet positioned as shown in
Figure 3.13b. He reasoned that the deflection of the particles depended on their
mass and electric charge. The greater a particle's mass, the greater its resistance to
a change in motion and therefore the smaller the deflection. The greater a particle's charge, the stronger the magnetic interactions and therefore the larger the
deflection. The angle of deflection, he concluded, was equal to the ratio of the
particle's charge to its mass:
.
charge
angle of derlection = --mass
Knowing only the angle of deflection, however, Thomson was unable to calculate either the charge or the mass of each particle. In order to calculate the mass,
he needed to know the charge, but in order to calculate the charge, he needed
to know the mass.

(a)

Cathode
(-)

Cathode ray
(beam)

(b)

Beam having
passed through
hole in anode

Cathode
(-)

Deflection

angle
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FOTwhich equation is it not possible to calculate one specific value fOTx.

x
4=2

x

3=y

Was this your answer? In the first equation, it's possible to figure that x = 8
(because 8 -:-2 = 4).ln the second equation, x would equal 15if y equaled 5
(because 15-;-5 = 3) but would equalg if y equaled 3 (because 9 -;-3 = 3)·ln
other words, one specific value for x cannot be determined un less the value
of y is known. Likewise, the value of y cannot be determined unless the value
of x is known. Similarly, Thomson could not calculate the electron's mass
without knowing its charge.

In 1909, the American physicist Robert Millikan (1868-1953) calculated
the numerical value of a single increment of electric charge on the basis of the
innovative experiment shown in Figure 3.14. Millikan sprayed tiny oil droplets
into a specially designed chamber in which droplets could be suspended in air
by the application of an electric field. (This is similar to the way a person's hair
can be made to stand straight up by placing a statically charged balloon near
the hair.) When the field was strong on Millikan's apparatus, some of the
droplets moved upward, indicating they had a very slight negative charge and
so were attracted to the upper, positively charged plate. Millikan adjusted the
field so that some of the droplets would hover motionless. He knew that the
downward force of gravity on these motionless droplets was exactly balanced
by the upward electric force. By altering the field strength, he could make other
droplets, of different masses, hover motionless. Repeated measurements
showed that the electric charge on any droplet was always some multiple of a
single very small value, 1.60 X 10-19 coulomb, which Millikan proposed to be
the fundamental increment of all electric charge. (The coulomb is a unit of electric charge.) Using this value and the charge-ta-mass ratio discovered by
Thomson, Millikan calculated the mass of a cathode ray particle to be considerably less than that of the smallest known atom, hydrogen. This was remarkable because it provided strong evidence that the atom was not the smallest
particle of matter.

o

CD A mist

of oil droplets
is injected into the
top chamber.

Droplets fall due to
gravity, with a few
falling through a hole
in the positively
charged plate.

..
Adjustable

Icharged

electric field ~harged

plate (+)
plate (-)
Microscope

® The electric

field is adjusted until a droplet
hovers. The upward electric force exerted
on the droplet by the positively charged
plate is exactly balanced by the downward
force of gravity exerted on the droplet.

The European science community
of the 1800s viewed most American scientists as inventors-clever,
but not profound in their thinking
or discoveries.This attitude began
to change at the turn of the 20th
century, principally because of the
work of American scientists such as
Robert Millikan, who excelledin
his experimental designs and conclusions. In addition to research, he
also spent much time preparing
textbooks so that his students did
not have to rely so much on lectures. He won a Nobel prize in
1923 and served as the president of
Caltech from 1921 to 1945.

FIGURE

3.14

Millikan determined the charge
of an electron with this oil-drop
expenment.
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BENDING

tare at a non-If.D television set or
computer monitor, and you stare
~ down the barrel of a cathode ray
tube. Youcan find evidence for this by

ELECTRONS

j

holding a magnet up to the screen.
Note the distortion. Important: use
only a small magnet and hold it up to
the screen only briefly; otherwise the
distortion may become permanent.

~ECK
What do the numbers 45, 30, 60, 75, 105, 35, 80, 55, go, 20, and 65 have in
common?
Was this your answer? They are all multiples of 5.ln a similar fashion, Millikan noted that all the readings from his electronic equipment were multiples of a very small number, which he calculated to be 1.60 x 10-19 coulomb.

The cathode ray particle is known today as the electron, a name that comes
from the Greek word for amber (electrik), which is a material the early Greeks
used to study the effects of static electricity. The electron is a fundamental component of all atoms. All electrons are identical, each having a negative electric
charge and an incredibly small mass of 9.1 X 10-31 kilogram. Electrons determine many of a material's properties, including chemical reactivity and such
physical attributes as taste, texture, appearance, and calor.
The cathode ray-a stream of electrons-has found a great number of applications. Most notably, a traditional television set (not the modern, thin, LeD
screens) is a cathode ray tube with one end widened out into a phosphor-coated
screen. Signals from the television station cause electrically charged plates in the
tube to control the direction of the ray such that images are traced onto the
screen.
Positively charged
part of atom
Negatively charged
electron

FIGURE

3.15

Thomsen's plum-pudding model
of the atom. Thomson proposed
that the atom might be made of
thousands of tiny, negatively
chargedparticlesswarming
within a cloud of positivecharge,
much like plums and raisinsin
an old-fashionedChristmas
plum pudding.

• 3.5

The Mass of an Atom Is Concentrated
in Its Nucleus

i

w
t as reasoned that if atoms contained negatively charged particles, some
balancing positively charged matter must also exist. From this, Thomson
put forth what he called a plum-pudding model of the atom, shown in Figure 3.15. Further experimentation, however, soon proved this model to be
wrong.
Around 1910, a more accurate picture of the atom came to one ofThomson's
former students, the New Zealand physicist Ernest Rutherford (1871-1937).
Rutherford oversaw the now-famous gold-foil experiment, which was the first
experiment to show that the atom is mostly empty space and that most of its
mass is concentrated in a tiny central core called the atomic nucleus.
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NUCLEUS

Deflectedalphaparticles

Fluorescentscreen

FIGURE

3.16

Rutherford's gold-foil experiment. A beam of positively charged alpha particles was
directed at a piece of gold foil. Most of the particles passed through the foil undeHecred, but some were deflected. This result implied that each gold atom was mostly
empty space with a concentration of mass at its center-the atomic nucleus.

In Rutherford's experiment, shown in Figure 3.16, a beam of positively
charged particles, called alpha particles, was directed through an ultrathin
sheet of gold foil. Since alpha particles were known to be thousands of
times more massive than electrons, it was expected that the alpha-particle
stream would not be impeded as it passed through the "atomic pudding"
of gold foil. This was indeed observed to be the case-for the most part.
Nearly all alpha particles passed through the gold foil undeflected and
produced spots of light when they hit a fluorescent screen positioned
around the gold foil. However, some particles were deflected from their straightline path as they passed through the foil. A few of them were widely deflected,
and a very few were even deflected straight back toward the source! These alpha
particles must have hit something relatively massive, but what? Rutherford reasoned that undeflected particles traveled through regions of the gold foil that
were empty space, as Figure 3.17 shows, and the deflected ones were repelled
from extremely dense positively charged centers. Each atom, he concluded, must
contain one of these centers, which he named the atomic nucleus.
Rutherford guessed that the atomic nucleus must have a positive electric
charge to balance the negative charge of the electrons in the atom. He also
guessed that the electrons were not part of this nucleus and so must be outside
it but still somewhere in the atom. Today we know that, as Figure 3.18 illustrates, the electrons do indeed exist outside the nucleus, swirling around it at
ultrahigh speeds. Figure 3.18 also shows that an atom is mostly empty space,
with the diameter of the whole atom being about 10,000 times greater than the
diameter of its nucleus. If a nucleus were the size of the period at the end of this
sentence, the outer edges of the atom would be located 3.3 meters (11 feet)
away. Also, because the nucleus is so dense, the mass of such a period-sized
nucleus would be on the order of 2500 kilograms-the
mass of a large pickup
truck.
We and all materials around us are mostly empty space because the atoms
we are made of are mostly empty space. So why don't atoms simply pass
through one another? How is it that we are supported by the floor despite the
empty nature of its atoms? Although subatomic particles are much smaller
than the volume of the atom, the range of their electric field is several times
larger than that volume. In the outer regions of any atom are electrons, which

Atomsingoldfoil
I
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Rutherford's interpretation of the
results from his gold-foil experiment. Most alpha particles
passed through the empty space
of the gold atoms undetiected,
but a few were detlected by an
atomic nucleus.
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When Ernest Rutherford was 24,
he placed second in a New Zealand
scholarship competition to attend
Cambridge University in England,
but the scholarship was awarded to
Rutherford after the winner
decided to stay home and get married. In addition to discovering the
atomic nucleus, Rutherford was
also first to characterize and name
many of the nuclear phenomena
discussed in the following chapter.
He won a Nobel prize in 1908 for
showing how elements such as uranium can become different elements through the process of
radioactive decay. At the time, the
idea of one element transforming
to another was shocking and met
with great skepticism because it
seemed reminiscent of alchemy.

As close as Tracy and Ian are in
this photograph, none of their
atoms meet. The closeness
between us is in our hearts.

3.18

repel the electrons of neighboring
atoms. Two atoms therefore can get only so
close to each other before they start repelling (provided they don't join in a
chemical bond, as is discussed in Chapter 6). When the atoms of your hand
push against the atoms of a wall, electrical repulsions between electrons in
your hand and electrons in the wall prevent your hand from passing through
the wall. These same electrical repulsions prevent us from falling through the
solid floor. They also allow us the sense of touch. Interestingly,
when you
touch someone,
your atoms and those of the other person do not meet.
Instead, atoms from the two of you get close enough so that you sense an electrical repulsion. There is still a tiny, though imperceptible,
gap between the
two of you (Figure 3.19).

-The

~.'9

PARTICLES

Electrons whiz around the atomic nucleus, forming what can be best described as an
ultrathin cloud. If this illustration were drawn to scale, the atomic nucleus would be
too small to be seen. An atom is mostly empty space. How Rutherford came to this
remarkable model of the atom is another classic example of retroduction (see FYI on
page 83).
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The Atomic Nucleus Is Made of Protons
and Neutrons
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positive charge of any atomic nucleus
found to he equal in magnitude to the combined negative charge of all the electrons in the atom.
It was thus reasoned,
and then experimentally
confirmed,
that positively
charged subatomic particles make up the nucleus. Today we call these positively charged particles protons. The proton is nearly 2000 times more massive than the electron. The electric charge on the proton is numerically equal
to the electric charge on the electron, but, as just mentioned,
the charge on
the proton is positive. Thus each electron has an electric charge of -1.60 X 10-19
coulomb, and each proton has an electric charge of + 1.60 X 10-19 coulomb.
The number of protons in the nucleus of any atom is equal to the number of
electrons whirling about the nucleus, and so the positive charge and negative
charge cancel each other, which means the atom is electrically balanced. For
example, an electrically balanced oxygen atom has eight electrons and eight
protons.
Scientists have agreed to identify elements by atomic number, which is the
number of protons each atom of a given element contains. The modern periodic
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table lists the elements in order of increasing atomic number. Hydrogen, with
one proton per atom, has atomic number 1; helium, with two protons per atom,
has atomic number 2; and so on.

•

tfUCK
How many protons are there in an iron atom, Fe (atomic number 26)?
Was this your answer? The atomic number of an atom and its number of
protons are the same. Thus, there are 26 protons in an iron atom. Another
way to put this is that all atoms that contain 26 protons are, by definition,
iron atoms.

If we compare the electric charges and masses of different atoms, we see that
the atomic nucleus must be made up of more than just protons. Helium, for
example, has twice the electric charge of hydrogen but four times the mass. The
added mass is due to another subatomic particle found in the nucleus, the
neutron, which was first detected in 1932 by the British physicist lames Chadwick (1891-1974). The neutron has about the same mass as the proton, but it
has no electric charge. Any object that has no net electric charge is said to be
electrically neutral, and that is how the neutron got its name. We discuss the
important role that neutrons play in holding the atomic nucleus together in the
following chapter.
Both protons and neutrons are called nucleons, a term that denotes their
location in the atomic nucleus. Table 3.1 summarizes the basic facts about our
three subatomic particles.
For any element, there is no set number of neutrons in the nucleus. For
example, most hydrogen atoms (atomic number 1) have no neutrons. A small
percentage, however, have one neutron, and a smaller percentage have two neutrons. Similarly, most iron atoms (atomic number 26) have 30 neutrons, but a
small percentage have 29 neutrons. Atoms of the same element that contain different numbers of neutrons are isotopes of one another.
We identify isotopes by their mass number, which is the total number of
protons and neutrons (in other words, the number of nucleons) in the
nucleus. As Figure 3.20 shows, a hydrogen isotope with only one proton is
called hydrogen-I, where 1 is the mass number. A hydrogen isotope with one
proton and one neutron is therefore hydrogen-2, and a hydrogen isotope with
one proton and two neutrons is hydrogen-3. Similarly, an iron isotope with
26 protons and 30 neutrons is called iron-56, and one with only 29 neutrons
is iron-55.
An alternative method of indicating isotopes is to write the mass number as a
superscript and the atomic number as a subscript to the left of the atomic symbol.

TABLE

3.1

SUBATOMIC
Particle

Nucleons

PARTICLES
Charge

Relative Mass

Actual Mass' (kg)

Electron

-1

{ Proton
Neutron

+1

1836

1.673 x 10-27

0

1841

1.675 X 10-27

9.11x 10-3'"

'Not measured directly but calculated from experimental data.
x 10-31 kg = 0.000000000000000000000000000000911
kg (see Appendix A).

"9.11

Proton
Neutron

A neutron

goes into a

restaurant

and asks the

waiter, "How much for a
drink?" The waiter replies,
"For you, no charge."
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Isotopes of an element have the
same number of protons bur different numbers of neutrons and
hence different mass numbers.
The three hydrogen isotopes
have special names: protium
for hydrogen-L, deuterium for
hydrogen-2, and tritium for
hydrogen-3. Of these three isotopes, hydrogen-l is most common. For most elements, such as
iron, the isotopes have no special
names and are indicated merely
by mass number.

Hydrogen-2

Hydrogen-l
1 proton
o neutron
I (protium)

1 proton
1 neutron
(deuterium)

Hydrogen-3
1 proton
2 neutrons
(tritium)

Iron-55

Iron-56
26 protons
30 neutrons

I

26 protons
29 neutrons

I
Iron isotopes

Hydrogen isotopes

For example, an iron isotope with a mass number of 56 and atomic number of26
is written
Mass number"'-.
56
Fe-Atomic

symbol

26
Atomic number>"

The total number of neutrons in an isotope can be calculated by subtracting
its atomic number from its mass number:
mass number
atomic number
number of neutrons
For example, uranium-238 has 238 nucleons. The atomic number of uranium is
92, which tells us that 92 of these 238 nucleons are protons. The remaining 146
nucleons must be neutrons:
Nucleons

<,

238

U

92
Protons/

-

238 proton and neutrons
92 protons
146 neutrons

Atoms interact with one another electrically. Therefore, the way any atom
behaves in the presence of other atoms is determined largely by the charged particles it contains, especially its electrons. Isotopes of an element differ only by mass,
not by electric charge. For this reason, isotopes of an element share many characteristics-in fact, as chemicals they cannot be distinguished from one another. For
example, a sugar molecule containing seven neutrons per carbon nucleus is digested
no differently from a sugar molecule containing six neutrons per carbon nucleus.
In fact, about 1 percent of the carbon we eat is the carbon-13 isotope containing
seven neutrons per nucleus. The remaining 99 percent of the carbon in our diet is
the more common carbon-12 isotope containing six neutrons per nucleus.
The total mass of an atom is called its atomic mass. This is the sum of the
masses of all the atom's components (electrons, protons, and neutrons). Because
electrons are so much less massive than protons and neutrons, their contribution to atomic mass is negligible. As we explore further in Section 9.2, a special
unit has been developed for atomic masses. This is the atomic mass unit, amu,
where 1 atomic mass unit is equal to 1.661 X 10-24 gram, which is slightly less
than the mass of a single proton. As shown in Figure 3.21, the atomic masses
listed in the periodic table are in atomic mass units. As is explored in the Calculation Corner on page 95, the atomic mass of an element as presented in the
periodic table is actually the average atomic mass of its various isotopes.
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Atomic mass
in atomic mass

He

units

4.003
8

F

NEUTRONS

Helium, He, has an atomic mass
of 4.003 atomic mass units, and
neon, Ne, has an atomic mass of
20.180 atomic mass units.

Ne
20.180

17

18

Cl

Ar

3S.4S3
3S

39.948
36

Br

Kr

Distinguish between mass number and atomic mass.
Was this your answer? Both terms include the word mass and so are easily confused. Focus your attention on the second word of each term, however, and you'll get it rig ht every time. Mass num ber is a count of the
num ber of nucleons in an isotope. An atom's mass num ber requires no
units because it is simply a count. Atomic mass is a measure of the total
mass of an atom, which is given in atomic mass units. If necessary, atomic
mass units can be converted to grams using the relationship 1 atomic mass
unit = 1.661 X 10-24 gram.

CALCULATING

• Most elements have a variety of isotopes, each with its
own atomic mass. For this reason, the atomic mass
listed in the periodic table for any given element is the
average of the masses of all the element's isotopes
based on their relative abundance.
bout 99 percent of all carbon atoms, for example, are
the isotope carbon-iz, and most of the remaining
1percent is the heavier isotope carbon-ij. This small
amount of carbon-tj raises the average mass of carbon
from 12.000 atomic mass units to the slightly greater
value 12.011atomic mass units.
Toarrive at the atomic mass presented in the periodic
table,you first multiply the mass of each naturally occurring isotope of an element by the fraction of its abundance
and then add up all the fractions.

H

EXAMPLE
Carbon-12 has a mass of 12.0000 atomic mass units and
makes up 98.89 percent of naturally occurring carbon.

ATOMIC

MASS

Carbon-rj has a mass of 13.0034 atomic mass units and
makes up 1.11percent of naturally occurring carbon. Use
this information to show that the atomic mass of carbon
shown in the periodic table, 12.011atomic mass units, is
correct.
ANSWER

Recognize that 98.89 percent and 1.11percent expressed as
fractions are 0.9889 and 0.0111,respectively.
YOUR

95

3.21

10

9

18.998

AND

TURN

Chlorme-j ; has a mass of 34.97 atomic mass units, and
chlorine-jr has a mass of 36.95 atomic mass units.
Determine the atomic mass of chlorine, Cl (atomic
number 17),if 75.53 percent of all chlorine atoms is the
chlortne-jg isotope and 24-47 percent is the chlortne-jj
isotope.

The answers for Calculation Corners appear at the end of each chapter.
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~

recognize that the atomic masses given in the periodic table are the

'J~e~a~~~masses attendees at the 1860 chemistry conference were so avidly

working toward. From the atomic masses, for example, we can easily calculate
that neon atoms are 20.18/4.003 = 5.041 times more massive than helium
atoms. In this and many other regards, the periodic table is the culmination of
the efforts of many talented individuals, only some of whom were discussed in
this chapter. Table 3.2 summarizes all the atomic history we have covered.
When the initial discoveries about atoms were being made, scientists based
their conclusions on experimental evidence, and such evidence is always open to
critical review. Investigators were thus able to look beyond the biases of the past
to conceive new and more accurate models of nature.

TAILEt

3.2

EARLY

PLAYERS

DEVELOPMENT

OF

MODERN

CHEMISTRY

Dateof
Discovery Contribution

Scientist
Democritus (460-370

IN THE

Proposed an atomic model for matter

B.C.)

Aristotle (384-322 s.c.)

Proposed that matter is continuous

Boyle (1627-1691)

1661

Identified an element as that which cannot be
broken down to simpler parts

Franklin (1706-1790)

1752

Investigated the nature of electricity

Cavendish (1731-1810)

1766

Discovered hydrogen

Lavoisier (1743-1794)

1774

Developed the law of mass conservation

Priestley (1]33-1804)

1774

Discovered oxygen but did not identify it

Proust (1754-1826)

1797

Proposed the law of definite proportions

Dalton (1766-1844)

1803

Developed five postulates describing the
atomic model of matter

Gay-Lussac (1778-1850)

1808

Showed that gases react in definite volume
ratios

Avogadro (1776-1856)

1811

Explained Gay-Lussac's observations by proposing that the particles of a gas exist as diatomic
molecules

Cannizzaro (1826-1910)

1860

Reintroduced the work of Avogadro as a reliable
means of measuring relative atomic masses

Mendeleev (1834-19°7)

1869

Developed a chart-forerunner
to our modern
periodic table-that
organized the elements by
properties

Thomson (1856-1940)

1897

Measured the charge-to-mass ratio for a beam
of electrons

Millikan (1868-1953)

19°9

Calculated the mass of an electron and found it
to be smaller than the mass of the smallest
known atom

Rutherford (1871-1937)

1910

Discovered the atomic nucleus

Chadwick (1891-1974)

1932

Discovered the neutron
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KEY TERMS
Alchemy A medieval endeavor concerned with turning

Proton A positively charged subatomic particle of the

other metals to gold.

atomic nucleus.

Scientific law Any scientific hypothesis that has been

Atomic number A count of the number of protons in

tested over and over again and has not been
contradicted. Also known as a scientific principle.

the atomic nucleus.

A law stating that there is
no detectable change in the amount of mass present
before and after a chemical reaction.
Law of mass conservation

A law stating that
elements combine in definite mass ratios to form
compounds.

Law of definite proportions

Cathode ray tube A device that emits a beam of

electrons.
Electron An extremely small, negatively charged

subatomic particle found outside the atomic nucleus.
Atomic nucleus The dense, positively charged center

of every atom.

I CHAPTER

An electrically neutral subatomic particle of
the atomic nucleus.

Neutron

Any subatomic particle found in the atomic
nucleus. Another name for either a proton or neutron.

Nucleon

Isotope Any member of a set of atoms of the same

element whose nuclei contain the same number of
protons but different numbers of neutrons.
Mass number The number of nucleons (protons and

neutrons) in the atomic nucleus. Used primarily to
identify isotopes.
Atomic mass The mass of an element's atoms listed in

the periodic table as an average value based on the
relative abundance of the element's isotopes.

HIGHLIGHTS

CHEMISTRY
DEVELOPED
IN MATERIALS

OUT OF OUR INTEREST

1. In what ways was Aristotle's erroneous model of matter a remarkable achievement?
2. According to Aristotle's model, how is clay converted
to ceramic?

10. According to Dalton, how do the atoms of different
elements differ from one another?
11. What was Dalton's proposed formula for water?
12. In what volume ratio do hydrogen gas and oxygen
gas react to form water?

3. How did chemistry benefit from alchemy?

13. When was Avogadro's hypothesis finally accepted
by the scientific community?

LAVOISIER
LAID THE FOUNDATION
MODERN CHEMISTRY

14. What observation led Mendeleev to develop his
early version of the periodic table?

OF

4. How did Lavoisier define an element and a chemical
compound?
5. Why did Lavoisier's mass-conservation law escape
earlier investigators?
6. Who named the element oxygen?

THE ELECTRON WAS THE FIRST
PARTIClE
DISCOVER
D

SUBATOMIC

15. What is a cathode ray?

7. What is the meaning of the word hydrogen?

16. Why is a cathode ray deflected by a nearby electric
charge or magnet?

DALTON DEDUCED
OF ATOMS

17. What did Thomson discover about the
electron?

THAT

MATTER

IS MADE

8. How did Dalton define an element?
9. Which of Dalton's five postulates accounts for
Lavoisier's mass-conservation principle?

18. Why couldn't Thomson calculate the mass of the
electron?
19. What did Millikan discover about the electron?
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25. Compare the electric charge on the proton with the
electric charge on the electron.

IS CONCENTRATED

20. What did Rutherford discover about the atom?

26. What is the definition of atomic number?

21. What was the fate of the vast majority of alpha par-

27. What role does atomic number play in the periodic
table?

ticles in Rutherford's gold-foil experiment?
22. To Rutherford's surprise, what was the fate of a tiny
fraction of alpha particles in the gold-foil experiment?
23. What kind offorce prevents atoms from squishing
into one another?
THE
AND

ATOMIC
NUClEUS
NEUTRONS

IS MADE

OF PROTONS

28. Name two nucleons.
29. Distinguish between atomic number and mass
number.
30. Distinguish between mass number and atomic
mass.

24. A proton is how much more massive than an
electron?

I CONCEPT

BUILDING

•

BEGINNER

•

31 .• A cat strolls across your backyard. An hour later,
a dog with its nose to the ground follows the trail of the
cat. Explain what is going on from a molecular point of
View.

32 .• If all the molecules of a body remained part of
that body, would the body have any odor?
33 .• Which are older, the atoms in the body of an
elderly person or those in the body of a baby?
34 .• Where did the atoms that make up a newborn
baby originate?
35 .• In what sense can you truthfully say that you are
a part of every person around you?
36 .• Considering how small atoms are, what are the
chances that at least one of the atoms exhaled in your
first breath will be in your last breath?
37 .• Use Aristotle's model of matter to explain how a
puddle of water disappears to dryness on a sunny day.
38 .• Use Aristotle's model of matter to explain how
a puddle of water disappears to dryness on a cloudy
day.
39 .• Use Aristotle's model of matter to explain why
the air over a flame is always moist.
40 .• Use Aristotle's model of matter to explain how
50.0 mL of water and 50.0 mL of alcohol combine to
form 98.0 mL of mixture.

41.• When a concentrated acid and fresh water, both
at room temperature, are mixed together, the result is a

INTERMEDIATE

•

EXPERT

solution that is very hot. Explain why using Aristotle's
model of matter.
42 .• If pure baking soda is heated to great temperatures it transforms into a gas plus a lighter but very
alkaline solid. Does this suggest that baking soda is an
element or a compound?
43 .• From the previous exercise, can you conclude
that the gas arising from the heated baking soda is an
element or compound?
44 .•

Which star in the sky outshines all the others?

45 .• Describe how Lavoisier used the scientific
approach (observation, questions, hypothesis, predictions, tests, theory) in his development of the principle
of mass conservation.
46 .• Lavoisier heated a piece of tin on a floating block
of wood covered by a glass jar. As the tin decomposed,
the water level inside the jar rose. How did Lavoisier
explain this result?
47 .• Lavoisier's and Priestley's experiments with gases
depicted in Figures 3.5 and 3.6 can be represented as
shown below. In which direction is Lavoisier's experiment best represented? How about Priestley's?

co

Cb

CO

)0-

••

CD
00

0

B
00000
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48 .• What is wrong with the following depiction of a
chemical reaction?
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60 .• Proust noted that oxygen and hydrogen react in
an 8: 1 ratio, whereas Gay- Lussac noted that they react
in a 1:2 ratio. Who was right? Defend your answer.
61 .• Two of the substances in exercise 59 are elements
and two are compounds. Which are which?

49 .• A friend argues that if mass were really conserved, he would never need to refill his gas tank. What
explanation do you offer your friend.
50 .• Steel wool wetted with vinegar is sealed within a
balloon inflated with air. After several hours, what happens to the volume of the balloon?
51 .• Steel wool wetted with vinegar is stuffed into a
narrow-mouth round glass bottle. A rubber balloon is
then sealed over the mouth of the bottle. After several
hours, the balloon is inflated into the bottle in an
inverted manner. Explain.

62 .• The following diagram depicts the reaction
between gaseous oxygen, 02' and gaseous hydrogen, H2,
to form water vapor, H20. What symbols and how
many of them should be drawn in the empty box? How
many grams of water are formed under these conditions?
How many grams of which chemical remain unreacted?

°2
,~~Q)

e

0000

df..~
/.~

8

+

c9

16 grams

1 gram

52 .• A sample of iron weighs more after it rusts.
Why?
53 .• Five containers and five lids can combine to produce how many covered containers? How about five
containers and seven lids? How about seven containers
and three lids?
54 .• What is the numeric ratio by which containers
and lids of the previous exercise combine?
55 .• If each container of the previous two exercises
weighs 14 grams and each lid weighs 3 grams, how
many covered containers can be formed by combining
42 grams of containers with 42 grams oflids? What is
the combined mass of these covered containers?
56 .• How did Dalton explain the fact that elements
combine in whole-number ratios to form chemical
compounds?

+

59 .• Substances A and B combine to make substance C. Substances C and B combine to make substance D. Place the letter of each substance next to the
symbol that best describes its atomic or molecular
structure:

grams?

63 .• How did Avogadro account for Dalton's observation that a given volume of oxygen gas has more mass
than an equal volume of water vapor?
64 .• If all atoms had the same mass, and 8 grams of
oxygen still reacted with 1 gram of hydrogen, what
would be the formula for water?
65 .• The following diagrams depict the reaction
between gaseous chlorine, C12, and gaseous hydrogen,
H2, to form gaseous hydrogen chloride, HC!. What
should be drawn in the empty boxes? Specify the quantities beneath each box.

57 .• How many grams of water can be formed from
the reaction between 10 grams of oxygen and 1 gram of
hydrogen?
58 .• According to Proust, why is only 9 grams of
water formed when 10 grams of oxygen reacts with
1 gram ofhydrogen?

__

_~grams?

+

71 grams

2 grams

Het
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I
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grams?
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How much heavier are chlorine atoms compared to
hydrogen atoms?

71 grams

72 .• A liter of oxygen gas is found to have a mass of
1.429 grams. A liter of hydrogen gas under rhe same
conditions is found to have a mass of 0.0900 gram.
How much heavier are oxygen atoms compared to
hydrogen atoms?

1 gram

Hel

__;Q.C!?

(~....-.....
(1
+[)

OJQ,J

I~?

I/tb
L
__

CD

_

__

grams?

grams?

66 .• Gas A is composed of diatomic molecules (two
atoms per molecule) of a pure element. Gas B is composed of triatomic molecules (three atoms per molecule) of another pure element. A volume of gas B is
found to be three times more massive than an equal
volume of gas A. How does the mass of an atom of gas
B compare with the mass of an atom of gas A?
Gas A

;.~
Gas B

~

_._.

~~~~V

Three times
heavier than gas A

67 .• Nitrogen and hydrogen react in a 1:3 ratio by
volume. Assuming nitrogen and hydrogen are
rnonoarornic, how many liters of ammonia, NH3,
should be formed from the reaction of 1 L of nitrogen,
N, with 3 L of hydrogen, H?
68 .• Nitrogen and hydrogen react in a 1:3 ratio by
volume. Assuming nitrogen and hydrogen are
diatomic, how many lirers of ammonia, NH3, should
be formed from the reaction of 1 L of nitrogen, N 2'
with 3 L of hydrogen, H/
69 .• How did Avogadro account for the formation of
two volumes of water from two volumes of hydrogen
and one volume of oxygen?
70 .• Gasoline contains only hydrogen and carbon
atoms. Yet nitrogen oxide and nitrogen dioxide are produced when gasoline burns. What is the source of the
nitrogen and oxygen atoms?
71 .• A liter of chlorine gas is found to have a mass of
3.165 grams. Aliter of hydrogen gas under the same
conditions is found to have a mass of 0.0900 gram.

73 .• Max Planck, a famous physicist of the early
20th century, is quoted as saying, "A new scientific
truth does not triumph by convincing its opponents
and making them see the light, but rather because its
opponents eventually die and a new generation grows
up." Cite a case where this statement applies to the
development of modern chemistry.
74 .• How might Planck's statement apply to politics
or religion?
75 .• Of all the investigators presented in this chapter,
who was the youngest at the time of his discovery
besides Democritus and Aristotle? (See Table 3.2.)
76 .• Why is it important for a chemist to know the
relative masses of atoms? Why do we refer to relative
masses rather than absolute masses?
77 .• If the particles of a cathode ray had a greater
electric charge, would the ray be bent more or less in a
magnetic field?
78 .• If the particles of a cathode ray had a greater
mass, would the ray be bent more or less in a magnetic
field?
79 .• A I-ounce Ping-Pong ball is pushed upwards by
a fan so that the Ping-Pong ball hovers, neither rising
nor falling. What is the force of the wind on the PingPong ball in units of ounces?
80 .• A 5-ounce magnetic marble is pushed upwards
by a powerful fan so that the marble hovers, neither rising nor falling. What is the force of the wind on the
magnetic marble?
81 .• Thousands of magnetic marbles are thrown into
a vertically oriented wind tunnel. As they are thrown,
no marbles are free from other marbles. Instead, they
clump together in groups of varying numbers. The
wind tunnel operator is able to control the upward
force of the wind so as to make clumps of marbles
hover. She records the various forces of wind required
to maintain hovering clumps in units of ounces: 45, 30,
60,75, 105,35,80,55,90,20,65.
From this data,
what might be the weight of a single magnetic marble?
The single marble is analogous to what within Millikan's experiment? What is the force of the wind analogous to?
82 .• Why did Rutherford assume that the atomic
nucleus was positively charged?
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83 .• Why does the ray oflight in a neon sign bend
when a magnet is held up to it?

91. • Which has more atoms: a I-gram sample of
carbon-12 or a I-gram sample of carbon-13? Explain.

84 .• How does Rutherford's model of the atom
explain why some of the alpha particles directed at the
gold foil were deflected straight back toward the source?

92 .• Why are the atomic masses listed in the periodic
table not whole numbers?

85 .• Which of the following diagrams best represents
the size of the atomic nucleus relative to the size of the
atom:

93 .• Which contributes more to an atom's mass: electrons or protons? Which contributes more to an atom's
size?
94 .• What is the approximate mass of an oxygen
atom in atomic mass units? What is the approximate
mass of two oxgyen atoms? How about an oxygen
molecule?

rO\~
~~G~

95 .• What is the approximate mass of a carbon atom
in atomic mass units? How about a carbon dioxide
molecule?

86 .• If two protons and two neutrons are removed
from the nucleus of an oxygen-16 atom, a nucleus of
which element remains?

96 .• What is the approximate mass of a hydrogen atom
in atomic mass units? How about a water molecule?
97 .• When we breathe we inhale oxygen, 02' and
exhale carbon dioxide, CO2, plus water vapor, H20.
Which likely has more mass, the air that we inhale or
the same volume of air we exhale? Does breathing cause
you to lose or gain weight?

87 .• You could swallow a capsule of germanium, Ge
(atomic number 32), without ill effects. If a proton
were added to each germanium nucleus, however, you
would not want to swallow the capsule. Why? (Consult
a periodic table of the elements.)

98 .• A tree takes in carbon dioxide, CO2, and water
vapor, H20, from the air while also releasing oxygen,
02' Does the tree lose or gain weight through the
process? Explain.

88 .• If an atom has 43 electrons, 56 neutrons, and
43 protons, what is its approximate atomic mass? What
is the name of this element?
89 .• The nucleus of an electrically neutral iron atom
contains 26 protons. How many electrons does this
iron atom have?

99 .• Does it make sense to say that this textbook is
about 99.9 percent empty space?
100 .• The atoms that compose your body are mostly
empty space, and structures such as the chair you're sitting on are composed of atoms that are also mostly
empty space. So why don't you fall through the chair?

90 .• Evidence for the existence of neutrons did not
come until many years after the discoveries of the electron and the proton. Give a possible explanation.
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BEGINNER

•

INTERMEDIATE

•

EXPERT
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101 .• Show how only 9 grams of water can be produced by the combination of 8 grams of oxygen and 8
grams of hydrogen.

are lithium-? and 7.42 percent are lithium-6, show
how the atomic mass of lithium, Li (atomic number 3)
is 6.94.

102 .• How many grams of water can be produced
from the combination of 25 grams of hydrogen and
225 grams of oxygen? How much of which element
will be left over?

104 .• The element bromine, Br (atomic number 35),
has two major isotopes of similar abundance, both
around 50 percent. The atomic mass of bromine is
reported in the periodic table as 79.904 atomic mass
units. Choose the most likely set of mass numbers for
these two bromine isotopes: (a) 8°Br, 81Br; (b) 79Br,
8°Br; (c) 79Br,81Br.

103 .• The isotope lithium-? has a mass of7.0160
atomic mass units, and the isotope lithiurn-o has a mass
of6.0151 atomic mass units. Given the information
that 92.58 percent of all lithium atoms found in nature

102

I

I
I

CHAPTER

3

DISCOVERING

THE ATOM

AND

SUBATOMIC

~:~ANSWERS
TO
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CORNERS

I
FINDING
OUT HOW MUCH
OF A CHEMICAL
REACTS

1. The fact that 14 grams of nitrogen reacts fully
with 3 grams of hydrogen gives you two conversion
factors:

14 g ni trogen

14 g nitrogen

COLLECTING

Use the second conversion factor to convert the
7.0 grams of nitrogen to grams of hydrogen:
.
3.0 g hydrogen
7.0 g)Jl-t·mgen X
.
14 jiJ1J.trogen

=

1.5 g hydrogen

(SeeAppendix B for why 3.0 g is used rather than 3 g.)
From the preceding answer, you know that 7.0 grams
of nitrogen reacts with 1.5 grams of hydrogen to form
7.0 grams + 1.5 grams = 8.5 grams of ammonia. If 6.0
grams of hydrogen is mixed with 7.0 grams of nitrogen,
only 1.5 grams of that 6.0 grams reacts, so still only
8.5 grams of ammonia is formed. A total of 6.0 grams1.5 grams = 4.5 grams of hydrogen remains unreacted.
2.

CALCULATING

ATOMIC

MASS

Contributing
Mass
Fraction of
Abundance
Mass (amu)

of

Mass

of

37C

0.2447

34.97
26.41

atomic mass

AIR

Contributing

35C

0.7553
X

initial water level inside the inverted jar. When the
water stops rising, divide the water height inside the
inverted jar by the height of the air that was initially
inside the jar. The fraction you obtain gives a rough
estimate of the percentage of air removed from the jar,
which corresponds to the percentage of oxygen in the
atmosphere. How close do you come to the accepted
value of 21 percent?
You might also make a graph plotting the water height
in the inverted jar at successive 10-minute intervals.
Why does the graph gradually level off? What effect
does the volume of the steel wool have on your data?

3 g hydrogen

and

3 g hydrogen

PARTICLES

X

=

26.41

+

9.04

Don't restrict yourself to the setup given in this handson activity. Improvise with available household items,
and you may well devise a more successful way of collecting the carbon dioxide. Consider, for example,
using either rubber tubing or a drinking straw to connect the CO2 source to the inverted bottle. You can
shape one end of the tubing into a J shape by inserting
a straightened paper clip into the tubing and then
bending the clip until the tubing end remains curved.
Then slip the curved end into the inverted bottle.
In this activity, always be wary of the pressure that
builds up when baking soda and vinegar are mixed in a
closed container.
You can pour the carbon dioxide over the flame of a
birthday candle. As the carbon dioxide flows out of the
bottle, it falls onto the candle and extinguishes the
flame. (Don't tilt the bottle too far or some water will
pour out.) At times, you may see the motion of the carbon dioxide by the streaming of the smoke from the
extinguished candle. This is all evidence that carbon
dioxide is heavier than air.
BENDING

36.95
9.04
=

35.45

BUBBLES

ELECTRONS

If you can find one, a black-and-white television or
computer monitor shows this effect most vividly. On a
color screen, you'll see color changes in addition to the
distortions. Most televisions and monitors today are
equipped with automatic "degaussers" that alleviate distortion from the magnets in a nearby audio speaker or
even from Earth's magnetic field.
Are the distortions you see the same for both ends of
the magnet?

OUT

As the iron rusts, it absorbs oxygen molecules from the
air in the inverted jar. This allows the water to rise into
the jar. How far the water rises is a function of the
amount of oxygen removed. You can find out how
much oxygen was removed by rubber-banding a ruler
to the jar such that the zero mark on the ruler is at the

EXPLORING

FURTHER

jean-Pierre Poirer (translated by Rebecca Balinski),
Lavoisier: Chemist, Biologist, Economist. Philadelphia:
University of Pennsylvania Press, 1997.

EXPLORING

• An authoritative and detailed look at the lift and times of
thefather of modern chemistry. With an intriguing account
of the dynamics leading to his execution, this book explores
Lauoisiers lift not only as a chemist but as an accountant,
administrator, educator, and tax collector.

Hugh Salzburg, From Caveman to Chemist: Circumstances and Achievements. Washington, DC: American Chemical Society, 1991.
• An easy-to-read, informative, absorbing account of the history of chemistry.

www.woodrow.org/teacherslci/1992/
• A series of insightful biographies of historical figures in
chemistry, written byparticipants at the 1992 Institute on
the History of Chemistry and sponsored by the Woodrow
Wilson National Fellowship Foundation.

www.nano.gov
•

This website of the Chemical Heritage Foundation offers
many toolsfor discovering how the chemical and molecular
scienceshave changed the world in which we live.

www.jce.divched.org/JCEWWW/Features/eChemists/
index.html
•

This web page sponsored by the Journal of Chemical Education fiatures biographical snapshots offamous women
and minority chemists who have made important contributions through chemistry.

Home page fOr the Us. government-sponsored National
Nanotechnology Initiative (NNI).

www.foresight.org
•

Home page fOr the Foresight Institute, a nonprofit organization dedicated to helping prepare societyfor anticipated
advanced nanotechnologies.

http:// pubs.acs.orgl cenl coverstory/81481

8148counterpoint.html
IIIl

A point-counterpoint open-letter discussion between two
noted nanotechnologists, Nobel laureate Richard E. Smalley
and K Eric Drexler, chairman of the Foresight Institute.

http:// smalley.rice.edul
•

www.chemheritage.org
•

Home page for Richard E. Smalley, professor of chemistry,
physics, and astronomy at Rice University, where his discovery offullerenes won him the 1996 Nobel Prize in
Chemistry.

www.ConceptChem.com
•

VisitConceptChem.com
to registeryour Conceptual
Chemistry Alive! DVD-ROM. Registered users receivefree
technical support as well as accessto the authors answers to
the over 600 questions appearing within CCAlive!
Behind-the-scene photos as well as interesting information
about the cast, crew, and production of CCAlive! are also
available.

www.azonano.com
•

The on-line nanotechnology A to Z encyclopedia. This site
includes a search engine for finding recent and archived
articles relating to nanotechnology news.

www.nano.org.uk
•

Home page for the Institute of Nanotechnology, whose
mission is to organize international scientific events, con-

'03

[erences, and educational courses designed to encourage
academic, corporate, and governmental interest in
nanotechnology.

www.aip.org/history/electron/jjthomson.htm
• An in-depth presentation of the discovery of the electron by
j. j. Thomson.

FURTHER

:

"

~
~

the

hemistry

. place

DISCOVERING
THE ATOM
AND SUBATOMIC
PARTICLES

VisitThe Chemistry Place at:
www.aw-bc.com/chemplace

NANOTECHNOLOGY

T

•

he age of microtechnology was
ushered in some 60 years ago
with the invention of the solidstate transistor. Engineers were quick
to grasp the idea of integrating many
transistors together to create logic
boards that could perform calculations and run programs. The more
transistors they could squeeze into a
circuit, the more powerful the logic
board. The race thus began to
squeeze more and more transistors
together into tinier and tinier circuits. The scales achieved were in the
realm of the micron (10-6 meters),
thus the term microtechnology. Few
at the time of the transistor's invention realized the impact that
microtechnology would have on
society-from
personal computers,
to cell phones, to the Internet.
Today, we are at the beginnings of
a similar revolution. Technological
advances have recently brought us
past the realm of microns to the
realm of the nanometer (10-9
meters), which is the realm ofindividual atoms and molecules-a
realm where we have reached the
basic building blocks of matter. Technology that works on this scale is
called nanotechnology. No one knows
exactly how nanotechnology will
impact society, but people are quickly
coming to realize its vast potential,
which is likely much greater than
that of microtechnology.
Nanotechnology generally concerns the manipulations of objects
from 1to 100 nanometers (nm) in
scale. For perspective, a DNAmolecule is about 2.0 nm wide, and a
water molecule is only about 0.2 nm.
Like microtechnology, nanotechnology is interdisciplinary, requiring the

1°4

cooperative efforts of chemists, engineers, physicists, molecular biologists, and many others. Interestingly,
there are already many products on
the market that contain components
developed through nanotechnology.
These include sun screens, mirrors
that don't fog, dental bonding
agents, automotive catalytic converters, stain-free clothing, water filtration systems, the heads for computer
hard drives, and much more. Nanotechnology, however, is still in its
infancy and it will likely be decades
before its potential is fully realized.
Consider, for example, that personal
computers didn't blossom until the
1990s, some 40 years after the first
solid-state transistor. Most experts
agree, however, that the first big ben-

efits will arise in computer science
and medicine. For this essay, the spotlight is placed on computer science.
Applications of nanotechnology to
medicine are discussed more fully
in Chapters 13and 14,as well as in
the references given at the end of
Chapter 3Computer circuits are currently
made by projecting the image of a
circuit design onto a photosensitive
material, which captures the image
of the circuit much like photographic
paper captures a photo image (see
Chapter 11).Upon chemical treatments, the captured image of the circuit can be developed into an actual
circuit. To make the circuit supersmall, the design image is projected
onto the photosensitive material

using size-reducing lenses. This
process, known as photolithography,
works pretty well for creating circuit
structures down to about 500 nm.
Smaller structures are not practical
because the light used to project the
image can no longer be broug ht into
focus. These scales are smaller than
the wavelength of the light itself-in
other words, even the lig ht waves are
too big!
Alternatives to photolithography
are needed if we are to achieve
smaller circuits and, hence, more
powerful computers. The obvious
solution is nanotechnology, through
which circuits may be built atom by
atom. One of the pioneering tools
that will allow this to happen is the
scanning probe microscope. As discussed in Chapter 5, scanning probe
microscopes are not on ly able to produce images of individual atoms,
they allow the operator to move individual atoms into desired positions.
But a computer need not rely on
an integrated circuit of nanowires for
processing power. A wholly new
approach involves designing logic
boards in which molecules (not electric circuits) read, process, and write
information. One molecule that has
proved most promising for such
molecular computation is DNA,the
same molecule that holds our
genetic code. An advantage that
molecular computing has over conventional computing is that it can
run a massive number of calculations in parallel (at the same time).
Because of such fundamental differences, molecular computing may one
day outshine even the fastest of integrated circuits. Molecular computing, in turn, may then soon be
eclipsed by other novel approaches,
such as quantum or photon comput-

ing, also made possible by nanotechnology.
The ultimate expert on nanotechnology is nature. Living organisms,
for example, are complex systems of
interacting biomolecules all functioning within the realm ofnanometers.ln this sense, the living organism
is nature's nanomachine. We need
look no further than our own bodies
to find evidence of the feasibility and
power of nanotechnology. With
nature as our teacher we have much
to learn. Such knowledge will be particularly applicable to medicine. By
becoming nanotechnology experts
ourselves, we would be well
equipped to understand exact causes
of nearly any disease or disorder
(aging included) and empowered to
develop innovative cures.
What are the limits of nanotechnology? As a society, how will we deal
with the impending changes nanotechnology may bring? Consider the
possibilities. Wall paint that can
change color or be used to display
video. Smart dust that the military
could use to seek out and destroy an
enemy. Solar cells that capture sunlight so efficiently that they render
fossil fuels obsolete. Robots with so
much processing power that we begin
to wonder whether they experience
consciousness. Nanomachines that
can "photocopy" three-dimensional
objects, including living organisms.
Medicines that more than double the
average human life span. Stay tuned
for an exciting new revolution in
human capabilities.

How believable would our present technology be to someone living 200 years ago? How

believable might the technology
of 200 years in the future be to us
right now?
Was this your answer? Hindsight
is 20-20. It's always easy to look
back over time and see the progression of events that led to our
present state. Much more difficult
it is to think forward and project
possible scenarios. Perhaps the
future technology of 200 years
from now is just as un believable
to us as our present technology is
unbelievable to someone of 200
years ago
IN THE SPOTLIGHT
DISCUSSION
QU ESTlONS
1.

The famous zoth-century physicist
Richard Feynman noted that "the
laws of physics do not limit our ability to manipulate sing le atoms and
molecules."What does?

2.

A calculator is useful, but certain ly
not exciting. Why would someone
from 100 years ago vehemently disagree with this statement? We often
marvel at a new technology, but
how long does this marveling last?
How soon before the technology
becomes assumed? Think of other
examples.

3- Microtechnology gave rise to billionaires. Might nanotechnology give
rise to trillionaires? Why or why not?
4. How might speculations about
potential dangers of nanotechnologythreaten public support for it?
Consider Michael Crichton's 2002
science fiction novel Prey, in which
self-replicating nanobots run amok,
turning everything they contact into
a graygoo.
5. Towhat extent should the government regulate or encourage the
development of nanotechnology?
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electricity in much the same
do. Water is heated

to create

steam that can be used to turn electricity-generating
bines. The fundamental

difference between

tur-

these two types

of power plants is the fuel used to heat the water. A fossil fuel
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Isthe Combining
of Atomic Nuclei

plant

burns

fossil fuel, such as coal or petroleum,

but a

nuclear plant, such as the one shown in this chapter's
ing photograph,

uses the heat created

open-

by nuclear fission to

heat the water.
The burning

offossil fuel is a chemical reaction, which, as

you recall from Section

2.1,

is a reaction that involves changes

in the way atoms are bonded and results in the formation
new materials.
mostly carbon

For fossil fuels, these
dioxide

and water

new materials

atoms to form new materials
atoms'

in a chemical

ability to share or exchange

more a function

Nuclear

fission,

electrons-the

by contrast,

nucleus.

is the
atomic

of an atom is

of its electrons than of its nucleus.
involves

which, as shown in the chapter-opening
the atomic

in

the ability of
reaction

nuclei are not directly involved. The chemistry
therefore

are

vapor. As we explore

future chapters, the only thing that determines

of

nuclear

reactions,

photograph,

involve

In this sense, the study of the atomic

nucleus is not a primary focus of chemistry.
Nuclear processes, however, havJ certainly impacted
ety and have raised many issues redarding
sources, and national
nucleus

soci-

our health, energy

security. At t~e same time, the atomic

is one of the most misunderstood

areas of science.

Public fears about anything

nuclear are much like the fears

people had about electricity

a century ago. Since that time,

however, society has determined

that the benefits of electric-

ity outweig h the risks. Today, we are making similar decisions
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about the risks and benefits of nuclear technology. In order that we make
the best possible decisions, everyone should have an adequate understanding of the atomic nucleus and its processes. So,as part of our study
of the atom, we briefly turn to the atomic nucleus and the related concept
of radioactivity. We shall then be ready to revisit the nucleus in Chapter 19
when we study energy sources.

•
• 4.1

The Cathode Ray led to the Discovery
of Radioactivity

n 1896, the German physicist Wilhelm Roentgen (1845-1923) discovered
a "new kind of ray" emanating from a point where cathode rays hit the glass
surface of a high-voltage cathode ray tube. (Recall from Chapter 3 that a cathode ray is a beam of electrons.) Unlike cathode rays, these new rays were not
deflected by either an electric field or a magnetic field. Furthermore, they could
pass through opaque materials.
Roentgen discovered this latter property when he let the rays fall on a photographic plate wrapped in black paper thick enough to keep all visible light from
falling on the plate. A photographic plate is coated with light-sensitive chemicals, and when light falls on the chemicals, the plate is said to have been exposed
to the light. Light is one form of radiation, as we shall learn in Chapter 5, and
Roentgen's rays are another form of radiation. Because the rays were able to pass
through the lightproof paper in which Roentgen's plate was wrapped, the rays
exposed the plate, as Figure 4.1 shows. Not able to deduce the nature of these
rays, Roentgen called them X rays.
A few months after Roentgen announced his discovery of X rays, the
French physicist Antoine Henri Becquerel (1852-1908) experimented to see
if they were emitted by phosphorescent substances-those
that glow in the
dark after being exposed to bright light. One substance that appeared to confirm the idea that phosphorescence resulted in X rays was uranium. When

FIGURE

4.1

X rays can pass through solid
materials. The denser a material,
however,the greater its ability to
block X rays. Bones, for example,
are more effectiveat blocking
X rays than is soft tissue. For this
reason, the region of the plate
lying below the bone parts of the
hand are less exposed than are the
regions lying below the tissue
parts. As a result, the shadow of
bones shows up clearlyon the

X rays

plate.
Photographic film enclosed
in lightproof holder

Exposed and developed
photographic film

4.1

Photographic film enclosed in lightproof
stored in total darkness
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paper and
Developed photographic

FIGURE

film

4.2

Becquerel noted that a piece of uranium left on a photographic plate wrapped in
opaque black paper exposed the plate even in the absence oflight. From this he

placed in the sunlight and on top of a photographic plate wrapped in dark
paper, uranium exposed the photographic plate much the way X rays from the
cathode ray tube did. When cloudy weather forced Becquerel to suspend his
research, he stored the uranium and a photographic plate together in a closed
drawer. Several days later on a whim, he thought to develop the plate, and to
his amazement, he saw something like what is shown in Figure 4.2-the plate
had been exposed to some sort of rays without sunlight or any other source of
energy. The rays must have originated from the uranium! Subsequent experiments revealed that these rays emanating from the uranium had nothing to do
with X rays or phosphorescence.
A couple of years later, one of Becquerel's students, Marie Sklodowska Curie
(1867-1934), shown in Figure 4.3, became keenly interested in this strange
form of radiation. She showed that the radiation was also emitted by several
other elements known at the time and suggested that it should be possible to
isolate yet undiscovered elements by studying any radiation they might be
emitting. Using chemical techniques, she and her husband, Pierre Curie

(b)

(a)

FIGURE

4.3

For their work on radioactivity, (a) Becquerel and (b) the Curies shared the 1903

Nobel Prizein Physics.

DISCOVERY

OF RADIOACTIVITY
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(1859-1906),
laboriously divided an 8-ton pile of uranium ore into fractions,
keeping those fractions giving off high levels of radiation and discarding the
rest. The Curies used the term radioactivity to describe the tendency of these
elements to emit radiation.
Ultimately,
they succeeded in isolating purified
samples of two new radioactive
elements. Marie named the first element
polonium after her native Poland and the second radium because of its intense
radioactivi ty.
THE THREE MAJOR PRODUCTS
AND GAMMA
RAYS

OF RADIOACTIVITY

ARE ALPHA,

BETA,

At about the time the Curies were isolating new radioactive elements, Ernest
Rutherford discovered that there are at least two major forms of radioactivity,
which he identified as alpha rays and beta rays. Alpha rays, he found, consist of
positively charged particles he called alpha particles. As discussed in Section 3.5,
these are the particles he used in his discovery of the atomic nucleus. An alpha
particle is a combination of two protons and two neutrons (in other words, it is
the nucleus of a helium atom, atomic number 2). Beta rays he found to be identical to cathode rays. A beta particle, therefore, is simply another name for an
electron ejected from a nucleus. Shortly after Rutherford had identified alpha
and beta rays, a third major form of radioactivity, gamma rays, was discovered
by other investigators. Unlike alpha and beta rays, gamma rays carry no electric
charge and have no mass. Instead, they are an extremely energetic form of nonvisible light. As is shown in Figure 4.4, the three major types of radiation given

Alphaparticle = helium nucleus
(+ 2 electriccharge)

Gamma ray = ultrahigh-energy
nonvisiblelight
(no electriccharge)

Beta particle = electron
(-1 electric charge)
Radiumsample

FIGURE

Leadblock

4.4

The three most common forms of radiation coming from a radioactive substance are
called by the first three letters of the Greek alphabet, (X, {3, y-alpha, beta, and
gamma. In a magnetic field, alpha rays bend one way, beta rays bend the other way,
and gamma rays do not bend at all. Note that the alpha rays bend less than do the
beta rays. This happens because the alpha particles have more inertia (because they
have more mass) than the beta particles. The source of all three radiations is a
radioactive material placed at the bottom of a hole drilled in a lead block.

4.1
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off by radioactive materials can be separated by putting a magnetic field across
their paths.
Alpha particles do not easily penetrate solid material because of their relatively large size and their double positive charge (+2). Because of their great
kinetic energies, however, alpha particles can cause significant damage to the
surface of a material, especially living tissue. As they travel through air, even
through distances as short as a few centimeters, alpha particles pick up electrons,
slow down, and become harmless helium. Almost all Earth's helium atoms,
including those in a helium balloon, were once energetic alpha particles ejected
from radioactive elements.
Beta particles are normally faster than alpha particles and not as easy to stop.
For this reason, they are able to penetrate light materials such as paper and
clothing. They can penetrate fairly deeply into skin, where they have the potential for harming or killing cells. They are not able to penetrate deeply into denser
materials, however, such as aluminum. Beta particles, once stopped, become
part of the material they are in, like any other electron.
Like visible light, a gamma ray is pure energy. The amount of energy in a
gamma ray is much greater than the amount of energy in visible light. Because
they have no mass or electric charge and because of their high energies, gamma
rays are able to penetrate through most materials. However, they cannot penetrate unusually dense materials such as lead, which absorbs them. The delicate
molecules in body cells exposed to gamma rays suffer structural damage. Hence,
gamma rays are generally more harmful to us than alpha or beta rays.
Figure 4.5 shows the relative penetrating power of the three types of radiation, and Figure 4.6 shows an interesting practical use for gamma radiation.

FIGURE

4.6

The shelf life of fresh strawberries and other perishables is markedly increased
when the food is subjected to gamma rays from a radioactive source. The strawberries on the right were treated with gamma radiation, which kills the microorganisms
that normally lead to spoilage.The food is only a receiverof radiation and is in no
way transformed to an emitter of radiation, as can be confirmed with a radiation
detector.
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Paper

Aluminum

4.5

Alpha particles are the leastpenetrating form of radiation and
can be stopped by a sheet of
paper. Beta particles readilypass
through paper but not through a
sheet of aluminum. Gamma rays
penetrate severalcentimeters into
solid lead.
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CK
Natural
background
(cosmic rays,
Earth minerals) 81%

Medicine and
diagnostics 15%
Consumer products
(television sets,
smoke detectors) 4%

Pretend you are given three radioactive rocks-one an alpha emitter, one a
beta emitter, and one a gamma emitter. You can throw one away, but of the
remaining two, you must hold one in your hand and place the other in your
pocket. What can you do to minimize your exposure to radiation?
Was this your answer? Ideally you should get as far from all the rocks as
possible. Ifyou must hold one and put one in your pocket, however, hold the
alpha emitter because the skin on your hand will shield you. Put the beta
emitter in your pocket because its rays mig ht be stopped by the com bined
thickness of clothing and skin. Throwaway the gamma emitter because its
rays would penetrate deep into your body from either of these places.

• 4.2
FIGURE

Origins of radiation exposure for
an averageindividual in the
United States.

•
• The deeper you go below Earth's
surface, the hotter it gets At a
mere depth of 30 kilometers the
temperature is over 500°C. At
greater depths it is so hot that
rock melts into magma, which
can rise to Earth's surface to
escape as lava. Superheated subterranean water can escape violently to form geysers or more
gently to form a soothing natural
hot spring. The main reason it
gets hotter down below is
because Earth contains an abundance ofradioactive isotopes and
the Earth is heated as it absorbs
the radiation from these isotopes. So,volcanos, geysers, and
hot springs are all powered by
radioactivity Even the drifting of
continents is a consequence of
Earth's internal radioactivity And
get this: in 1972 it was discovered
that Earth also once contained
nuclear reactors that operated
much like today's nuclear power
plants. These natural reactors
occurring within uranium
deposits went extinct about
1.] billion years ago, but they confirm that power from atomic
nuclei is as old as Earth itself.
MORE

TO

Radioactivity Is a Natural Phenomenon

4.7

EXPLORE,

www.ocrwm.doe.gov!factsheets!
doeyrnpooi o.shtm 1

-fl,

"it

common misconception is that radioactivity is new in the environment, but
has been around far longer than the human race. It is as much a part of our
environment as the sun and the rain. It has always occurred in the soil we walk on
and in the air we breathe, and it warms the interior of Earth and makes it molten.
The energy released by radioactive substances in Earth's interior heats the water
that spurts from a geyser and the water that wells up from a natural hot spring.
As Figure 4.7 shows, most of the radiation we encounter is natural background radiation that originates in Earth and in space and was present long
before we humans got here. Even the clean est air we breathe is somewhat
radioactive as a result of bombardment by cosmic rays. At sea level, the protective blanket of the atmosphere reduces background radiation, but at higher altitudes radiation is more intense. In Denver, the "Mile-High City," a person
receives more than twice as much radiation from cosmic rays as at sea level. A
couple of round-trip flights between New York and San Francisco exposes us to
as much radiation as we receive in a chest X ray at the doctor's office. The air
time of airline personnel is limited because of this extra radiation.
Cells are able to repair most kinds of molecular damage caused by radiation if
the damage is not too severe. A cell can survive an otherwise lethal dose of radiation if the dose is spread over a long period of time to allow intervals for healing. When radiation is sufficient to kill cells, the dead cells can be replaced by
new ones. Sometimes radiation alters the genetic information of a cell by damaging its DNA molecules (see Section 13.5). New cells arising from the damaged cell retain the altered genetic information, which is called a mutation.
Usually the effects of a mutation are insignificant, but occasionally the mutation
results in cells that do not function as well as unaffected ones, sometimes leading
to a cancer. If the damaged DNA is in an individual's reproductive cells, the
genetic code of the individual's offspring may retain the mutation.
REMS ARE UNITS

OF RADIATION

We measure the ability of radiation to cause harm in rems. Lethal doses of radiation begin at 500 rems. A person has about a 50 percent chance of surviving a
dose of this magnitude received over a short period of time. During radiation
therapy, a patient may receive localized doses in excess of 200 rems each day for
a period of weeks (Figure 4.8).
All the radiation we receive from natural sources and medical procedures is only
a fraction of 1 rem. For convenience, the smaller unit miLLirem is used, where 1 millirem (mrern) is 1!l 000 of a rem. The average person in the United States is
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4.8

Nuclear radiation is focused on
harmful tissue, such as a cancerous tumor, to selectively kill or
shrink the tissue in a technique
known as radiation therapy. This
application of nuclear radiation
has saved millions of lives-a
clear-cut example of the benefits
of nuclear technology. The inset
shows the international symbol
indicating an area where radioactive material is being handled or
produced.
exposed to about 360 millirems a year, as Table 4.1 indicates. About 80 percent of
this radiation comes from natural sources, such as cosmic rays (radiation from our
sun as well as other stars) and the Earth. A typical diagnostic X ray exposes a person
to between 5 and 30 millirems (0.005 and 0.030 rem), less than 1/10,000 of the
lethal dose. Interestingly, the human body is a significant source of natural radiation, primarily from the potassium we ingest. Our bodies contain about 2 kilograms of potassium. Of this quantity, about 20 milligrams is the radioactive isotope
potassium-40,
a beta-ray emitter. In a human body, about 60,000 potassium-40
atoms emit pulses of radioactivity in the time it takes the heart to beat once.
The leading source of naturally occurring radiation, however, is radon-222, an
inert gas arising from uranium deposits. Radon is heavier than air and therefore
tends to accumulate in basements after it seeps up through cracks in the floor. Levels of radon vary from region to region, depending on local geology. You can check
the radon level in your home with a radon detection kit like the one shown in Figure
4.9. Iflevels are abnormally high, corrective measures, such as sealing the basement
floor and walls and maintaining adequate ventilation, are recommended. The
Environmental
Protection Agency projects that anywhere from 7000 to 30,000
cases oflung cancer each year are attributed to radon exposure. Smokers who inhale
the radon that occurs naturally in tobacco smoke are at particularly high risk.

u.s.

TABLE!

4.1

ANNUAL

RADIATION

EXPOSURE

Typical Amount
Received in 1 Year
(Millirems)

Source

Natural Origin

Cosmic radiation
Ground

26
33
198

Air (radon-zzz)

Human tissues (potassium-ao: radiurn-zzo)
Human Origin
Medical procedures
Diagnostic Xrays
Nuclear medicine
Television tubes, other consumer products
Weapons-test fallout
Source: U.S. Nuclear Regulatory

Commission

35

40
15
11

FIGURE

4.9

A commercially available radon
test kit for the home. The canister is unsealed in the area to be
sampled. Radon seeping into the
canister is adsorbed by activated
carbon within the canister. After
several days, the canister is
resealed and sent to a laboratory
that determines the radon level
by measuring the amount of
radiation emitted by the
adsorbed radon.
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aell live with radiation, It was
in our environment
well before
the discovery of the atom and
even before the first human civiliza-

RADIATION

tion. Recent technologies, however,
have increased our exposure, Use the
following worksheet to estimate your
annual exposure,

Annual
Source
1. Cosmic rays
Enter value for altitude oflocation where you live:
Sea level = 30 mrem
500 m (1650 ft) = 35 mrem
1000 m (3300 ft) = 40 mrem
2000 m (6600 ft) = 60 mrem
Airline travel: Hours you fly each year x 0,6 mrem
2, Ground
Enter value for location where you live:
Coastal state = 23 mrem
Rocky Mountain Plateau = go mrem
All other US regions = 46 mrem
3, Air (radon-zzz).
4, Food and water:
5, Building materials
(brick = 7 mrern: wood = 4 mrern: concrete = 8 mrem)
Your house
Your place of work
6, Medical and dental diagnostics
X rays = 20 mrem per visit
Gastrointestinal
X rays = 200 mrem per visit
Dental X rays = 10 mrem per visit
Radiation therapy (ask your radiologist)
T Fallout from nuclear weapons testing
8, If you live within 50 miles of a nuclear power plant,
add o.ooo mrem
g, If you live within 50 miles of a coal power plant,
add 0,03 mrem
Grand total

Exposure
~

mrem

__ 3_ mrem
~

mrem

~
~

mrem
mrem

__ 7 mrem
__ 7 mrem
mrem

1

mrem

o,oog

mrem

0,03
309

mrem
mrem

Data from the US Environmental Protection Agency and the National Council fOTRadiation
Protection. See the web page wwwepa.govlrpdweboo/students/calculate.html
fOTa more
detailed calculation.

About one-fifth of our annual exposure to radiation comes from nonnatural sources, primarily medical procedures. Television sets, fallout from
nuclear testing, and the coal and nuclear power industries are minor bur significant nonnarural sources. Interestingly, the coal industry far outranks the
nuclear power industry as a source of radiation. The global combustion of coal
annually releases into the atmosphere about 13,000 tons of radioactive thorium and uranium. Worldwide, the nuclear power industries generate about
10,000 tons of radioactive waste each year. Most of this waste is contained,
however, and is not released into the environment. As we explore in Chapter
19, where to bury this contained radioactive waste is a heated issue yet to be
resolved.
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Usage

Calciurn-ay

Used in the study of bone formation in mammals

Californium-zyz

Used to inspect airline luggage for explosives

Hydroqen-j

(tritium)

Used for life-science and drug-metabolism
ensure safety of potential new drugs

FIGURE

4.10

Tracking fertilizer uptake with a
radioactive isotope.

studies to

lodtne-rji

Used to diagnose and treat thyroid disorders

lridium-iqz

Used to test integrity of pipeline welds, boilers, and aircraft
parts

Thallium-201

Used in cardiology and for tumor detection

xenon-ijj

Used in lung-ventilation and blood-flow studies

NuclearRegulatoryCouncil

Radioactivitydetected in plant

ISOTOPES

Isotope

Source:

FOR MEDICAL

Radioactive Isotopes Are Useful as Tracers
and for Medicallmaging

adioactive isotopes can be incorporated
into molecules whose location can then be
traced by the radiation they emit. When used in
this way, radioactive isotopes are called tracers;
Figure 4.10 shows one use. To check the action
of a fertilizer, researchers incorporate radioactive
isotopes into the molecules of the fertilizer and
then apply the fertilizer to plants. The amount
taken up by the plants can be measured with
radiation detectors. From such measurements,
scientists can tell farmers how much fertilizer to
Fertilizerwith radioactive
use, because fertilizer uptake is a physical and
isotope applied to crop
chemical process that is not affected by the
radioactivity of the materials involved.
Tracers are also used in industry. Motor oil manufacturers
can quantify the
lubricating qualities of their products by running oil in engines containing small
but measurable amounts of radioactive isotopes. As the engine runs and the pistons rub against the inner chambers, some of the metal from the engine invariably makes its way into the motor oil, and this metal carries with it the
embedded radioactive isotopes. The better the lubricating qualities of a motor
oil, the fewer radioactive isotopes it will contain after running in the engine for
a given length of time.
In a technique known as medical imaging, tracers are used in medicine for the
diagnosis of internal disorders. Small amounts of a radioactive material, such as
sodium iodide, NaI, which contains the radioactive isotope iodine-131, are administered to a patient and traced through the body with a radiation detector. The result,
shown in Figure 4.11, is an image that shows how the material is distributed in the
body. This technique works because the path the tracer material takes is influenced
only by its physical and chemical properties, not by its radioactivity. The tracer may
be introduced alone or along with some other chemical, known as a carrier compound, that helps target the isotope to a particular type of tissue in the body.
Table 4.2 lists the uses of a number of radioactive isotopes.

TABLE

AND

FIGURE

4.11

The thyroid gland, located in the
neck, absorbs much of the iodine
that enters the body in food and
drink. This image of the gland
was obtained by giving a patient
the radioactive isotope iodine131. Such images are useful in
diagnosing metabolic disorders.
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Radioactivity Results from an Imbalance of Forces
in the Nucleus

~w

that electric charges of like sign repel one another. So how is it
~:~ble
that all the positively charged protons of the nucleus can stay
clumped together? This question led to the discovery of an attractive force called
the strong nuclear force, which acts between all nucleons. This force is very
strong but only over extremely short distances (about 10-15 meter, the diameter
of a typical atomic nucleus). Repulsive electrical interactions, on the other hand,
are relatively long-ranged. Figure 4.12 compares the strength of these two forces
over distance. For protons that are close together, as in a small atomic nucleus,
the attractive strong nuclear force easily overcomes the repulsive electric force.
For protons that are far apart, like those on opposite edges of a large nucleus, the
attractive strong nuclear force may be smaller than the repulsive electric force.
Because the strong nuclear force decreases over distance, a large nucleus is not
as stable as a small one, as shown in Figure 4.13. In other words, a large atomic
nucleus is more susceptible to falling apart and emitting either high-energy particles or gamma rays. This process is radioactivity, which, because it involves the
decay of the atomic nucleus, is sometimes also called radioactive decay.
Neutrons serve as "nuclear cement" holding the atomic nucleus together. Protons attract both other protons and neutrons by the strong nuclear force, but they
also repel other protons by the electric force. Neutrons, on the other hand, have
no electric charge and so only attract protons and other neutrons by the strong
nuclear force. The presence of neutrons therefore adds to the attraction among
nucleons and helps hold the nucleus together, as illustrated in Figure 4.14.
The more protons there are in a nucleus, the more neutrons are needed to
help balance the repulsive electric forces. For light elements, it is sufficient to
have about as many neutrons as protons. The most common isotope of carbon,
carbon-12, for instance, has six protons and six neutrons. For large nuclei, more
neutrons than protons are required. Remember that the strong nuclear force
diminishes rapidly with increasing distance between nucleons. Nucleons must
be practically touching in order for the strong nuclear force to be effective.
Nucleons on opposite sides of a large atomic nucleus are not as attracted to one
another. The electric force, however, does not diminish by much across the

W

nuclear force
(attractive)
Insignificant

Significant

Electric force
(repulsive)
Insignificant

Significant

Strong nuclear force
(attractive)
Insignificant

Significant

Electric force
(repulsive)
Insignificant

Significant

\\

(b)

(a)

FIGURE

4.12

(a) Two protons near each other experience both an attractive strong nuclear force
and a repulsive electric force. At this tiny separation distance, the strong nuclear force
overcomes the electric force, and as a result rhe protons stay close together. (b) When
the two protons are relatively far from each other, the electric force is more significant
than the strong nuclear force, and as a result the protons repulse each other. It is this
proton-proton repulsion in large atomic nuclei that causes radioactivity.
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(a) Nucleons close together

FIGURE

(b) Nucleons far apart

4.13

(a) All nucleons in a small atomic nucleus are close to one another; hence, they experience an attractive strong nuclear force. (b) Nucleons on opposite sides of a large
nucleus are not as close to one another, and so the attractive strong nuclear forces
holding them together are much weaker. The result is that the large nucleus is less
stable.

diameter
force. To
diameter
example,

of a large nucleus and so begins to win out over the strong nuclear
compensate for the weakening of the strong nuclear force across the
of the nucleus, large nuclei have more neutrons than protons. Lead, for
has about one-and-a-half
times as many neutrons as protons.

CK
Two protons in an atomic nucleus repel each other, but they are also
attracted to each other. Explain.
Was this your answer? Two protons in a nucleus repel each other by the
electric force, true, but they also attract each other by the strong nuclear
force. Both forces act simultaneously. So long as the attractive strong nuclear
force is more influential than the repulsive electric force, the protons remain
together. Under conditions where the electric force overcomes the strong
nuclear force, the protons fly apart.

All nucleons, both protons and
neutrons, attract one another by
the strong nuclear force.

FIGURE

Only protons repel one another
by the electric force.

4.14

The presence of neutrons helps hold the atomic nucleus together by increasing the
effect of the attractive strong nuclear force, represented by the single-headed arrows.
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(b)

(a)

FIGURE

4.15

(a) A neutron near a proton is
stable, but a neutron by itself
is unstable and decays to a proton by emitting an electron.
(b) Destabilized by an increase
in the number of protons, the
nucleus begins to shed fragments,
such as alpha particles.

Neutrons are stabilizing, and large nuclei require an abundance
of them.
Neutrons, however, are not always successful in keeping a nucleus intact, for
two reasons. First, neutrons are not stable when they are by themselves. A lone
neutron will spontaneously
transform to a proton and an electron, as shown
in Figure 4.15a. A neutron seems to need protons around to keep this from
happening.
After the size of a nucleus reaches a certain point, there are so
many more neutrons than protons that there are not enough protons in the
mix to prevent the neutrons
from turning into protons. As neutrons
in a
nucleus change to protons, the stability of the nucleus decreases because the
repulsive electric force becomes more and more significant. The result is that
pieces of the nucleus fragment away in the form of radiation, as Figure 4.15b
shows.
The second reason the stabilizing effect of neutrons is limited is that any proton in the nucleus is attracted by the strong nuclear force only to adjacent protons but is electrically repelled by all other protons in the nucleus. As more and
more protons are squeezed into the nucleus, the repulsive electric forces increase
substantially. For example, each of the two protons in a helium nucleus feels the
repulsive effect of the other. Each proton in a nucleus containing 84 protons,
however, feels the repulsive effects of 83 protons! The attractive nuclear force
exerted by each neutron, however, extends only to its immediate neighbors. The
size of the atomic nucleus is therefore limited. This in turn limits the number of
possible elements in the periodic table. It is for this reason that all nuclei having
more than 83 protons are radioactive. Also, the nuclei of the heaviest elements
produced in the laboratory are so unstable (radioactive) that they exist for only
fractions of a second.

Which is more sensitive to distance: the strong nuclear force or the electric
force?
Was this your answer? The strong nuclear force weakens rapidly over relatively short distances, but the electric force remains powerful over such
distances.
Small nuclei also have the potential for being radioactive. This generally
occurs when a nucleus contains more neutrons than protons. The nucleus of
carbon-14, for example, contains eight neutrons but only six protons. With not
enough protons to go around, one of the neutrons inevitably transforms to a
proton, releasing an electron (beta radiation) in the process.

4.5
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ELEMENT
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A Radioactive Element Can Transmute
to a Different Element

radioactive nucleus emits an alpha or beta particle, the identity
~~~h~ nucleus is changed because there is a change in atomic number.
The changing of one element to another is called transmutation. Consider a
uranium-238 nucleus, which contains 92 protons and 146 neutrons. When an
alpha particle is ejected, the nucleus loses 2 protons and 2 neutrons. Because
an element is defined by the number of protons in its nucleus, the 90 protons
and 144 neutrons left behind are no longer identified as being uranium. What
we have now is a nucleus of a different element-thorium.
This transmutation can be written as a nuclear equation:

W
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0
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)

146 (f1
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92

144
234
90
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0:11
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This equation shows that 2~~U transmutes to the two elements written to the
right of the arrow. When this transmutation happens, energy is released,
partly in the form of gamma radiation and partly in the form of kinetic
energy in the alpha particle (1He) and the thorium atom. In this and all other
nuclear equations, the mass numbers balance (238 = 234 + 4) and the atomic
numbers also balance (92 = 90 + 2).
Thorium-234 is also radioactive. When it decays, it emits a beta particle.
Recall that a beta particle is an electron emitted by a neutron as the neutron
transforms to a proton. So with thorium, which has 90 protons, beta emission
leaves the nucleus with one fewer neutron and one more proton. The new
nucleus has 91 protons and is no longer thorium; now it is the element protactinium. Although the atomic number has increased by 1 in this process, the
mass number (protons + neutrons) remains the same. The nuclear equation is

+

9°0

0

0

91

144 .,",

143 ""

2~6Th

2~iPa

J

+ le

We write an electron as e. The superscript 0 indicates that the electron's mass
is insignificant relative to that of protons and neutrons. The subscript -1 is the
electric charge of the electron.
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4.16

u

238

Uranium-238 decays to lead-206
through a series of alpha (blue)
and beta (red) decays.
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So we see that when an element ejects an alpha particle from its nucleus, the
mass number of the remaining atom is decreased by 4 and its atomic number is
decreased by 2. The resulting atom is an atom of the element two spaces back in
the periodic table because this atom has two fewer protons. When an element
ejects a beta particle from its nucleus, the mass of the atom is practically unaffected, meaning there is no change in mass number, but its atomic number
increases by 1. The resulting atom is an atom of the element one place forward
in the periodic table because it has one more proton.
The decay of 2~~U to 2~~Pb, an isotope of lead, is shown in Figure 4.16.
Each blue arrow shows an alpha decay, and each red arrow shows a beta decay.

1.

Complete the nuclear reactions (a) 2~~Ra--7 ~? + ~e and

g

(b) 2 gpo --7 2~~Pb + ~?
2.

What finally becomes of all the uranium that undergoes
decay?

radioactive

Were these your answers?
1. (a) 2~~Ra--7 2~~At+ ~e; and (b) 2~~pO --7 2~~Pb+ ~He.
2. All uranium ultimately becomes lead. On the way, it exists as the elements shown in Figure 4.16.

• 4.6

The Shorter the Half-Life, the Greater
the Radioactivity

he rate of decay of a radioactive isotope is measured in terms of a characteristic time called the half-life. This is the time it takes for half of the

4.6

THE

SHORTER

THE

HALF-LIFE,

THE

material in a radioactive sample to decay. For example, Figure 4.17 shows that
radium-226
has a half-life of 1620 years. This means that half of a sample of
radium has decayed to other elements by the end of 1620 years. In the next 1620
years, half of the remaining radium decays, leaving only one-fourth the original
amount.
Half-lives are remarkably constant and not affected by external conditions .
Some radioactive isotopes have half-lives that are less than a millionth of a second, while others have half-lives of more than a billion years. For example, uranium-238 has a half-life of 4.5 billion years, which means that in 4.5 billion
years, half the uranium in Earth today will be lead.
It is not necessary to wait through the duration of a half-life in order to measure it. The half-life of an element can be accurately estimated by measuring the
rate of decay of a known quantity of the element. This is easily done using a
radiation detector. In general, the shorter the half-life of a substance, the faster it
disintegrates
and the more radioactivity
per minute is detected. Figure 4.18
shows a Geiger counter being used by environmental
workers.

CK
Ifyou have a sample of a radioactive isotope that has a half-life of one
day, how much of the original sample is left at the end of the second day?
The third day?
2. What becomes of the atoms of the sample that decay?
3. With equal quantities of material, which gives a higher counting rate on
a radiation detector, radioactive material that has a short half-life or
radioactive material that has a long half-life?

1.

FIGURE

4.18

A Geiger counter detects incoming radiation by the way the radiation affects a gas
enclosed in the tube that the technician is holding in his right hand.
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Radium-226 has a half-life of
1620 years, meaning that every
1620 years the amount of radium
decreases by half as the radium
transmutes to other elements.
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Were these your answers?
1. At the end of two days, one-fourth of the original sample is left-c-one-half
disappears by the end of the first day, and one-half of that one-half
x =
disappears by the end of the second day. At the end of three
days, one-eiqhth of the original sample is left.
2. The atoms that decay are now atoms of a different element.
3. The material with the shorter half-life is more active and so gives a hig her
counting rate.

(X X Xl

RADIOACTIVE PAPER CLIPS

can simulate radioactive
decay with a bunch of paper clips
representing atoms of a radioac ~
tive element. The "atoms" are thrown
onto a flat surface. The ones that land
in a certain orientation are imagined
to have decayed and so are now
atoms of a different element.
Decayed atoms are removed from the
pile and not used for successive
throws. This process is continued
until all the atoms have decayed.

Y

OU

WHAT YOU NEED
At least
pencil

20

metal paper dips, paper,

PROCEDURE
1.

2.

Unfold the two loops of each clip
by go degrees so that the loops
are at right angles to each other.
Pull the end of the larger loop out ~
ward by go degrees to form a
structure that looks like the drawing at right.
The orientation drawn on the
top we'll call the leq-up orientation. Rotate the upward-pointinq
"leg" go degrees, and you'll have
the orientation drawn on the bottom, which we'll call the head-up
orientation. Youwill be tnvestiqating the half-life of two pretend
elements. The first, "legonium,"
decays when it lands in the leq-up
orientation. The second, "headomum,' decays when it lands in the
head-up orientation.
You'll do two simulations, one fOT
legonium and one for headonium,

and each simulation will involve
five trials. For each trial, create a
data table consisting of two
columns, the first labeled "Throw"
and the second labeled "Number
of Atoms Remaining." In the row
numbered zero, write the number
of paper clips you start with (at
least 20) in the column labeled
"Number of Atoms Remaining."
3. Pretending each paper clip is a
legonium atom, toss all of them
onto a flat surface. Remove all the
atoms in the leq-up orientation
and write down the number
remaining in the row num bered 1
of the data table, for trial 1. Continue until all the legonium atoms
have been removed. This completes
one trial, and so you need to run
four more because there will be a
lot of statistical variation. Count
the number of throws required to
remove all atoms in each trial and
calculate an average.
4. Repeat the procedure, now pretending the paper clips are headonium atoms. The paper dips
removed will be the ones that fall
in the head-up orientation.
Compare the legonium trials
with the headonium trials. Halflife is given in units of time, but
for this simulation the units are
different. What are they? Estimate
the half-life of leg onium and
headonium. Which element is
more radioactive?
Ifyou were an atom in a sample
of a radioactive element that has a

Leg up

-,

Head

~"d"P

LEGONIUM TRIAL 1
Number

Throw

o

of Atoms
Remaining
20

1
2

half-life of 5 minutes, would you
necessarily be decayed to another
type of atom after 5 minutes?
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ISOTOPIC

DATING

MEASURES

Isotopic Dating Measures the Age of a Material

arth's atmosphere is continuously bombarded by cosmic rays, and this
bombardment causes many atoms in the upper atmosphere to transmute.
These transmutations result in many protons and neutrons being "sprayed out"
into the environment. Most of the protons are stopped as they collide with the
atoms of the upper atmosphere. By stripping electrons from these atoms, the
colliding protons become hydrogen atoms. The neutrons, however, keep going
for longer distances because they have no electric charge and therefore do not
interact electrically with matter. Eventually, many of them collide with atomic
nuclei in the lower atmosphere. A nitrogen that captures a neutron, for instance,
becomes an isotope of carbon by emitting a proton:
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This carbon-14 isotope, which makes up less than one-millionth of 1 percent
of the carbon in the atmosphere, is radioactive and has eight neutrons. (The
most common isotope, carbon-12, has six neutrons and is not radioactive.)
Because both carbon-12 and carbon-14 are forms of carbon, they have the same
chemical properties. Both of these isotopes, for example, form carbon dioxide,
which is taken in by plants. This means that all plants contain a tiny bit of
radioactive carbon-14. All animals eat either plants or plant-eating animals, and
therefore all animals have a little carbon-14 in them. In short, all living things on
Earth contain some carbon-14.
Carbon-14 is a beta emitter and decays back to nitrogen:
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Because plants take in carbon dioxide as long as they live, any carbon-14 lost to
decay is immediately replenished with fresh carbon-14 from the atmosphere. In
this way, a radioactive equilibrium is reached where there is a constant ratio of
about 1 carbon-14 atom to every 100 billion carbon-12 atoms. When a plant
dies, replenishment of carbon-14 stops. Then the percentage of carbon-14
decreases at a constant rate given by its half-life, but the amount of carbon-12
does not change because this isotope does not undergo radioactive decay. The
longer a plant or other organism is dead, therefore, the less carbon-14 it contains
relative to the constant amount of carbon-12.
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The amount of radioactive carbon-14 in the skeleton diminishes by one-half every 5730
years, with the resulr that today
the skeleton contains only a
fraction of the carbon-14 it originally had. The red arrows symbolize relative amounts of
carbon-l4.

•
• In 1996, along the Columbia River
in Kennewick, Washington, two
college students discovered skeletal remains that were shown to
be about 9200 to 9600 years old.
Of particular interest were the
strong caucasian features ofthe
skull.This discovery challenges
the assumption that the original
settlers of North America were
from Asia. Scientific studies of the
"Kennewick Man," however, were
delayed for nearly a decade due to
legal battles. Visit the web site
listed below to learn ofthe latest
developments.
MORE

TO

11,460 years ago

17,190 years ago

5730 years ago

Present

The half-life of carbon-14 is about 5730 years. This means that half of the
carbon-14 atoms now present in a plant or animal that dies today will decay in
the next 5730 years. Half of the remaining carbon-14 atoms will then decay in
the following 5730 years, and so on.
With this knowledge, scientists are able to calculate the age of carboncontaining artifacts, such as wooden tools or the skeleton shown in Figure 4.19,
by measuring their current level of radioactivity. This process, known as carbon14 dating, enables us to probe as much as 50,000 years into the past. Beyond
this time span, there is too little carbon-14 remaining to permit an accurate
analysis. (Understanding the local geology is another important tool used by
archeologists in the dating of ancient relics.)
Carbon-14 dating would be an extremely simple and accurate dating method
if the amount of radioactive carbon in the atmosphere had been constant over
the ages, but it hasn't been. Fluctuations in the magnetic field of the sun and in
that of the Earth cause fluctuations in cosmic-ray intensity in Earth's atmosphere. These ups and downs in cosmic-ray intensity in turn produce fluctuations in the amount of carbon-14 in the atmosphere at any given time. In
addition, changes in Earth's climate affect the amount of carbon dioxide in the
atmosphere. As we explore in Chapter 18, the oceans are great reservoirs of carbon dioxide. When the oceans are cold, they release less carbon dioxide into the
atmosphere than when they are warm. Because of all these fluctuations in the
carbon-14 production rate through the centuries, carbon-14 dating has an
uncertainty of about 15 percent. This means, for example, that the straw of an
old adobe brick dated to be 500 years old may really be only 425 years old on
the low side or 575 years old on the high side. For many purposes, this is an
acceptable level of uncertainty.

EXPLORE,

www.kennewick-rnan.corn

•

Suppose an archeologist extracts 1.0 g of carbon from an ancient ax handle
and finds that carbon to be one-fourth as radioactive as 1.0 g of carbon
extracted from a freshly cut tree branch. About how old is the ax handle?
Was this your answer? The age of the ax handle is equal to two half-lives of
4(; that's 2 x 5730 years = 11,000 years old.

1

Scientists use radioactive minerals to date very old nonliving things. The naturally occurring mineral isotopes uranium-238 and uranium-235 decay very slowly
and ultimately become lead-but not the common isotope lead-208. Instead, as
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was shown in Figure 14.16, uranium-238 decays to lead-206. Uranium-235, on
the other hand, decays to lead-207. Thus the lead-206 and lead-207 that now exist
in a uranium-bearing rock were at one time uranium. The older the rock, the
higher the percentage of these remnant isotopes.
If you know the half-lives of uranium isotopes and the percentage oflead isotopes in some uranium-bearing rock, you can calculate the date the rock was
formed. Rocks dated in this way have been found to be as much as 3.7 billion
years old. Samples from the moon have been dated at 4.2 billion years, which is
close to the estimated age of our solar system: 4.6 billion years.

• 4.8

Nuclear Fission Is the Splitting
of the Atomic Nucleus
FIGURE

n 1938, two German scientists, Otto Hahn (1879-1968) and Fritz Strassmann (1902-1980), made a discovery that was to change the world. While
bombarding a sample of uranium with neutrons in the hopes of creating heavier
elements, they were astonished to find chemical evidence for the production of
barium, an element having about half the mass of uranium. Hahn wrote of this
news to his former colleague Lise Meitner (1878-1968), who had fled from Nazi
Germany to Sweden because of her Jewish ancestry. From Hahn's evidence,
Meitner concluded that the uranium nucleus, activated by neutron bombardment, had split in half. Soon thereafter, Meitner, working with her nephew Otto
Frisch (1904-1979), published a paper in which the term nuclear fission was
coined.
In the nucleus there exist both the attractive strong nuclear forces between
nucleons and repulsive electric forces between protons. In all known nuclei, the
strong nuclear forces dominate. As was discussed in Section 4.4, in many large
nuclei this domination is easily lost and radioactive decay may occur. For a select
number of large nuclei, however, another possibility exists. For example, a uranium-235 nucleus hit with a neutron elongates as shown in Figure 4.21. In a
nucleus stretched into this elongated shape, the strong nuclear force weakens
substantially because of the increased distance between opposite ends. The
repulsive electric forces between protons remain powerful, however, and these
forces may elongate the nucleus even more. If the elongation passes a certain
point, the electric forces overwhelm the distance-sensitive strong nuclear forces
and the nucleus splits into fragments. Typically, there are two large fragments
accompanied by several smaller ones. This splitting of a nucleus into fragments
is nuclear fission.

Carbon-14 dating was developed
by the American chemistWilliam
F. Libby (1908-1980) at the Universityof Chicago in the 1950s.
For this work he receivedthe
Nobel Prizein Chemistry in 1960.

FIGURE
Neutron

Nucleus

The greaterforce is
the strong nuclear
force.

(3)

Critical deformation
occurs.

4.21

Nuclear deformation may result
in repulsive electric forces overcoming attracrive strong nuclear
forces, in which case fission
occurs.

/COllision

G)

4.20
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The greater force is the
electric force, which results
in a splitting of the nucleus.
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• With the rise of the German
Nazis in the 1930s, many scientists, especially those of Jewish
ancestry, fled mainland Europe to
America. This included dozens of
brilliant theoretical physicists
who eventually played key roles
in the development of nuclear
fission. Of these physicists, it was
LeoSzilard (1898-1964) who in
1933first envisioned the idea of a
chain nuclear reaction. With Einstein's consent, Szilard drafted a
letter, which was signed by Einstein and delivered to President
Roosevelt in 1939.This letter outlined the possibility of the chain
reaction and its implications for
national defense Within 6 years
the first test nuclear bom b was
exploded on a desert in New
Mexico. In 1945,5zilard generated
a petition in which 68 of the scientists involved in the nuclear
program asked President Truman
not to drop the atomic bom b on a
populous Japanese city,such as
Nagasaki. Held back by the military, this petition never reached
the president.
MORE

TO

EXPLORE,

www.jewishvirtuallibrary.org/
jsource/biograp hyISzilard.htm 1

FIGURE

The energy released by the fission of one uranium-235 nucleus is enormous-about seven million times the energy released by the explosion of one
TNT molecule. This energy is mainly in the form of kinetic energy of the fission fragments, which fly apart from one another. A much smaller amount of
energy is released as gamma radiation.
Here is the equation for a typical uranium fission reaction:
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Note in this reaction that one neutron starts the fission of the uranium
nucleus and that the fission produces 3 neutrons. (It is also possible for a given
fission event to produce either fewer than 3 neutrons or more than 3.) These
product neutrons can cause the fissioning of 3 other uranium atoms, releasing
9 more neutrons. If each of these 9 neutrons succeeds in splitting a uranium
atom, the next step in the reaction produces 27 neutrons, and so on. Such a
sequence, illustrated in Figure 4.22, is called a chain reaction-a self-sustaining reaction in which the products of one reaction event stimulate further
reaction events.
Chain reactions do not occur to any great extent in naturally occurring uranium ore because not all uranium atoms fission so easily. Fission occurs mainly
in the isotope uranium-235, which is rare and makes up only 0.7 percent of the
uranium in pure uranium metal (Figure 4.23). When the more abundant isotope uranium-238 absorbs neutrons created by fission of a uranium-235 atom,

4.22

A chain reaction.
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Only 1 part in 140 of naturally
.
..
.
occurnng uraruum IS uranium235.

~

Neutrons escape small
lump of uranium·235

1

Neutrons trigger more reactions
within large lump of uranium·235
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4.24

This exaggeratedviewshowsthat
a chain reaction in a small pieceof
pure uranium-235 runs its course
before it can causea large explosion becauseneutrons leak from
the surfacetoo soon. The surface
area of the small pieceis largerelative to the mass. In a largerpiece,
more uranium and lesssurfaceare
presented to the neutrons.

the uranium-238 typically does not undergo fission. So any chain reaction getting set up in the uranium-235 atoms in an ore sample is snuffed out by the
neutron-absorbing uranium-238, as well as by other neutron-absorbing elements in the rock in which the ore is imbedded.
If a chain reaction occurred in a baseball-sized chunk of pure uranium-235, an
enormous explosion would result. If the chain reaction were started in a smaller
chunk of pure uranium-235, however, no explosion would occur. This is because
of geometry: the ratio of surface area to mass is larger in a small piece than in a
large piece. Just as there is more skin on six small potatoes having a combined mass of I kilogram than there is on a single I-kilogram potato, there
.._._
_
_ __ .
is more surface area on a bunch of smaller pieces of uranium-235 than on
Explosive to drive subcritical
a large piece. In a small piece of uranium-235, therefore, neutrons have a piece down barrel to collide
Radioactive
with other subcritical piece
neutron source
greater chance of reaching the surface and escaping before they cause additional fission events, as Figure 4.24 illustrates. In a bigger piece, the chain
Barrel
reaction builds up to enormous energies before the neutrons get to the sur\\
face and escape. For masses greater than a certain amount, called the
~)
critical mass, an explosion of enormous magnitude takes place.
~
Consider a large quantity of uranium-235 divided into two pieces,
Subcritical pieces of uranium
each having a mass smaller than critical. The units are subcriticaL Neutrons in either piece readily reach the surface and escape before a sizable
chain reaction builds up. If the pieces are suddenly pushed together,
FIGURE
4.25
however, the total surface area decreases. If the timing is right and the combined
Simplified diagram of a uranium
mass is greater than critical, a violent explosion takes place. This is what happens
fissionbomb.
in a nuclear fission bomb, as Figure 4.25 shows.
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Constructing a fission bomb is a formidable task. The difficulty is in separating enough uranium-235 from the more abundant uranium-238. Scientists
took more than 2 years to extract enough of the 235 isotope from uranium ore
to make the bomb detonated at Hiroshima, Japan, in 1945. To this day, uranium isotope separation remains a difficult process.

•
• One ton of natural uranium can
produce more than 40 million
kilowatt-hours of electricity This
is equivalent to burning 16,000
tons of coal or 80,000 barrels of
oil.There are cunently 103 operating US nuclear power plants
that produce over 20 percent of
US electricity. Worldwide, there
are about 442 nuclear power
plants that supply about 23 percent of the world's electricity.
About 90 percent of all carbon
emissions averted by US industries from 1981to 1994 was on
account of the use of electricity
from nuclear power plants. World
uranium production in 1996 was
35,199metric tons, or 78.8 million
pounds.
MORE

TO

EXPLORE,

U.S.Office of Nuclear Energy,
Science and Technology
www.nuclear.gov

~K-------------A l-kilogram ball ofuranium-235 has critical mass, but the same ball broken
up into small chunks does not. Explain .
Was this your answer? The small chun ks have more com bined surface area
than the ball from which they came. Neutrons escape via the surface of each
small chunk before a sustained chain reaction can build up.
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The awesome energy of nuclear fission was introduced to the world in the form
of nuclear bombs, and this violent image still colors our thinking about nuclear
power, making it difficult for many people to recognize its potential usefulness.
Currently, about 20 percent of electrical energy in the United States is generated
by nuclear fission reactors, which are simply nuclear boilers, as Figure 4.26 shows.
Like fossil fuel furnaces, reactors do nothing more elegant than boil water to
produce steam for a turbine. The greatest practical difference is the amount of
fuel involved: a mere 1 kilogram of uranium fuel yields more energy than
30 freightcar loads of coal.
A fission reactor contains three components: nuclear fuel rods, control rods,
and a liquid (usually water) to transfer the heat created by fission from the reactor to the turbine. The nuclear fuel is primarily uranium-238 plus about 3 percent uranium-235. Because the uranium-235 atoms are so highly diluted with

Control
rods
Fuel
rods

v

Production of heat

FIGURE

-''-------v-------'
Production of electricity

4.26

, Diagram of a nuclear fission power plant. Note that the water in contact with the
fuel rods is completely contained and radioactive materials are not involved directly
in the generation of electricity.The details of the production of electricity are covered in Chapter 19.
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uranium-238 atoms, an explosion like that of a nuclear bomb is not possible.
The reaction rate, which depends on the number of neurrons available to initiate fission of uranium-235 nuclei, is controlled by rods inserted into the reactor.
The control rods are made of a neutron-absorbing material, such as cadmium
or boron.
Water surrounding the nuclear fuel is kept under high pressure to keep it at a
high temperature without boiling. Heated by fission, this water transfers heat to
a second, lower-pressure water system, which operates a turbine and an electric
generator. Two separate water systems are used so that no radioactivity reaches
the turbine, and the entire setup resides inside a building like the one shown in
Figure 4.27, designed to keep any radioactive material from ever being released
into the environment.
One disadvantage of fission power is the generation of waste products that are
radioactive. Smaller atomic nuclei are most stable when composed of equal
numbers of protons and neutrons, as we learned earlier, and it is mainly heavy
nuclei that need more neutrons than protons for stability. For example, there are
143 neutrons but only 92 protons in uranium-235. When this uranium fissions
into two medium-sized elements, the extra neutrons in their nuclei make them
unstable. These fragments are therefore radioactive. Most of them have very
short half-lives, but some of them have half-lives of thousands of years. Safely
disposing of these waste products as well as materials made radioactive in the
production of nuclear fuels requires special storage casks and procedures.
Although fission power goes back nearly a half-century, the technology of
radioactive waste disposal is still in the developmental stage. You can read further details on the subject in Section 19.3.
THE

BREEDER

REACTOR
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ITS OWN

FUEL

One of the fascinating features of fission power is the breeding of fission fuel
from nonfissionable uranium-238. Breeding occurs when small amounts of fissionable isotopes are mixed with uranium-238 in a reactor. Fission liberates
neutrons that convert the relatively abundant nonfissionable uranium-238 to
uranium-239, which beta-decays to neptunium-239, which in turn beta-decays
to fissionable pluronium-239. So in addition to the abundant energy produced,
fission fuel is bred from relatively abundant uranium-238 in the process.
Breeding occurs to some extent in all fission reactors, but a reactor specifically
designed to breed more fissionable fuel than is put into it is called a breeder reactor. Using a breeder reactor is like filling your car's gas tank with water, adding
some gasoline, then driving the car and having more gasoline after the trip than
at the beginning! The basic principle of the breeder reactor is very attractive, for
after a few years of operation a breeder-reactor power plant can produce vast
amounts of power while at the same time breeding twice the amount of fuel it
started with.
The downside of breeder reactors is their enormous complexity. The United
States gave up on breeders more than a decade ago, and only France and Germany are still investing in them. Officials in these countries point out that supplies of naturally occurring uranium-235 are limited. At present rates of
consumption, all natural sources of uranium-235 may be depleted within a century. If countries then decide to turn to breeder reactors, they may well find
themselves digging up the radioactive wastes they once buried.
The benefits of fission power are plentiful electricity, conservation of many
billions of tons of fossil fuels annually, and the elimination of the megatons of
sulfur oxides and other poisons pur into the air each year by the burning of fossil fuels. The drawbacks are the formation of massive quantities of radioactive
wastes that require long-term safe storage.
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4.27

A nuclearreactorishousedwithin

a dome-shapedcontainment
buildingdesignedto preventthe
releaseof radioactiveisotopesin
the eventof an accident.

•
• The designs for nuclear power
plants have progressed over the
years. The earliest designs from
the 1950Sthrough 1980s are the
Generation Iand 11 reactors. The
safety systems of these reactors
are "active" in that they rely on a
series of active measures, such as
water pumps, that come into play
to keep the reactor core cool in the
event of an accident. The Generation IIIreactors built in the 1990S
also rely on active safety measures
but they are more economical to
build, operate, and maintain. Not
yet operational are the revolutionary Generation IVnuclear reactors
that will have fundamentally different reactor designs. Forexample, they will incorporate passive
safety measures that cause the
reactor to shut down by itself in
the event of an emergency. The
fuel source may be the depleted
uranium stockpiled from earliergeneration reactors. The designs
will also allow the formation of
hydrogen fuel from water. The
Generation IVInternational
Forum aims to have Generation IV
power plants operating within
the next 20 years.
MORE

TO

EXPLORE,

US Office of Nuclear Energy,

Science and Technology
www.gen-iv.ne.doe.gov
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FIGURE

4.28

Much work is required to pull a
nucleon from an atomic nucleus.

Nuclear Energy Comes from Nuclear Mass
and Vice Versa

n the early 1900s, Albert Einstein (1879-1955) discovered that mass is
actually "congealed" energy. He realized that mass and energy are two sides
of the same coin, as stated in his celebrated equation E = me". In this equation,
E stands for the energy that any mass at rest has, m stands for mass, and c is the
speed of light. This relationship between energy and mass is the key to understanding why and how energy is released in nuclear reactions. Any time a
nucleus fissions to two smaller nuclei, the combined mass of all nucleons in the
smaller nuclei is less than the combined mass of all nucleons in the original
nucleus. The mass "missing" after the fission event has been converted to energy
and given off to the surroundings. Let's see how.
From physics we know that energy is the capacity to do work (Section 1.5)
and that work is equal to the product of force times distance:
work

=

force

X

distance

Think of the enormous external force required to pull a nucleon out of the
nucleus through a distance sufficient to overcome the attractive strong nuclear
force, comically represented in Figure 4.28. As per the word equation for work
just given, enormous force exerted through a distance means that enormous
work is required. This work is energy that has been added to the nucleon.
According to Einstein's equation, this newly acquired energy reveals itself as an
increase in the nucleon's mass-the mass of a nucleon outside a nucleus is greater
than the mass of the same nucleon locked inside a nucleus. For example, a carbon12 atom-the nucleus of which is made up of six protons and six neutrons-has a
mass of exactly 12.00000 atomic mass units. Therefore, each proton and each
neutron contributes a mass of 1 atomic mass unit. However, outside the nucleus, a
proton has a mass of 1.00728 atomic mass units and a neutron has a mass of
1.00867 atomic mass units. Thus we see that the combined mass of six free protons and six free neutrons-(6
X 1.00728) + (6 X 1.00867) = 12.09570-is
greater than the mass of one carbon-12 nucleus. The greater mass reflects the
energy that was required to pull the nucleons apart from one another. Thus, what
mass a nucleon has depends on where the nucleon is.
The graph shown in Figure 4.29 results when we plot average mass per nucleon
for the elements hydrogen through uranium. This graph is the key to underFIGURE

4.29

This graph shows that the average mass of a nucleon depends
on which nucleus it is in. Individual nucleons have the most
mass in the lightest nuclei, the
least mass in iron, and intermediate mass in the heaviest nuclei.
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standing the energy released in nuclear processes. To obtain the average mass per
nucleon, you divide the total mass of a nucleus by the number of nucleons in the
nucleus. (Similarly, if you divide the total mass of a roomful of people by the
number of people in the room, you get the average mass per person.)
From Figure 4.29 you can see how energy is released when a uranium
nucleus splits into two nuclei of lower atomic number. Uranium, being at the
right of the graph, has a relatively large amount of mass per nucleon. When a
uranium nucleus splits, however, smaller nuclei of lower atomic numbers are
formed. As shown in Figure 4.30, these nuclei are lower on the graph than uranium, which means they have a smaller amount of mass per nucleon. Thus,
nucleons lose mass as they go from being in a uranium nucleus to being in the
nucleus of one of its fragments. All the mass lost by the nucleons as they change
from being nucleons of uranium to being nucleons of atoms such as barium
and krypton is converted to energy, and this energy is what we harness and use
as "nuclear power." If you wanted to calculate exactly how much energy is
released in each fission event, you'd use Einstein's equation:
multiply the
decrease in mass by the speed of light squared (c2 in the equation), and the
product is the amount of energy yielded by each uranium nucleus as it undergoes fission.
Interestingly, Einstein's mass/energy relationship applies to chemical reactions
as well as to nuclear reactions. For nuclear reactions, the energies involved are so
great that the change in mass is measureable, corresponding
to about 1 part in
1000. In chemical reactions, the energy involved is so small that the change in
mass, about 1 part in 1,000,000,000,
is not readily detected. This is why the
mass-conservation
law (Section 3.2) states that there is no detectable change in
the total mass of materials as they chemically react to form new materials. In
truth, there are changes in the mass of atoms during a chemical reaction. These
changes are too small to be of any concern to the working chemist, however.
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Correct this statement: When a heavy element undergoes
fewer nucleons after the reaction than before.

fission, there are

Was this your answer? When a heavy element undergoes fission, there
aren't fewer nucleons after the reaction. Instead, there's less mass in the
same num ber of nucleons.
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The mass of each nucleon in a
uranium nucleus is greater than
the mass of each nucleon in any
one of its fission fragments. This
lost mass has been converted to
energy, which is why nuclear fission is an energy-releasing
process.
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We can think of the mass-per-nucleon graph shown in Figure 4.29 as an
energy valley that starts at hydrogen (the highest point) and slopes steeply to the
lowest point (iron), then slopes gradually up to uranium. Iron is at the bottom
of the energy valley and is therefore the most stable nucleus. It is also the most
tightly bound nucleus; more energy per nucleon is required to separate nucleons from an iron nucleus than from any other nucleus.
• 4.10

it'

Nuclear Fusion Isthe Combining of Atomic Nuclei

mentioned earlier, a drawback to nuclear fission is the production of
radioactive waste products. A more promising long-range source of nuclear
energy is to be found with the lightest elements. In a nutshell, energy is produced
as small nuclei fuse (which means they combine). This process is nuclear
fusion-the
opposite of nuclear fission. We see from Figure 4.29 that, as we
move along the elements from hydrogen to iron (the steepest part of the energy
valley), the average mass per nucleon decreases. Thus if two small nuclei were to
fuse, such as two nuclei of hydrogen-2, the mass of the fused nucleus, helium-4,
would be less than the mass of the two hydrogen-2 nuclei, as Figure 4.31 shows.
As with fission, the mass lost by the nucleons is converted to energy we can use.
If a fusion reaction is to occur, the nuclei must be traveling at extremely high
speeds when they collide in order to overcome their mutual electrical repulsion.
The required speeds correspond to the extremely high temperatures found deep
in the sun and in other stars. Fusion brought about by high temperatures is
called thermonuclear fusion. In the high temperatures of the sun, approximately 657 million tons of hydrogen is fused to 653 million tons of helium each
second The 4 million tons of nucleon mass lost is discharged as radiant energy.

To get energy from the element iron, should iron be fissioned or fused?
Was this your answer? Neither, because iron is at the very bottom of the
energy-valley curve of Figure 4.29. Ifyou fuse two iron nuclei, the product
lies somewhere to the rig ht of iron on the curve, which means the product
has a hig her mass per nucleon. Ifyou split an iron nucleus, the products lie
FIGURE

4.31

The massof each nucleon in a
hydrogen-2nucleusis greater
than the massof eachnucleon in
a helium-4 nucleus,which results
from the fusion of two hydrogen-2
nuclei.This lost masshas been
convertedto energy,which iswhy
~uclearfusion is an energy-releaslllg process.
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to the left of iron on the curve, which again means a higher mass per
nucleon. Because no mass decrease occurs in either reaction, no mass is
available to be converted to energy, and as a result no energy is released.

Prior to the development of the atomic bomb, the temperatures required to
initiate nuclear fusion on Earth were unattainable. When researchers found that
the temperature inside an exploding atomic bomb is four to five times the temperature at the center of the sun, the thermonuclear bomb was but a step away.
This first thermonuclear bomb, a hydrogen bomb, was detonated in 1952.
Whereas the critical mass of fissionable material limits the size of a fission bomb
(atomic bomb), no such limit is imposed on a fusion bomb (thermonuclear or
hydrogen bomb). Just as there is no limit to the size of an oil-storage depot,
there is no theoretical limit to the size of a fusion bomb. Like the oil in the storage depot, any amount of fusion fuel can be stored with safety until ignited.
Although a mere match can ignite an oil depot, nothing less energetic than an
atomic bomb can ignite a thermonuclear bomb. We can see that there is no such
thing as a "baby" hydrogen bomb. A typical thermonuclear bomb stockpiled by
the United States today, for example, is about 1000 times more destructive than
the atomic bomb detonated over Hiroshima at the end of World War lI.
The hydrogen bomb is another example of a discovery used for destructive
rather than constructive purposes. The potential consrrucrive possibility is the
controlled release of vast amounts of clean energy.
THE
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Carrying out fusion reactions under controlled conditions requires temperatures
of millions of degrees. As you can imagine, this poses many technical difficulties, especially when it comes to the large-scale production of energy. For example, one major problem is that any reaction vessel being used would melt and
vaporize long before these temperatures were reached.
One proposed technique is to aim an array of laser beams at a common point
and drop solid pellets of hydrogen isotopes through the synchronous crossfire, as
Figure 4.32 shows. The energy of the multiple beams should crush the pellets to

(a)

FIGURE

4.32

(a) Fusion with multiple laser beams. Pelletsof hydrogen isotopes are rhythmically
dropped into a synchronized laser crossfirein this planned device.The resulting heat
is carried off by molten lithium to produce steam. (b) The pellet chamber at
LawrenceLivermore Laboratory.The laser source is Nova, the most powerful laser
in the world, which directs ten beams into the target region.

•
• The International Thermonuclear
Experimental Reactor (ITER)is an
experimental nuclear fusion
power project whose purpose is
to test the feasibility of using
nuclear fusion as a sustainable
energy source. After construction
at the chosen site in Cadarache,
France, the first fusion reaction
may begin as early as 2015. The
reactor will house electrically
charged hydrogen gas (plasma)
heated to over 100 million'C,
which is hotter than the cent er of
the sun. In addition to producing
about 500 MW (megawatts) of
power, the reactor could be the
energy source for the creation of
hydrogen, H2, which could be used
to power fuel cells, such as those
incorporated into automobiles.
MORE

TO

EXPLORE,

wwwiter.org/
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densities 20 times that oflead. Such a fusion could produce several hundred times
more energy than the amount delivered by the laser beams. Like the succession of
fuel/air explosions in an automobile engine's cylinders that convert to a smooth
flow of mechanical power, the successive ignition of pellets in a laser fusion device
may similarly produce a steady stream of electric power. A plant equipped with the
device could produce 1000 million watts of electric power, enough to supply a city
of 600,000 people. High-power lasers that work reliably, however, have yet to be
developed. Also under development are techniques that use magnetic fields to confine fusing materials. Examples are presented in Section 19.3.

Fission and fusion are opposite processes, yet each releases energy. Isn't this
contradictory?
Was this your answer? No, no, no! As Figure 4.29 shows, only the fusion of
light elements and the fission of heavy elements result in a decrease in
nucleon mass and therefore a release of energy.

• In Perspective

-I

f people "" one day to dart about cl" universe the way we jet about Earth
today, their supply of fuel is assured. The fuel for fusion-hydrogen-is
found in every part of the universe, not only in the stars but also in the space
between them. About 91 percent of the atoms in the universe are estimated to
be hydrogen. For people of the future, the supply of raw materials is also assured
because all the elements known to exist result from the fusing of more and more
hydrogen nuclei. Simply put, if you fuse 8 hydrogen-2 nuclei, you have oxygen;
26, you have iron; and so forth. Future humans might synthesize their own elements and produce energy in the process, just as the stars have always done.
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KEY TERMS
Radioactivity
The tendency of some elements, such as
uranium, to emit radiation as a result of changes in the
atomic nucleus.
Alpha particle A helium atom nucleus, which consists
of two neutrons and two protons and is ejected by
certain radioactive elements.

Half-life The time required for half the atoms in a
sample of a radioactive isotope to decay.
Carbon-14 dating The process of estimating the age
of once-living material by measuring the amount of a
radioactive isotope of carbon present in the material.

Beta particle An electron ejected from an atomic
nucleus during the radioactive decay of certain nuclei.

Nuclear fission The splitting of a heavy nucleus into
two lighter nuclei, accompanied by the release of much
energy.

Gamma ray High-energy radiation emitted by the
nuclei of radioactive atoms.

Chain reaction A self-sustaining reaction in which the
products of one fission event stimulate further events.

Rem A unit for measuring the ability of radiation to
harm living tissue.

Critical mass The minimum mass of fissionable
material needed to sustain a chain reaction.

Strong nuclear force The force of interaction between
all nucleons, effective only at extremely close distances.

Nuclear fusion The joining together oflight nuclei to
form a heavier nucleus, accompanied by the release of
much energy.

Transmutation
The conversion of an atomic nucleus
of one element to an atomic nucleus of another element
through a loss or gain of protons.
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1. What did Wilhelm Roentgen discover in 1896?
2. Who coined the term radioactivity?
3. Which has the greatest penetrating power-alpha
particles, beta particles, or gamma rays?

9. How are the strong nuclear force and the electric
force different from each other?
10. What role do neutrons play in the atomic nucleus?
11. Why is there a limit to the number of neutrons a
nucleus can contain?

4. What is the origin of most of the radiation you
encounter?
5. Is radioactivity on Earth something relatively new?
Defend your answer.
6. What is a rem?

7. What is a radioactive tracer?
8. How are radioactive isotopes used in medical imaging?

12. What change in atomic number occurs when a
nucleus emits an alpha particle? A beta particle?
13. What is the long-range fate of all the uranium that
exists in the world today?

14. What is meant by the half-life of a radioactive
sample?
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15. What is the half-life of radium-226?
16. How does the decay rate of an isotope relate to its
half-life?
ISOTOPIC
DATING
OF A MATERIAL

MEASURES

THE

AGE

18. Why is there more carbon-14 in living bones than
in once-living ancient bones of the same mass?
19. Why is carbon-14 dating useless for dating old
coins but not old pieces of cloth?
20. Why is lead found in all deposits of uranium ores?
21. What does the proportion oflead and uranium in
rock tell us about the age of the rock?
NUClEAR

FISSION
ATOMIC

IS

HE SPLITTING

23. Is a chain reaction more likely to occur in two separate pieces of uranium-235 or in the same pieces stuck
together?

CONCEPT

BUILDING

•

BEGINNER

FROM

NUCLEAR

26. If an iron nucleus split in two, would its fission
fragments have more mass per nucleon or less mass per
nucleon?
27. If a pair of iron nuclei were fused, would the product nucleus have more mass per nucleon or less mass
per nucleon?
NUCLEAR
FUSION
IS THE
OF ATOMIC
NUCLEI

COMBINING

28. When two hydrogen isotopes are fused, is the mass
of the product nucleus more or less than the total mass
of the hydrogen nuclei?

NUCLEUS

22. Why does a chain reaction not occur in uranium
mines?

I

UClEAR
ENE
CiV COMES
MASS
AND VICE VERSA

25. How does the mass per nucleon in uranium compare with the mass per nucleon in the fission fragments
of uranium?

17. Which is radioactive, carbon-12 or carbon-14?

OF THE

24. How is a nuclear reactor similar to the furnace in a
fossil fuel power plant? How is it different?

•

31.. In the 19th century, the famous physicist Lord
Kelvin estimated the age of Earth to be much much less
than its present estimate. What information did Kelvin
not have that accounts for his error?
32 .• How did Henri Becquerel determine that phosphorescence was not responsible for the emission of
radiation by uranium?

29. From where does the sun get its energy?
30. How do the products of fusion reactions differ
from the products of fission reactions?

INTERMEDIATE

•

EXPERT

39 .• Which type of radiation-alpha,
beta, or
gamma-results in the greatest change in mass number? The greatest change in atomic number?
40 .• Which type of radiation-alpha,
beta, or
gamma-results in the least change in mass number?
The least change in atomic number?

33 .• Why is a sample of radioactive material always a
little warmer than its surroundings?

41 .• A pair of protons in an atomic nucleus repel
each other, but they are also attracted to each other.
Explain.

34 .• Is it possible for a hydrogen nucleus to emit an
alpha particle? Defend your answer.

42 .• Why do different isotopes of the same element
have the same chemical properties?

35 .• Just after an alpha particle leaves the nucleus,
would you expect it to speed up? Defend your answer.

43 .• If an atom has 104 electrons, 157 neutrons, and
104 protons, what is its approximate atomic mass?
What is the name of this element?

36 .• How do the electric charges of alpha particles,
beta particles, and gamma rays differ from one another?
37 .• Why are alpha particles and beta particles
deflected in opposite directions in a magnetic field?
Why are gamma rays undeflected?
38 .• The alpha particle has twice the electric charge
of the beta particle but deflects less in a magnetic field.
Why?

44 .• Which is worse: having cells in your body damaged by radiation or killed by radiation?
45 .• Which type of radiation-alpha,
beta, or
gamma-predominates
on the inside of a high-flying
commercial airplane? Why?
46 .• In bombarding atomic nuclei with proton "bullets," why must the protons be given large amounts of

CONCEPT

kinetic energy in order to make contact with the target
nuclei?
47 .• Why would you expect alpha particles to be less
able to penetrate materials than beta particles?
48 .• What evidence supports the hypothesis that, at
short intranuclear distances, the strong nuclear force is
stronger than the electric force?
49 .• The isotope cesium-137, which has a half-life of
30 years, is a product of nuclear power plants. How
long will it take this isotope to decay to one-sixteenth
its original amount?
50 .• When the isotope bismuth-213 emits an alpha
particle, what new element results? What new element
results if it instead emits a beta particle?

BUILDING
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radiation surrounding a coal-fired power plant than a
fission power plant. What does this indicate about the
shielding that typically surrounds these two types of
plants?
60 .• A friend checks the local background radiation
with a Geiger counter, which ticks audibly. Another
friend, who normally fears most that which is understood least, makes an effort to keep away from the
region of the Geiger counter and looks to you for
advice. What do you say?
61. • When food is irradiated with gamma rays from a
cobalt-60 source, does the food become radioactive?
Defend your answer.
62 .•

How is carbon-14 produced in the atmosphere?

51 .• When 2~~ Ra decays by emitting an alpha particle, what is the atomic number of the resulting nucleus?
What is the resulting atomic mass?

63 .• Radium-226 is a common isotope on Earth, but
has a half-life of about 1600 years. Given that Earth is
some 5 billion years old, why is there any radium at all?

52 .• What are the atomic number and atomic mass of
the element formed when 2~~poemits a beta particle?
What are they if the polonium emits an alpha particle?

64 .• Is carbon dating advisable for measuring the age
of materials a few years old? How about a few thousand
years old? A few million years old?

53 .• How is it possible for an element to decay "forward in the periodic table"-that is, decay to an element of higher atomic number?

65 .• Why is carbon-14 dating not accurate for estimating the age of materials more than 50,000 years
old?

54 .• Elements above uranium in the periodic table do
not exist in any appreciable amounts in nature because
they have short half-lives. Yet there are several elements
below uranium in the table that have equally short halflives but do exist in appreciable amounts in nature.
How can you account for this?

66 .• The age of the Dead Sea Scrolls was determined
by carbon-14 dating. Could this technique have
worked if they had been carved on stone tablets?
Explain.

55 .• Your friend says that the helium used to inflate
balloons is a product of radioactive decay. Another
friend says no way. With whom do you agree?
56 .• Another friend, fretful about living near a fission
power plant, wishes to get away from radiation by traveling to the high mountains and sleeping out at night
on granite outcroppings. What comment do you have
about this?
57 .• Still another friend has journeyed to the mountain foothills to escape the effects of radioactivity altogether. While bathing in the warmth of a natural hot
spring she wonders aloud how the spring gets its heat.
What do you tell her?
58 .• People who work around radioactivity wear film
badges to monitor the amount of radiation that reaches
their bodies. Each badge consists of a small piece of
photographic film enclosed in a lightproof wrapper.
What kind of radiation do these devices monitor, and
how can they determine the amount of radiation the
people receive?
59 .• Coal contains only minute quantities of radioactive materials, and yet there is more environmental

67 .• A certain radioactive element has a half-life of
1 hour. If you start with a I-gram sample of the element at noon, how much is left at 3:00 P.M.?At
6:00 P.M.?At 10:00 P.M.?
68 .• A sample of a particular radioisotope is placed
near a Geiger counter, which is observed to register
160 counts per minute. Eight hours later, the detector
counts at a rate of 10 counts per minute. What is the
half-life of the material?
69 .• The isotope cesium-137, which has a half-life of
30 years, is a product of nuclear power plants. How
long will it take for this isotope to decay to about onesixteenth its original amount?
70 .• Suppose that you measure the intensity of radiation from carbon-14 in an ancient piece of wood to be
6 percent of what it would be in a freshly cut piece of
wood. How old is this artifact?
71 .• From Figure 4.16, how many alpha and beta
particles are emitted in the series of radioactive decay
events from a U-238 nucleus to a Pb-206 nucleus?
72 .• If you make an accounting of 1000 people born
in the year 2000 and find that half of them are stillliving in 2060, does this mean that one-quarter of them
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will be alive in 2120 and one-eighth of them alive in
2180? What is different about the death rates of people
and the "death rates" of radioactive atoms?
73 .• Why doesn't uranium ore spontaneously
undergo a chain reaction?
74 .• "Strontium-90 is a pure beta source." How could
a physicist test this statement?
75 .• Why will nuclear fission probably never be used
directly for powering automobiles? How could it be
used indirectly?
76 .• Does the average distance a neutron travels
through fissionable material before escaping increase or
decrease when two pieces of fissionable material are
assembled into one piece? Does this assembly increase
or decrease the probability of an explosion?
77 .• Which shape is likely to need more material for a
critical mass, a cube or a sphere? Explain.
78 .• Why does a neutron make a better nuclear bullet
than a proton or an electron?
79 .• Why does plutonium not occur in appreciable
amounts in natural ore deposits?
80 .• What is the function of control rods in a nuclear
reactor?
81 .• Why is carbon better than lead as a moderator in
nuclear reactors?
82 .• Why, after a uranium fuel rod reaches the end of
its fuel cycle (typically 3 years), does most of its energy
come from the fissioning of plutonium?
83 .• Uranium-235 releases an average of2.5 neutrons
per fission, whereas plutonium-239 releases an average of
2.7 neutrons per fission. Which of these elements might
you therefore expect to have the smaller critical mass?
84 .• If a nucleus of 2~~Th absorbs a neutron and the
resulting nucleus undergoes two successive beta decays,
which nucleus results?
85 .• To predict the approximate energy release of either
a fission or a fusion reaction, explain how a physicist uses
a table of nuclear masses and the equation E = me".
86 .• Which process would release energy from gold,
fission or fusion? From carbon? From iron?
87 .• If a uranium nucleus were to fission into three
fragments of approximately equal size instead of two,
would more energy or less energy be released? Defend
your answer using Figures 4.29 and 4.30.
88 .• The water that passes through a reactor core
does not pass into the turbine. Instead, heat is transferred to a separate water cycle that is entirely outside
the reactor. Why is this done?

89 .• Is the mass of an atomic nucleus greater or less
than the sum of the masses of the nucleons composing
it? Why don't the nucleon masses add up to the total
nuclear mass?
90 .• The energy release of nuclear fission is tied to the
fact that the heaviest nuclei have about 0.1 percent
more mass per nucleon than nuclei near the middle of
the periodic table of elements. What would be the
effect on energy release if the 0.1 percent figure were
instead 1 percent?
91. • The original reactor built in 1942 was just
"barely" critical because the natural uranium that was
used contained less than 1 percent of the fissionable isotope U-235 (half-life 713 million years). What if, in
1942, Earth had been 9 billion years old instead of
4.5 billion years old? Would this reactor have reached
critical stage with natural uranium?
92 .• Heavy nuclei can be made to fuse-for instance,
by firing one gold nucleus at another one. Does such a
process yield energy or cost energy? Explain.
93 .• Light nuclei can be split. For example, a
deuteron, which is a proton-neutron combination, can
split into a separate proton and separate neutron. Does
such a process yield energy or cost energy? Explain.
94 .• Is work required to pull a nucleon out of an
atomic nucleus? Does the nucleon, once outside the
nucleus, have more mass than it had inside the
nucleus?
95 .• Which produces more energy, the fissioning of a
single uranium nucleus or the fusing of a pair of deuterium nuclei? The fissioning of a gram of uranium or
the fusing of a gram of deuterium? (Why do your
answers differ?)
96 .• Sustained nuclear fusion has yet to be achieved
and remains a hope for abundant future energy. Yet the
energy that has always sustained us has been the energy
of nuclear fusion. Explain.
97 .• If a fusion reaction produces no appreciable
radioactive isotopes, why does a hydrogen bomb produce significant radioactive fallout?
98 .• Explain how radioactive decay has always
warmed Earth from the inside and how nuclear fusion
has always warmed Earth from the outside.
99 .• Ordinary hydrogen is sometimes called a perfect
fuel, because of its almost unlimited supply on Earth,
and when it burns, harmless water is the product of the
combustion. So why don't we abandon fission energy
and fusion energy, not to mention fossil fuel energy,
and just use hydrogen?
100 .• Speculate about some worldwide changes likely
to follow the advent of successful fusion reactors.
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ogy. A good starting point fOr exploring applications of
many of the concepts discussed in this chapter.
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Will the effects of the radiation you receive be passed
on to your children? Only radiation received by your
reproductive organs (testes in males and ovaries in
females) has the potential of causing effects that might
be passed on to future generations. All other radiation
you receive is for your body only.
. .
What percentage of your estimated annual radiation
comes from natural sources? What adjustments might
you be willing to make in order to decrease your annual
exposure?

The website fOr the International Thermonuclear Experimental Reactor project. Explore this site fOr the latest on the
science and politics of this important project.

www.ocrwm.doe.gov
III

The Office of Civilian Radioactive \1'7,isteManagement
(OCRWM) is a program of the Us. Department of Energy
assigned to develop and manage a federal system fOr disposing of spent nuclear fuel fi"om commercial nuclear reactors
and high-level radioactive waste from national defense
activities. Its here that you 'IIfind the official position of the
us. government regarding Yucca Mountain, Nevada, as a
potential nuclear waste repository.

www.ne.doe.gov
The unit of half-life in this simulation is number of
throws. The element with the shorter half-life is considered to be the more radioactive one because it
decays faster and in the process emits more radiation
per unit time. For most students, this turns out to be
legonium.
Uranium-238 has a half-life of 4.5 billion years, and
polonium-214 has a half-life of 0.00016 second. So,
which would you rather hold in your hands: 1 gram of
uranium-238 or 1 gram of polonium-214?
Perhaps the most important point of this activity is
that radioactive decay is a statistical phenomenon. Follow anyone of the paper clips, and you'll find that it
may decay well before or after the half-life. Half-life is ~
predictable quantity only when a large number of partIcles are involved.

III

The us. Department of Energy, Office of Nuclear Energy,
Science and Technology.

www.nrc.gov
III

The mission of the Us. Nuclear Regulatory Commission
(NRC) is to regulate the nations civilian use ofby-product,
source, and special nuclear materials to ensure adequate
protection ofpublic health and safety, to promote the common defense and security, and to protect the environment.

www.state.nv.us!nucwaste
III

The state of Nevada is home to a number of nuclear
weapons test sites as well as Yucca Mountain, a potential
national long-term storage facility fOr nuclear wastes. This
web address will bring you to the State of Nevada, Office of
the Governor, Agency fOr Nuclear Projects, Nuclear \1'7,iste
Project Office.

www.ConceptChem.com
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www.friendsofpast.org
A nonprofit organization dedicated to promoting and
advancing the rights of scientists and the public to learn
about Americas past through archeology. Emphasis is given
to the Kennewick Man debate, in which Native Americans
claim kinship to 9000-year-old skeletal remains.

www.iaea.or.at
The website [or the International Atomic Energy Agency,
which monitors almost all issues related to nuclear technol-

Visit ConceptChem.com to register your Conceptual Chemistry Alive' DVD-ROM. Registered users receive [ree technical support as well as access to the authors answers to the
over 600 questions appearing within CCAlive! Behind-thescene photos as well as interesting information about the
cast, crew, and production of ccAlive' are also available.
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f all the metals in the periodic
table, mercury, Hg (atomic number 80), is the only one to exist as
a liquid at ambient temperatures.
Mercury is also volatile, which means
that un contained mercury atoms
evaporate into the atmosphere.
Today, the atmosphere carries a load
of about 5000 tons of mercury. Of
this amount, about 2900 tons are
from current human activities, such
as the burning of coal, and 2100 tons
appear to be from natural sources,
such as outgassing from Earth's crust
and oceans. Since the rnid-tcth century, however, humans have emitted
an estimated 200,000 tons of mercury into the atmosphere, most of
which has since subsided onto the
land and sea. It is probable, therefore,
that a large portion of the mercury
emitted from "natural" sources is
actually the re-emission of mercury
originally put there by humans over
the last 150 years.
Mercury is a poison to the nervous system. Its most dangerous form
is that of the methyl mercury ion,
CH3Hg+, which forms from elemental
mercury within aquatic habitats.
This form of mercury tends to bioaccumulate so that organisms higher
up in the marine food chain, such as
pike, tuna, and swordfish, tend to
have the highest levels. People who
eat these fish regularly may be
exposing themselves to high levels
of mercury.
Typical consequences of mercury
poisoning include a loss of mental
focus along with personality changes.
Within babies and children the damaging effects are more severe because
the mercury disrupts brain development. Pregnant or nursing mothers
are advised to avoid mercury-tainted
fish because methyl mercury passes

O

through the placenta as well as
throug h breast milk. A study published in 2003 by the US Environmental Protection Agency (EPA)
estimates that some 630,000 babies
are born each year in the United
States with some degree of neurological deficit owing to exposure to mercury in the womb. This corresponds
to about 1out of every 6 pregnancies.
Because of a growing awareness of
the dangers of mercury and because
of imposed governmental regulations, over the past several decades
there has been a gradual phasing out
of the use of mercury. This includes
use in various commercial products,
such as thermometers, and manufacturing processes, most notably in the
manufacture of another element,
chlorine. Interestingly, however, the
most significant source of humanproduced atmospheric mercury,
which is the burning of coal, has
remained largely unregulated.
Federal air pollution control measures began with the 1955 Clean Air
Act, which over the years has been

supplemented by a number of
amendments. One facet of the 1970
amendment was the exemption of
existing coal-burning power plants. It
wasn't until the Clean Air Act Amendment of 1990 that Congress gave the
EPAthe power to create regulations
that would force all coal-burning
power plants to be fitted with mercury-reducing mechanisms. The EPA
was to provide these regulations by
1994, but, for anum ber of political
reasons, this never happened. A committee of state regulators and pollution control experts was thus
convened to propose regulations.
Their recommendations were put
forth at the end of 2000 in a report,
which declared that US mercury
emissions could be reduced by 40 to
90 percent by 2007 using currently
available technology. Coal-burning
utilities disagreed, as did the newly
elected White House administration,
which disbanded the committee.
Back to the drawing board, the EPA
took another 2 years to develop alternative regulations that called for a
reduction of the total mercury output by coal utilities from the then
current 48 tons per year to 34 tons
per year by 2007- The 34-ton cap was
set because this was the amount
achievable via regulations designed
to curb other pollutants-no
mercuryspecific technologies would be
needed. The cap would then be gradually lowered to 15tons by 2018. So,
some 28 years after the 1990 Clean
Air Act amendment, and 63 years
after the original Clean Air Act, mercury emissions may finally be
brought under some control within
the United States.
Unfortunately, the combustion of
coal in the United States accounts for
only a small fraction of the total
global human output of atmospheric
mercury. Besides the United States,
other major polluters include China,
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India, and Russia, but all nations contribute to some extent. Atmospheric
mercury remains airborne for about
a year, which allows it to reach all
regions of the planet. There are definitely "hot spots" that occur within
100 kilometers downwind of a coalburning power plant, but, on average,
much of the mercury North Americans are exposed to originated from
Asia. Likewise, much of the mercury
Asians are exposed to originated
from North America. All of us are
exposed to mercury arising from our
past. Atmospheric mercury is a global
problem, as is the human inertia to
find solutions.

The average concentration of mercury atoms in the air we breath is
about 1.6 nanograms per cubic
meter. This is an extremely low
concentration and poses no discernable health risks. (Mercury is
dangerous to us only because of its
ability to bioaccumulate in the fish
we may eat.) Atoms are so small,

Was this your answer? Most of
these mercury atoms were placed
into the environment by recent or
past human activities.
THE
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Mercury Emissions (Tonnes/yr.)
Morethan 0.3
0.2 to 0.3 _
0.1 to 0.2 _<0.1

however, that 1.6 nanograms of
mercury atoms corresponds to
4.8 trillion of them. Take a deep
breath-a liter's worth. You have
just inhaled one-thousandth of a
cubic meter of air containing
4.8 billion mercury atoms. From
where did most of these mercury
atoms originate?
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SPOTLIGHT

DISCUSSION

QUESTIONS

1.

Coal-mining companies have provided $109 million to federal political campaigns since 1990. Doyou
agree with their right to make such
contributions ?

2.

The cost of equipping coal-burning
utilities with mercury-specific
antipollution technologies would
have been passed along to the consumer. The exemption for coalburning utilities given by the 1970
Clean Air Act Amendment has there-

fore saved consumers billions of dollars, which, in turn, has been of benefit to the economy. Is this a good or
bad thing?
3- Ifthe estimate of 630,000 babies

affected per year is correct, then
over the course of 63 years some
39 million individuals will have been
affected by methyl mercury. Without
extensive medical tests, how would
you know if you were one of the
mildly affected individuals?
4. Even if the United States were to
have eliminated all of its mercury
emissions, we would still have been
exposed to about the same amount
of mercury because atmospheric
mercury is such a global problem.
So,maybe it doesn't really matter
that we have been so tardy in developing mercury regulations. What do
you think?
5. About 53percent of the electricity
produced in the United States
comes from coal-burning utilities.
Only about 20 percent of u.s. electricity comes from nuclear power
plants. Why do Americans tend to
oppose nuclear power plants more
than coal-fired power plants?
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Models Help Us Visualize the Invisible World
of Atoms

toms are so small that the number of them in a baseball is roughly equal to
the number ofPing-Pong balls that could fit inside a hollow sphere as big
as Earth, as Figure 5.1 illustrates.
Atoms are so small that we can never see them in the usual sense. This is
because light travels in waves, and atoms are smaller than the wavelengths of visible light, which is the light that allows the human eye to see things. We could
stack microscope on top of microscope and still not see an individual atom. As
illustrated in Figure 5.2, the diameter of an object visible under the highest magnification must be larger than the wavelengths of the light.
Although we cannot see atoms directly, we can generate images of them indirectly. In the mid-1980s, researchers developed the scanning probe microscope,
which produces images by dragging an ultrathin needle back and forth over the
surface of a sample. Interactions with the surface atoms are detected and translated by a computer into a topographical image that corresponds to the positions of atoms on the surface (Figure 5.3). A scanning probe microscope can
also move individual atoms into desired positions. This ability opened up the
field of nanotechnology, as discussed in the Chapter 3 Spotlight on page 104.

•

CArC-K~--------------Why are atoms invisible?
Was this your answer? An individual atom is smaller than the wavelengths
of visible light and so is unable to reflect that light. Atoms are invisible,
therefore, because visible light passes right by them. The atomic images
generated by STMs are not photographs taken by a camera. Rather, they are
computer renditions generated from the movements of an ultrathin needle.

A very small or very large visible object can be represented with a physical
model, which is a model that replicates the object at a more convenient scale.

Atoms in

a baseball

FIGURE

5.1

If Earth were filled with nothing but Ping-Pong balls, the number of ballswould be

roughly equal to the number of atoms in a baseball. Put differently, if a baseballwere
the size of Earth, one of its atoms would be the sizeof a Ping-Pong ball.
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FIGURE

5.2

Microscopic objects can be seen through a microscope that works with visible light,
but submicroscopic particles cannot. (a) A bacterium is visible because it is much
larger than the wavelengths of visible light. We can see the bacterium through the
microscope because the bacterium scatters visible light back towards the eye.
(b) An atom is invisible because it is smaller than the wavelengths of visible light,
which passes by the atom with no scattering.

(b)
FIGURE

5.3

(a) Scanning probe microscopes are relatively simple devices used to create submicroscopic imagery. (b) An image of gallium and arsenic atoms. (c) Each dot in the
world's tiniest map consists of a few thousand gold atoms, each dot moved into its
proper place by a scanning probe microscope.

INVISIBLE

WORLD
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(b)

(a)

FIGURE

5.4

(a) This large-scale model of a microorganism is a physical model. Cb)Weather forecasters rely on conceptual models such as this one to predict the behavior of weather
systems.

Figure 5.4a, for instance, shows a large-scale physical model of a microorganism
that a biology student uses to study the microorganism's internal structure.
Because atoms are invisible, however, we cannot use a physical model to represent them. In other words, we cannot simply scale up the atom to a larger size, as
we might with a microorganism. (A scanning probe microscope merely shows
the positions of atoms and not actual images of atoms, which do not have the
solid surfaces implied in the images of Figure 5.3.) So, rather than describing the
atom with a physical model, chemists use what is known as a conceptual
model, which describes a system. The more accurate a conceptual model, the
more accurately it predicts the behavior of the system. The weather is best
described using a conceptual model like the one shown in Figure 5.4b. Such a
model shows how the various components of the system-humidity,
atmospheric pressure, temperature, electric charge, the motion oflarge masses of airinteract with one another. Other systems that can be neatly described using
conceptual models are the economy, population growth, the spread of diseases,
and team sports.

ihcK
A basketball coach describes a playing strategy to her team by way of
sketches on a game card. Do the illustrations represent a physical model or
a conceptual model?
Was this your answer? The sketches are a conceptual model the coach uses
to describe a system (the players on the court), with the hope of predicting
an outcome (winning the game).

Like the weather, the atom is a complex system of interacting components,
and it is best described with a conceptual model. You should therefore be careful
not to interpret any visual representation of an atomic conceptual model as a re-
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creation of an actual atom. In Section 5.4, for example, you will be introduced
to the planetary model of the atom, wherein electrons are shown orbiting the
atomic nucleus much as planets orbit the sun. This planetary model is limited,
however, in that it fails to explain many properties of atoms. Thus, newer and
more accurate (and more complicated) conceptual models of the atom have
since been introduced. In these models, electrons appear as a cloud hovering
around the atomic nucleus, but even these models have their limitations. Ultimately, the best models of the atom are ones that are purely mathematical.
In this textbook, our focus is on conceptual atomic models that are easily represented by visual images, including the planetary model, the electron-cloud
model, and a model in which electrons are grouped in units called shells. Despite
their limitations, such images are excellent guides to learning chemistry, especially for the beginning student. These models were developed by scientists to
help explain how atoms emit light. We begin our study of atomic models, therefore, by reviewing the fundamental nature of light.

• 5.2

light Is a Form of Energy

~

form of energy known as electromagnetic radiation. It travels in
U~:e:s t~at are analogous to the waves produced by a pebble dropped into a
pond. Electromagnetic waves, however, are oscillations
(vibrations) of electric and magnetic fields, not oscillations of a material medium such as water. Most of the
electromagnetic radiation we encounter is generated by
As I idly tap this stick on the water surface,
electrons, which can oscillate at exceedingly high rates
I generate waves that emanate outward from the
because of their small size.
point of contact. Similarly, as electrons oscillate
back and forth in an atom. they generate electroThe distance between two crests of an electromagmagnetic waves that emanate from the atom.
netic wave is called the wavelength of the wave. ElectroInterestingly, the faster I tap, the closer together
magnetic wavelengths range from less than 1 nanometer
the waves are to one another but the speed at
(l0-9 meter) for high-energy gamma rays to more than
which they travel remains the same
1 kilometer (l03 meters) for radio waves, which are lowenergy electromagnetic radiation. Figure 5.5 labels two
wavelengths-one
very long, the other very short-on a
fictitious wave drawn for illustration only.
Electromagnetic waves can also be characterized by
their wave frequency, a measure of how rapidly they
oscillate. The shorter the wavelength of an electromagnetic wave, the greater its wave frequency. Gamma rays,
for example, have very short wavelengths, which means
their wave frequencies are very high. Radio waves have
very long wavelengths, which means their wave frequencies are very low.
The basic unit of wave frequency is the hertz (abbreviated Hz), where 1 hertz equals 1 cycle per second and
cycle refers to 1 complete oscillation. Wave frequencies for electromagnetic radiation range from 1024 hertz for gamma rays to less than 103 hertz for radio
waves. The higher the frequency of a wave, the greater its energy, which means
that gamma rays are far more energetic than radio waves.
Figure 5.5 shows a full range of frequencies and wavelengths of electromagnetic radiation in a display known as the electromagnetic spectrum. The
most energetic region of the electromagnetic spectrum consists of gamma rays.
Next is the region of slightly lower energy where we find X rays, and next is the

--
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Short wavelength

Long wavelength
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FIGURE
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5.5

The electromagnetic spectrum is a continuous band of wave frequencies extending
from high-energy gamma rays, which have short wavelengths and high frequencies,
to low-energy radio waves, which have long wavelengths and low frequencies. The
descriptive names of these regions are merely a historical classification, for all these
waves are the same in nature, differing only in wavelength and frequency. Interestingly, the speed at which they travel is also the same. There is the speed oflight,
which is about 3 X 108 meters per second.

electromagnetic
radiation we call ultraviolet light. Within a narrow region from
about 7 X 1014 (700 trillion) hertz to about 4 X 1014 (400 trillion) hertz are the
frequencies of electromagnetic
radiation known as visible light. This region
includes the rainbow of colors our eyes are able to detect, from violet at 700 trillion hertz to red at 400 trillion hertz. Lower in energy than visible light are
infrared waves (detected by our skin as "heat waves"), then microwaves (used to
cook foods), and finally radio waves (through which radio and television signals
are sent), the waves oflowest energy.

Can you see radio waves? Can you hear them?
Was this your answer? Your eyes are equipped to see on ly the narrow
range of frequencies of electromagnetic radiation from about 700 trillion
to 400 trillion hertz-the
range of visible light. Radio waves are one type of
electromagnetic radiation, but their frequency is much lower than what
yOUTeyes can detect. Thus,you can't see radio waves. Neither can you hear
them. You can, however, turn on an electronic gizmo called a radio, which
translates radio waves into signals that drive a speaker to produce sound
waves yOUTears can hear.
We see white light when all frequencies of visible light reach our eye at the
same time. By passing white light through a prism or through a diffraction grating, which is a glass plate or plastic sheet with microscopic lines etched into it,
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White light is separated into its
color componems by (a) a prism
and (b] a diffraction grating.

Prism(crosssection)

Diffractiongrating (crosssection)
(b)

(a)

the calor components
of the light can be separated, as shown in Figure 5.6.
(Remember-each
calor of visible light corresponds to a different frequency.) A
spectroscope, shown in Figure 5.7, is an instrument used to observe the calor
components of any light source. As we discuss in the following section, a spectroscope allows us to analyze the light emitted by elements as they are made to glow.

White light directly
from light source

Atomsin filament excited
by electricity
(a)
FIGURE

5.7

(a) In a spectroscope, light emitted by atoms passes
through a narrow slit before being separated into
particular frequencies by a prism or (as shown here)
a diffraction grating. (b) This is what the eye sees
when the slit of a diffraction-grating spectroscope
is pointed toward a white-light source. Spectra of
colors appear to the left and right of the slit.

Smooth,continuous
spectrum from white light
(b)

White light
directlyfrom
light source

Smooth,continuous
spectrum from white light
(mirrorimage)
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• 5.3 Atoms Can Be Identified
by the Light They Emit

Strontium, Sr

Potassium, K

Barium, Ba

I

i
I

,

III
Copper,Cu

FIGURE

5.8

Elements heated by a flame glow
their characteristic color.This is
commonly called a flame test and
is used to test for the presence of
an element in a sample. When
viewed through a spectroscope,
the color of each element is
revealedto consist of a pattern of
distinct frequencies known as an
atomic spectrum.

, I I (lllllll
FIGURE

5.9

•

~given
off by atoms subjected to various
L~~~~~s olf energy, such as heat or electricity. The
atoms of a given element emit only certain frequencies
oElight, however. As a consequence, each element emits
a distinctive glow when energized. As mentioned in the
chapter opening, sodium atoms emit bright yellow light,
which makes them useful as the light source in street
lamps because our eyes are very sensitive to yellow light,
and, to name just one more example, neon atoms emit a
brilliant red-orange light, which makes them useful as
the light source in neon signs.
When we view the light from glowing atoms through
a spectroscope, we see that the light consists of a number
of discrete (separate from one another) frequencies
rather than a continuous spectrum like the one shown in
Figures 5.5, 5.6, and 5.7. The pattern of frequencies
formed by a given element-some
of which are shown
in Figure 5.8-is referred to as that element's atomic
spectrum. The atomic spectrum is an element's fingerprint. You can identity the elements in a light source by
analyzing the light through a spectroscope and looking
for characteristic patterns. If you don't have the opportunity to work with a spectroscope in your laboratory,
check out the Hands-On Chemistry: Spectral Patterns
on page 151.

Howmight you deduce the elemental composition of a star?
Was this your answer? Aim a well-built spectroscope at the star, and study

its spectral patterns. In the late 18005, this was done with OUT own star, the
sun. Spectral patterns of hydrogen and some other known elements were
observed, in addition to one pattern that could not be identified. Scientists
concluded that this unidentified pattern belonged to an element not yet
discovered on Earth.Theynamed this element helium after the Greek word
for "sun," helios.
Researchers in the 1800s noted that the lightest element, hydrogen, has a far
more orderly atomic spectrum than the other elements. Figure 5.9 shows a portion of the hydrogen spectrum. Note that the spacing between successive lines
decreases in a regular way. A Swiss schoolteacher, johann Balmer (1825-1898),
expressed these line positions by a mathematical formula. Another regularity in
hydrogen's atomic spectrum was noticed by Johannes Rydberg (1854-1919)the sum of the frequencies of two lines sometimes equals the frequency of a
third line. For example,

A portion of the atomic spec-

trum for hydrogen. These frequencies are higher than those of
visible light, which is why they
are not shown in calor.

First spectral line
Second spectral line
Third spectral line

1.6 x 1014 Hz

+ 4.6

X

6.2

X

1014 Hz
1014 Hz
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urchase some "rainbow" glasses
from a nature, toy, or hobby store.
The lenses of these glasses are diffraction gratings. Looking through
them,you will see light separated
into its color components. Certain
light sources, such as the moon or a
car's headlights, are separated into a
continuous spectrum-in
other
words, all the colors of the rainbow
appear in a continuous sequence
from red to violet.
Other light sources, however,
emit a distinct num ber of discontinuous colors. Examples include
streetlights, neon signs, sparklers,
and fireworks. The spectral patterns

you see from these light sources are
the atomic spectra of elements
heated in the light sources. You'll be
able to see the patterns best when
you are at least 50 meters from the
light source. This distance makes the
spectrum appear as a series of dots
similar to the series of lines shown
in Figure 5.8.
The rainbow side of a compact
disc can also be used for viewing
spectral patterns. Holding the disk at
eye level parallel to the ground, look
into the disc at the reflection of a
light source and observe the rainbow
of colors. While focusing on the
reflection, bring the disc as close as
possible to your eye. Doing so will
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make the spectral pattern more
apparent.
Share your rainbow glasses or CD
with a friend on your next "nig ht on
the town."You'll find each type of
light has its own signature pattern.
How many different patterns are you
able to observe?

The orderliness of hydrogen's atomic spectrum was most intriguing to
Balmer, Rydberg, and other investigators of the time. However, as to why such
orderliness should exist, these early workers were unable to formulate any
hypothesis that agreed with any accepted atomic model of the day.

• 5.4

ATOMIC

Niels Bohr Used the Quantum Hypothesis
to Explain Atomic Spectra

n important step toward our present-day understanding of atoms and
their spectra was taken by the German physicist Max Planck (18581947). In 1900, Planck hypothesized that light energy is quantizedin much the
same way matter is.
To understand what this interesting new term means, consider a gold brick.
The mass of the brick equals some whole-number multiple of the mass of a single gold atom. Similarly, an electric charge is always some whole-number multiple of the charge on a single electron. Mass and electric charge are therefore said
to be quantized in that they consist of some number of fundamental units.
What Planck did with his quantum hypothesis was to recognize that a beam
oElight energy is not the continuous (nonquantized) stream of energy we think
it is. Instead the beam consists of zillions of small, discrete packets of energy, each
packet called a quantum, as represented in Figure 5.10. A few years later, in
1905, Einstein recognized that these quanta oflight behave much like tiny particles of matter. To emphasize their particulate nature, each quantum oflight was
called a photon, a name coined because of its similarity to the words electron,
proton, and neutron.
Take a moment to let this amazing fact sink in: light as a stream of tiny little
bullets! And if that is so, why does Section 5.2 say light is an electromagnetic
wave?Was that an error? A lie? Neither, for evidence tells us that light behaves as
both a wave and a particle, and this is where the idea of conceptual models comes

f--

•

• A star's age is revealed by its elemental makeup. The first and oldest stars were composed of
hydrogen and helium because
those were the only elements
available at that time. Heavier
elements were produced after
many of these early stars
exploded in supernovae. Later
stars incorporated these heavier
elements in their formation. In
general, the younger a star, the
greater amounts of these heavier
elements it contains.
MORE

TO

EXPLORE,

www.astronomytoday.com/
cosmology/evol.html
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Light source

Light beam

Gil
One quantum

FIGURE

(photon) of light

5.10

Light is quantized, which means it consists of a stream of energy packets. Each
packet is called a quantum, also known as a photon.

High-frequency,
high-energy
photon

Low-frequency,
low-energy
photon

FIGURE

5.11

The greater the frequency of a
photon oflight, the greater the
energy packed into that photon.

into play. When scientists study visible light (or any other electromagnetic radiation), they are free to choose the model that best fits their needs-light as wave
or light as stream of particles. Depending on the model chosen, light has the
properties of a wave or the properties of a particle. To represent this duality, photons are illustrated in this text as a burst of light with a wave drawn inside the
burst.
As shown in Figure 5.11, the amount of energy in a photon increases with the
frequency of the light. One photon of ultraviolet light, for example, possesses
more energy than one photon of infrared light because ultraviolet light has
higher frequency than infrared light (as Figure 5.5 shows).
Using Planck's quantum hypothesis, the Danish scientist Niels Bohr
(1885-1962) explained the formation of atomic spectra as follows. First, Bohr
recognized that the potential energy of an electron in an atom depends on the
electron's distance from the nucleus. This is analogous to the potential energy of
an object held some distance above Earth's surface. The object has more potential energy when it is held high above the ground than when it is held close to
the ground. Likewise, an electron has more potential energy when it is far from
the nucleus than when it is close to the nucleus. Second, Bohr recognized that
when an atom absorbs a photon of light, it is absorbing energy. This energy is
acquired by one of the electrons surrounding the atom's nucleus. Because this
electron has gained energy, it must move away from the nucleus. In other words,
absorption of a photon causes a low-potential-energy electron in an atom to
become a high-potential-energy electron.
Bohr also realized that the opposite is true: when a high-potential-energy
electron in an atom loses some of its energy, the electron moves closer to the
nucleus and the energy lost from the electron is emitted from the atom as a photon oflight. Both absorption and emission are illustrated in Figure 5.12.

Which has more energy: a photon of red light or a photon of infrared light?

Was this your answer? As shown in Figure 5.5,red light has a higher frequency than infrared light, which means a photon ofred light has more
energy than a photon of infrared light. Recall that a photon is a single discrete packet (a quantum) of radiant energy.
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Electron

(r \
An electron
gains potential
energy and
moves farther
from the
nucleus after
absorbing
a photon.
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An electronis lifted awayfrom the nucleusas the atom absorbsa photon oflight
and drops closerto the nucleusas the atom releasesa photon of light.

Bohr reasoned that because light energy is quantized, the energy of an
electron in an atom must also be quantized. In other words, an electron cannot have just any amount of potential energy. Rather, within the atom there
must be a number of distinct energy levels, analogous to steps on a
staircase. Where you are on a staircase is restricted to where the steps
are-you cannot stand at a height that is, say, halfway between any
two adjacent steps. Similarly, there are only a limited number of permitted energy levels in an atom, and an electron can never have an
amount of energy between these permitted energy levels. Bohr gave
each energy level a principal quantum number, n, where n is always
some integer. The lowest energy level has a principal quantum number n = 1. An electron for which n = 1 is as close to the nucleus as possible, and an electron for which n = 2, n = 3, and so forth is farther
away from the nucleus.
Using these ideas, Bohr developed a conceptual model in which an
electron moving around the nucleus is restricted to certain distances
from the nucleus, with these distances determined by the amount of
energy the electron has. Bohr saw this as similar to how the planets are
held in orbit around the sun at given distances from the sun. The
allowed energy levels for any atom, therefore, could be graphically represented as orbits around the nucleus, as shown in Figure 5.13. Bohr's
quantized model of the atom thus became known as the planetary

model.
Bohr used his planetary model to explain why atomic spectra contain only a
limited number oElight frequencies. According to the model, photons are emitted by atoms as electrons move from higher-energy outer orbits to lower-energy
inner orbits. The energy of an emitted photon is equal to the diffirence in energy
between the two orbits. Because an electron is restricted to discrete orbits, only
particular light frequencies are emitted, as atomic spectra show.
Interestingly, any transition between two orbits is always instantaneous. In
other words, the electron doesn't "jump" from a higher to lower orbit the way a
squirrel jumps from a higher branch in a tree to a lower one. Rather, it takes no
time for an electron to move between two orbits. Bohr was serious when he
stated that electrons could never exist between permitted energy levels!

Just as I can't stand
between two adjacent
steps, an electron can't
exist between two
energy levels.
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Bohr was also able to explain why the sum of two frequencies
of light emitted by an atom often equals a third emitted frequency. If an electron is raised to the third energy level-that
is,
the third-highest orbit, the one for which n = 3-it can return to
the first orbit by two routes. As shown in Figure 5.14, it can
return by a single transition from the third to the first orbit, or it
can return by a double transition from the third orbit to the second and then to the first. The single transition emits a photon of
frequency C, and the double transition emits two photons, one
of frequency A and one of frequency B. These three photons of
frequencies A, B, and C are responsible for three spectral lines.
Note that the energy transition for A plus B is equal to the
energy transition for C. Because frequency is proportional
to
energy, frequency A plus frequency B equals frequency C.

n=4

Bohr's planetary model of the
atom, in which electrons orbit
the nucleus much like planets
orbit the sun, is a graphical representation that helps us understand how electrons can possess
only certain quantities of energy.

Suppose the frequency of light emitted in Figure 5.14is
5 billion hertz along path A and 7 billion hertz along
path B.What frequency of light is emitted when an electron makes a transition along path C?
Was this your answer? Add the two known frequencies to get the frequency of path C:5 billion hertz + 7 billion hertz = 12 billion hertz.

(b)

FIGURE

A+ B=C

5.14

(a) The frequency of light emitted (or absorbed) by an atom is proportional to the
energy difference between electron orbits. Because the energy differences between
orbits are discrete, the frequencies oflight emitted (or absorbed) are also discrete.
The electron here can emit only three discrete frequencies oflight-A,
B, and C.
The greater the transition, the higher the frequency of the photon emitted.
(b) The sum of the energies (and frequencies) for transitions A and B equals the
energy (and frequency) of transition C.
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Bohr's planetary atomic model proved to be a tremendous success. By utilizing Planck's quantum hypothesis, Bohr's model solved the mystery of atomic
spectra. Despite its successes, though, Bohr's model was limited because it did
not explain why energy levels in an atom are quantized. Bohr himself was quick
to point out that his model was to be interpreted only as a crude beginning, and
the picture of electrons whirling about the nucleus like planets about the sun
was not to be taken literally (a warning to which popularizers of science paid no
heed).

• 5.5

i

Electrons Exhibit Wave Properties

r Iigh, has both wave properties and part; de properties why ca 0" a mate-

rial particle, such as an electron, also have both? This question was posed by
the French physicist Louis de Broglie (1892-1987) while he was still a graduate
student in 1924. His revolutionary
answer was that every particle of matter is
somehow endowed with a wave to guide it as it travels. The more slowly an electron moves, the more its behavior is that of a particle with mass. The more
quickly it moves, however, the more its behavior is that of a wave of energy. This
duality is an extension of Einstein's famous equation E = me", which tells us that
matter and energy are interconvertible
(Section 4.9).
A practical application of the wave properties of fast-moving electrons is the
electron microscope, which focuses not visible-light waves but rather electron
waves. Because electron waves are much shorter than visible-light waves, electron microscopes are able to show far greater detail than optical microscopes, as
Figure 5.15 shows.
In an atom, an electron moves at very high speeds-on
the order of 2 million
meters per second-and
therefore exhibits many of the properties of a wave. An
electron's wave nature can be used to explain why electrons in an atom are

(b)

FIGURE

5.15

(a) An electron microscope
makes practical use of the wave
nature of electrons. The wavelengths of electron beams are typically thousands of times shorter
than the wavelengths of visible
light, and so the electron microscope is able to distinguish detail
not visible with optical microscopes. (b) Detail of a female
mosquito head as seen with an
electron microscope at a "low"
magnification of 200 times. Note
the remarkable resolution.
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Mechanical
vibrator

--------------------------

--------

Wire
loop

(a)
FIGURE

5.16

For the fixed circumference of a
wire loop, only some wavelengths
are self-reinforcing. (a) The loop
affixed to the post of a mechanical vibrator at rest. Waves are sent
through the wire when the post
vibrates. (b) Waves created by
vibration at particular rates are
self-reinforcing. (c) Waves created by vibration at other rates
are not self-reinforcing.

(b) Wavelength

is self-reinforcing.

(c) Wavelength

produces chaotic motion.

restricted to particular energy levels. Permitted energy levels are a natural consequence of electron waves closing in on themselves in a synchronized manner.
As an analogy, consider the wire loop shown in Figure 5.16. This loop is
affixed to a mechanical vibrator that can be adjusted to create waves of different
wavelengths in the wire. Waves passing through the wire that meet up with
themselves, as shown in Figure 5.16b, form a stationary wave pattern called a
standing wave. This pattern results because the peaks and valleys of successive
waves are perfectly matched, which makes the waves reinforce one another.
With other wavelengths, as shown in Figure 5.16c, successive waves are not synchronized. As a result, the waves do not build to great amplitude.
The only waves that an electron exhibits while confined to an atom are those
that are self-reinforcing. These are the ones that resemble a standing wave centered on the atomic nucleus. Each standing wave corresponds to one of the permitted energy levels. Only the frequencies of light that match the difference
between any two of these permitted energy levels can be absorbed or emitted by
an atom. The wave nature of electrons also explains why they do not spiral closer
and closer to the positive nucleus that attracts them. By viewing each electron
orbit as a self-reinforcing
wave, we see that the circumference
of the smallest
orbit can be no smaller than a single wavelength.

K
What must an electron be doing in order to have wave properties?

Was this your answer? Moving! According to de Braglie, particles of matter
behave like waves by virtue of their motion. The wave nature of electrons in
atoms is pronounced because electrons move at speeds of about 2 million
meters per second.
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RUBBER

tretch a rubber band between
your two thumbs and pluck one
~ length of it. Note that no matter
where along the length you pluck, the
area of greatest oscillation is always
at the midpoint. This is a self-reinforcing wave that occurs as overlapping waves bounce back and forth
from thumb to thumb.

PROBABILITY
CLOUDS
ELECTRON WAVES

AND ATOMIC

j

WAVES

Under regular light, it is difficult to
see the waves traveling back and forth.
Fora better view,pluck the rubber
band in front of a computer monitor
or a television screen that uses a cathode ray tube. The light from these
devices, which acts like a strobe light,
makes the waves appear to slow down.
Vary the tension in the rubber
band to see different effects.

ORBITALS

HELP US VISUALIZE

Electron waves are three-dimensional,
which makes them difficult to visualize,
but scientists have come up with two ways of visualizing them: as probability
clouds and as atomic orbitals.
As you saw if you just did the Hands-On
exercise, when you pluck a
stretched rubber band, the resulting waves are most intense at the midpoint of
the plucked length and much weaker at the ends. In a similar fashion, standing electron waves in an atom are more intense in some regions than in others.
In 1926, the Austrian-German
scientist Erwin Schrodinger (1887-1961)
formulated a remarkable equation from which the intensities of electron waves
in an atom could be calculated. It was soon recognized that the intensity at
any given location determined
the probability
of
finding the electron at that location. In other words,
'. Z
the electron was most likely to be found where its
wave intensity was greatest and least likely to be
found where its wave intensity was smallest.
If we could plot the positions of an electron of a
given energy over time as a series of tiny dots, the
resulting pattern would resemble what is called a
probability cloud. Figure 5.17a shows a probability
cloud for hydrogen's electron. The denser a region of
the cloud, the greater the probability of finding the
(a) Probabilitycloud
electron in that region. The densest regions correspond to where the electron's wave intensity is greatest.
A probability cloud is therefore a close approximation
of the actual shape of an
electron's three-dimensional
wave.
An atomic orbital, like a probability
cloud, specifies a volume of space
where the electron is most likely to be found. By convention,
atomic orbitals
are drawn to delineate the volume inside which the electron is located 90 percent of the time. This gives the atomic orbital an apparent border, as shown in
Figure 5.17b. This border is arbitrary, however, because the electron may exist
on either side of it. Most of the time, though, the electron remains within the
border.
Probability clouds and atomic orbitals are essentially the same thing. They
differ only in that atomic orbitals specify an outer limit, which makes them easier to depict graphically.

Z

y

y

x

x

(b) Atomicorbital

FIGURE

5.17

(a) The probability cloud for
hydrogen's electron in an x, y, z
coordinate system. The nucleus is
located at the origin, which is
where all three lines intersect.
The more concentrated the dots,
the greater the chance of finding
the electron at that location.
(b) The atomic orbital for hydrogen's electron. The electron is
somewhere inside this spherical
volume 90 petcent of the time.
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An atomic orbital represents an energy level for an electron. Because there
are many different energy levels for an electron, we find there are many different atomic orbitals. As Table 5.1 shows, atomic orbitals come in a variety
of shapes, some quite exquisite. We categorize these orbitals by their complexity using the letters s, p, d, and f The simplest is the spherical s orbital.
The p orbital consists of two lobes and resembles an hourglass. There are three
kinds of p orbitals, and they differ from one another only by their orientation
in three-dimensional space. The more complex d orbitals have five possible
shapes, and the f orbitals have seven. Please do not memorize all the orbital

TABLE

5.1

FOUR

Orbital Type

CATEGORIES

OF ATOMIC

ORBITALS:

5,

p,

d,!

SpatialOrientations

5

The 5 orbital has
only one shape,
which is spherical.

1

p

There are
three p orbitals.
They differ by
orientation.

d
There are
five d orbitals.

f
There are
seven f orbitals.
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shapes, especially the d and [ones. However, you should understand that each
orbital represents a different region in which an electron of a given energy is
most likely to be found .

•

What is the relationship
orbital?
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WAVE
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an electron wave and an atomic

Was this your answer? The atomic orbital is an approximation
of the standing electron wave sunounding

of the shape
2s

the atomic nucleus.

In addition to a variety of shapes, atomic orbitals also come in a variety of
sizes. In general, highly energized electrons are able to extend farther away from
the attracting nucleus, which means they are distributed over a greater volume
of space. The higher the energy of the electron, therefore, the larger its atomic
orbital. Because electron energies are quantized, however, the possible sizes of
the atomic orbitals are quantized. The size of an orbital is thus indicated by
Bohr's principal quantum number n = 1,2,3,4,5,6,7,
or greater. The first two
5orbitals are shown in Figure 5.18. The smallest 5orbital is the 15 (pronounced
"one-ess"), where 1 is the principal quantum number. The next largest 5orbital
is the 25, and so forth.
So we see that an atomic orbital is simply a volume of space within which an
electron may reside. Orbitals may therefore overlap one another in an atom. As
shown in Figure 5.19, the electrons of a fluorine atom are distributed among its
15,25, and three 2p orbitals."
The hourglass-shaped p orbital illustrates the significance of the wave nature
of the electron. Unlike the case with a real hourglass, the two lobes of this
orbital are not open to each other, and yet an electron freely moves from one
lobe to the other. To understand how this can happen, consider an analogy
from the macroscopic world. A guitar player can gently tap a guitar string at its
midpoint (the 12th fret) and pluck it elsewhere at the same time to produce a
high-pitched tone called a harmonic. Close inspection of this string, shown in

FIGURE

5.19

The fluorine atom has five overlapping
atomic orbitals that conrain its nine electrons, which are not shown.

"For reasons that are beyond the scope of this text, the Ip orbital does not exist. The smallest
p orbiral is therefore the 2p. Other nonexistent orbitals are the 1d, 2d, If, 2f, and 3/

FIGURE

5.18

The 2s orbital is larger than the
15 orbital because the 25 accommodates electrons of greater
energy.
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• What do poets and scientists
have in common? They both use
metaphors to help us understand
abstract concepts and relationships. The "orbital," for example, is
a metaphor that helps us visualize an invisible reality. Scientific
models are essentially equivalent
to the metaphorical language
used in poetry.
MORE

TO

EXPLORE,

G.Abiisdris, A.Casuga, "Models
and Metaphors," The Science
Teacher, Sept. 2001.
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Figure 5.20, reveals that it oscillates everywhere along the string except at the
point directly above the 12th fret. This point of zero oscillation is called a node.
Although there is no motion at the node, waves nonetheless travel through it.
Thus, the guitar string oscillates on both sides of the node when only one side
is plucked. Similarly, the point between the two lobes of a p orbital is a node
through which the electron may pass-but only by virtue of its ability to take
on the form of a wave.

Distinguish between an orbital and one of Bohr's orbits.

FIGURE

Was this your answer? An orbit is a distinct path followed by an object in its
revolution around another object. In Bohr's planetary model of the atom, he
proposed an analogy between electrons orbiting the atomic nucleus and
planets orbiting the sun.
An atomic orbital is a volume of space around an atomic nucleus where
an electron of a given energy will most likely be found. What orbits and
orbitals have in common is that they both use Bohr's principal quantum
number to indicate energy levels in an atom.

5.20

The guitar string can oscillateon
both sides of the 12th-fret node
even when the string is plucked
on only one side of the node.
This occurs becausewavescan
pass through the node.

Bohr's planetary atomic model postulated discrete energy values for electrons
in order to account for spectral data. The electron-wave model goes further and
shows that discrete electron energy values are a natural consequence of the electron's confinement to the atom. While Bohr's planetary model accounts for the
-generation of light quanta, the wave model takes things a step further by treating light and matter in the same way-both
behaving sometimes like a wave
and sometimes like a particle. As abstract as the wave model may be, its predictive successes indicate that it presents a more fundamental description of the
atom than does Bohr's planetary model.
For a deeper conceptual understanding of chemistry the remaining sections
of this chapter focus on the details of how electrons arrange themselves within
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QUANTIZED

ou

can "quantize" your whistle by
whistling down a long tube, such
~ as the tube from a roll of wrapping paper. First, without the tube,
whistle from a high pitch to a low
pitch. Do it in a single breath and as
loud as you can. Next, try the same
thing while holding the tube to your
lips. Ah-ha! Note that some frequencies simply cannot be whistled, no
matter how hard you try. These frequencies are forbidden because their

wavelengths are not a multiple of the
length of the tube.
Try experimenting with tubes of
different lengths. Tohear yourself
more clearly, use a flexible plastic
tube and twist the outer end toward
your ear.
When your whistle is confined to
the tube, the consequence is a quantization of its frequencies. When an
electron wave is confined to an atom,
the consequence is a quantization of
the electron's energy.

WHISTLE
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the orbitals of an atom. These details are not vital to your further exploration of
chemistry. You could, for example, study only up to this point and begin
Chapter 6 without much difficulty. But consider this: the quality and character
of a song is determined by how its musical notes are arranged. In a similar
manner, the quality and character of an atom is determined by how its electrons are arranged. If your goal is to appreciate the intricacies of music, you
need to learn about the possible arrangements of musical notes. Similarly, if
your goal is to appreciate the intricacies of chemistry, you need to learn about
electrons and their possible arrangements within the atom. The remaining sections of this chapter are offered for students with the time and energy to delve
into these details. The reward is a deeper insight into the heart and soul of
chemistry.

• 5.6

Energy-Level Diagrams Describe How Orbitals
Are Occupied

in

the early 20th century, physicists learned that electrons have a property
called spin. Spin can have two states, and these states are analogous to a
ball spinning either clockwise or counterclockwise,
as shown in Figure 5.2I.
Two electrons that have opposite spins are able to occupy the same atomic
orbital. Each orbital, therefore, has a capacity for two, but no more than two,
electrons.
We can combine this spin concept and our orbital model to "build" atoms
electron by electron. This is done by using what is called an energy-level
diagram, shown in Figure 5.22. Each box represents an orbital, each electron
is represented
by an arrow, and two electrons spinning in opposite directions in the same orbital are shown as two arrows pointing in opposite
directions.

Counterclockwise

Clockwise electron spin

5

FIGURE

electron spin

orbital

5.21

Two electrons having opposite spins may pair together in an atomic orbital.
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5.22

This energy-leveldiagram shows
the relative energy levelsof
atomic orbirals in a multielectron
atom (in this case rubidium, Rb,
atomic number 37).

5 orbitals

High energy
(far from
nucleus)

d orbitals

p orbitals
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IT]
25

Low energy
(close to
nucleus)

E]
Rubidium, Rb

15

Consider the lithium atom, Li (atomic number 3), which has three electrons.
In which orbitals do you suppose lithium's electrons are most likely to be found?
As indicated in Figure 5.22, the lower a box is located in the diagram, the lower
the energy of the orbital it represents. Low-energy orbitals are the ones that
allow the electrons to get closest to the nucleus. Thus, these low-energy orbitals
are the ones that tend to get filled first. Accordingly, a lithium atom in its lowest
energy state, as depicted below, has two electrons filling the 15 orbital and the
third electron in the 25 orbital.

[Q
25

tsJ
15

[SJQQ
2p

Lithium, Li

A boron atom, B (atomic number 5), in its lowest energy state has four of its
five electrons filling the 15 and 25 orbitals. Its fifth electron may reside in anyone
of the 2p orbitals, all of which are at the same energy level:

5.6

IT]
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ltJQQ
2p

Boron, B

A carbon atom, C (atomic number 6), has six electrons. Five of them occupy
the 15,25, and 2p orbitals just as the electrons in boron do. Carbon's sixth electron, however, has a choice of either pairing up with the fifth electron in the
same 2p orbital or entering a 2p orbital of its own:

Because electrons have a natural repulsion for one another, they do not begin to
pair up in the same orbital until all the other orbitals at the same energy level are
singly occupied. Electrons in separate orbitals tend to spin in the same direction,
and so the arrows should be shown all pointing in the same direction until pairing is necessary. For these reasons, the two 2p electrons of a carbon atom in its
lowest energy state are in separate 2p orbitals and are drawn pointing in the
same direction:

In
...Inn

UDJU
2p

[]
15

Carbon,C

There is no pairing of 2p electrons in the nitrogen atom, N (atomic number
7), which has seven electrons. The oxygen atom, 0 (atomic number 8), however, has eight electrons, two of which are forced to pair up in one 2p orbital (it
doesn't matter which one).
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Nitrogen, N

1s

Oxygen, 0

How electrons enter orbitals of the same energy level, such as the three 2p
orbitals, is not unlike a bunch of strangers boarding a bus with double seats.
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Pretend these strangers prefer to occupy double seats alone. Only after all the
seats are singly occupied do the strangers begin to pair up.

The arrangement of electrons in the orbitals of an atom is called the atom's
electron configuration. The electron configuration of any atom can be shown

in an energy-level diagram like Figure 5.22 by placing that atom's electrons in
the orbitals in order of increasing energy level. Also, remember to pair electrons
of opposite spin in an orbital only when necessary.

1.

2.

How many 3d orbitals are there?
Fill in this energy-level diagram for sodium, Na (atomic number

D

11):

DDD QQQQQ
4p

3d

4s

D QQQ
3p
3s

D
2s

DDD
2p

D
ls

Were these your answers?
1. There are five 3d orbitals, each represented by one box in an energy-level
diagram. These 3d orbitals differ from one another by their spatial orientations and shapes, as shown in Table 5.1.
2. Begin with the lowest-energy orbital, which is the 15. Place two electrons
in each orbital, using oppositely oriented arrows to represent the opposite spins of the electrons. Sodium's 11 electrons fill the 15, 25, and all three
2p orbitals. The nth electron resides alone in the 35 orbital.

An abbreviated way of presenting electron configuration is to write the principal quantum number and letter of each occupied orbital and then use a superscript to indicate the number of electrons in each orbital. The orbitals of each
atom are then written in order of increasing energy levels. For the group 1 elements, this notation is

5.7

Hydrogen, H
Lithium, Li
Sodium, Na
Potassium, K
Rubidium, Rb
Cesium, Cs
Francium, Fr
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CAN

151
152251

Is22s22l3s1
Is22s22l3s23l4/
ls22/2l3/3l4s23dJ04l5s\
ls22s22l3s23l4s23d104l5s24dJ05l6s\
ls22s22p63s23l4/3dlo4l5s24d105l6s24p45dJ06l751

Note that all the superscripts for an atom must add up to the total number of
electrons in the atom-l
for hydrogen, 3 for lithium, 11 for sodium, and so
forth. Also note that the orbitals are not always listed in order of principal quantum number. The 45 orbital, for example, is lower in energy than the 3d orbitals,
as is indicated on the energy-level diagram of Figure 5.22. The 45 orbital, therefore, appears before the 3d orbital.
The properties of an atom are determined mostly by its outermost electrons,
the ones farthest from the nucleus. These are the electrons toward the "outer
surface" of the atom and hence the ones in direct contact with the external environment. Elements that have similar electron configurations in their outermost
orbitals, therefore, have similar properties. For example, in the alkaline metals
of group 1, shown above, the outermost occupied orbital (shown in blue) is an 5
orbital containing a single electron. In general, elements in the same group of
the periodic table have similar electron configurations in the outermost orbitals,
which explains why elements in the same group have similar properties-a concept first presented in Section 2.6.

• 5.7

Orbitals of Similar Energies Can Be Grouped
into Shells

rbitals having comparable energies can be grouped together. As shown in
Figure 5.23, no other orbital has energy similar to that of the Is orbital,
and so this orbital is grouped by itself. The energy level of the 25 orbital, however, is very close to the energy level of the three 2p orbitals, and so these four
orbitals are grouped together. Likewise, the 3s and three 3p orbitals, the 4s, five
3d, and three 4p orbitals, and so on. The result is a set of seven distinct horizontal rows of orbitals.
The seven rows in Figure 5.23 correspond to the seven periods in the periodic
table, with the bottom row corresponding to the first period, the next row up
from the bottom corresponding to the second period, and so on. Furthermore,
the maximum number of electrons each row can hold is equal to the number of
elements in the corresponding period. The bottom row in Figure 5.23 can hold
a maximum of two electrons, and so there are only two elements, hydrogen and
helium, in the first period of the periodic table. The second and third rows up
from the bottom each have a capacity for eight electrons, and so eight elements
are found in both the second and third periods. Continue analyzing Figure 5.23
in this way, and you will find 18 elements in the fourth and fifth periods, and
32 elements in the sixth and seventh periods. (As of this writing, the discovery
of only 26 seventh-period elements has been confirmed.)
Recall from Section 5.5 that the higher the energy level of an orbital, the farther away an electron in that orbital is located from the nucleus. Electrons in the
same row of orbitals in Figure 5.23, therefore, are roughly the same distance
from the nucleus. Graphically, this can be represented by converging all the
orbitals in a given row into a single three-dimensional hollow shell, as shown in
Figure 5.24. Each shell is a graphic representation of a collection of orbitals of
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Orbitals of comparable energy
levels can be grouped together to
give rise to a set of seven rows of
orbitals.
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The second row of orbitals,
which consists of the 2s and three
2p orbitals, can be represented
either as a single smooth, spherical shell or as a cross section of
such a shell.

Second

row of orbitals

(all 2s and 2p orbitals
combined)

166

Second

row of orbitals

(highly simplified
perspective)

Second

row of orbitals

(cross-section
of highly
simplified perspective)
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(a) A cutaway view of the seven shells,with the number of electrons each shell
can hold indicated. (b) A two-dimensional, cross-sectionalview of the shells.
(c) An easy-to-draw cross-sectionalview that resembles Bohr's planetary model.
comparable energy in a multielectron atom. As you'll see in the next section, this
shell model of the atom allows us to explain much about the organization of the
periodic table.
The seven rows of orbitals in Figure 5.23 can thus be represented either by a
series of seven concentric shells or by a series of seven cross-sectional circles of
these shells, as shown in Figure 5.25. The number of electrons each shell can
hold is equal to the number of orbitals it contains multiplied by 2 (because there
can be two electrons per orbital).
You fill in electrons in a shell diagram just as in an energy-level diagramelectrons first fill the shells closest to the nucleus. Also, in accordance with the
strangers-on-a-bus analogy, electrons do not begin to pair in a shell until the
shell is half-filled. Figure 5.26 on page 168 shows how this works for the first
three periods. As with energy-level diagrams, there is one shell for each period,
and the number of elements in a period is equal to the maximum number of
electrons the shells representing that period can hold.

How many orbitals make up the fourth shell? What is the electron capacity
of this shell?
Were these your answers? There are nine orbitals in the fourth shell. In
order of increasing energy level, they are the one 45 orbital, the five 3d
orbitals, and the three 4P orbitals. Because each orbital can hold two electrons, the total electron capacity of the fourth shell is 2 X 9 = 18 electrons,
which is the same num ber of elements found in the fourth period of the
periodic table.

In the next section, we explore how the shell model can be used to explain
periodic trends. An even further simplified shell model, known as an electrondot structure, is then developed in Chapter 6 to assist you in understanding
chemical bonding. As you use these models, please keep in mind that electrons
are not really confined to the "surface" of one shell or another. Instead, any
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FIGURE

5.26

The first three periods of the periodic table according to the shell model. Elements
in the same period have electrons in the same shells. Elements in the same period
differ from one another by the number of electrons in the outermost shell.
thorough description of electrons in an atom must involve the orbitals these
shells represent. For the purpose of an elementary understanding of chemistry,
however, the simplified shell model is very useful.

• 5.8

Two-time Nobellaureate Linus
Pauling (1901-1994) was an early
proponent of teaching beginning
chemistry students a shell model
from which the organization of the
periodic table could be described.
In this model, as is described here,
orbitals are grouped according to
energy level. However, this shell
model differs from that found in
advanced physics and chemistry
textboks, which identify a shell as a
group of orbitals that all have the
same principal quantum number.

The Periodic Table Helps Us Predict Properties
of Elements

- Large, panicle, of sand can be separated from smaller particles by tossing
the sand up and down over a wire-mesh screen. All particles larger than the
holes in the screen stay above the screen, and all particles smaller than the holes
pass through. Now imagine a membrane in which the pores (analogous to the
holes in a screen) are so tiny that the membrane can be used to separate two different-sized molecules, say nitrogen, N2, and oxygen, 02' This would be a
remarkable feat because the diameters of these molecules differ by no more than
0.02 nanometer (2 X 10-11 meter). Which would you expect to pass through
such a membrane more readily: nitrogen molecules or oxygen molecules?
To answer this question, you need look no further than the periodic table,
which allows you to make fairly accurate predictions about the properties both
of atoms and of the molecules they form. For instance, the farther to the left and
lower down in the table an element is, the larger the atoms of that element are.
Conversely, the farther to the right and higher up in the table an element is, the
smaller the atoms of that element are. Knowing this, you can predict that oxygen atoms, being in the same row but ftrther to the right, are smaller than nitrogen atoms, which means oxygen molecules are smaller than nitrogen molecules.
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The composition of air passing through this membrane changes from 21 percent
oxygen to up to 44 percent oxygen because the larger nitrogen molecules get left
behind.

FiN'h'''~

Helium

The smaller oxygen molecules, therefore, would pass through the membrane
more readily. In fact, such membranes exist, and they are being developed as a
cost-effective means of separating atmospheric nitrogen from oxygen, as shown
in Figure 5.27.
Recall from Chapter 2 that a gradual change in properties as we move in any
direction in the periodic table is called a periodic trend Most periodic trends can
be understood from the perspective of the simplified shell model, and underlying most trends are two important concepts: inner-shell shielding and effective
nuclear charge.
Imagine you are one of the two electrons in the shell of a helium atom. You
share this shell with one other electron, but that electron doesn't affect your
attraction to the nucleus because you both have the same "line of sight" to the
nucleus. As shown in Figure 5.28, you and your neighbor electron sense a
nucleus of two protons, and the two of you are equally attracted to it.
The situation is different for atoms beyond helium, which have more than
one shell occupied by electrons. In these cases, inner-shell electrons weaken the
attraction between outer-shell electrons and the nucleus. Imagine, for example,
you are that second-shell electron in the lithium atom shown in Figure 5.29.
Looking toward the nucleus, what do you sense? Not just the nucleus but also
the two electrons in the first shell. These two inner electrons, with their negative
charge repelling your negative charge, have the effect of weakening your electrical attraction to the nucleus. This is inner-shell shie1ding-inner-shell
electrons shield electrons farther out from some of the attractive pull exerted by the
positively charged nucleus.
Because inner-shell electrons diminish the attraction outer-shell electrons
have for the nucleus, the nuclear charge sensed by outer-shell electrons is always
less than the actual charge of the nucleus. This diminished nuclear charge experienced by outer-shell electrons is called the effective nuclear charge and is

FIGURE

5.28

The two electrons in a helium
atom have equal exposure to
the nucleus; hence, they experience the same degree of attraction, represented by the pink
shading in the space between
the nucleus and the shell
boundary.

Lithium

FIGURE

5.29

Lithium's two first-shell electrons
shield the second-shell electron
from the nucleus. The nuclear
attraction, again represented by
pink shading, is lessintense in
the second shell.
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Potassium

Chlorine

+ 17 Actual nuclear charge
-10 Inner-shell electrons

+ 7 Effective nuclear charge

Actual nuclear charge
-18 Inner-shell electrons

+ 1 Effective nuclear charge
(b)

(a)

FIGURE

+ 19

5.30

(a) A chlorine atom has three occupied shells. The 2 + 8 = 10 electrons of the inner
two shells shield the 7 electrons of the third shell from the + 17 nucleus. The thirdshell electrons therefore experience an effective nuclear charge of 17 - 10 = +7.
(b) In a potassium atom, the fourth-shell electron experiences an effective nuclear
charge of 19 - 18 = + 1.

abbreviated Z* (pronounced
"zee-star"), where Z stands for the nuclear charge
and the asterisk indicates this charge appears to be less than it actually is. The
second-shell electron in lithium, for example, does not sense the full effect of
lithium's +3 nuclear charge (there are three protons in the nucleus oflithium).
Instead, the total charge on the first-shell electrons, -2, subtracts from the
charge of the nucleus, +3, to give an effective nuclear charge of + 1 sensed by the
second-shell electron.
For most elements, subtracting the total number of inner-shell electrons from
the nuclear charge provides a convenient
estimate of the effective nuclear
charge, as Figure 5.30 illustrates.

THE SMALLEST ATOMS ARE AT THE UPPER RIGHT
OF THE PERIODIC TABLE

From left to right across any row of the periodic table, the atomic diameters get
smaller. Let's look at this trend from the point of view of effective nuclear
charge. Consider lithium's outermost electron, which experiences an effective
nuclear charge of + 1. Then look across period 2 to neon, where each outermost
electron experiences an effective nuclear charge of +8, as Figure 5.31 shows.
Because the outer-shell neon electrons experience a greater attraction
to the
nucleus, they are pulled in closer to it than is the outer-shell electron in lithium.
So neon, although nearly three times as massive as lithium, has a considerably
smaller diameter. In general, across any period from left to right, atomic diameters become smaller because of an increase in effective nuclear charge. Look back
to Figure 5.26 and you will see this trend illustrated for the first three periods. In
addition, Figure 5.32 shows relative atomic diameters as estimated from experi-
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Neon

5.31

Lithium's outermost electron experiences an effective nuclear charge of + 1, while
those of neon experience an effective nuclear charge of +8. As a result, the outershell electrons in neon are closer to the nucleus than is the outer-shell electron in
lithium, and so the diameter of the neon atom is smaller than the diameter of the
lithium atom.

mental data. Note there are some exceptions to this trend, especially between
groups 12 and 13.
Moving down a group, atomic diameters get larger because of an increasing
number of occupied shells. Whereas lithium has a small diameter because it has
only two occupied shells, francium has a much larger diameter because it has
seven occupied shells.

FIGURE

5.32

Relative atomic diameters indicated by height. Note that atomic size generally
decreases in moving to the upper right of the periodic table.
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Greater distance,
weaker force

Z*=+l
Smaller distance,
stronger force

Lithium

Cesium

•

FIGURE

• According to the classical laws of
physics, gold, Au, should be white
in color,much like its group 11
neig hbor silver,Ag. In the early
1900s, however, Einstein discovered that the nature of certain
things changes markedly at
speeds approaching the speed of
light (300,000 krn/s). The
momentum of an object, for
example, becomes more than its
mass times velocity. In heavier
atoms like gold, where greater
nuclear charge tugs on electrons,
the speeds of innermost electrons are about 60 percent the
speed of light. The larger relativistic momentum causes these
electrons to draw closer to the
nucleus, which becomes more
effectively shielded. This, in turn,
allows gold's outer-shell electrons to absorb violet and blue.
The absorption of these components of white light results in
reflection of red and yellow,
which combine to produce the
characteristic gold color.
MORE

TO

EXPLORE,

N. Kaltsoyannis, "Relativistic
Effects in Inorganic and
Organometallic Chemistry,"
J. Chem. Sac., Dalton Trans., 1,1997wwwhull.ac.uk/php/chsajb/
heavy _hc/gdrnetals.html

5.33

In both lithium and cesium, the outermost electron experiences an effective nuclear
charge of + 1. The outermost electron in a cesium atom, however, is not held as
strongly to the nucleus because of its greater distance from the nucleus.

•

Which is larger, a sulfur atom, S (atomic number 16), or an arsenic atom, As
(atomic number 33)? Consult the periodic table that appears on the inside
front cover of this textbook.
Was this your answer? The arsenic atom is larger because it is positioned
closer to the lower left corner of the periodic table. Note that you didn't need
to memorize some long list of atomic sizes nor look to Figure S.32in order to
answer this question. Instead, you were able to use a common periodic table
as a tool to help you find the answer.

THE SMALLEST

ATOMS

HAVE THE MOST

STRONGLY

HELD ELECTRONS

How strongly electrons are bound to an atom is another property that changes
gradually across the periodic table. In general, the trend is that the smaller the
atom, the more tightly bound its electrons.
As discussed earlier, effective nuclear charge increases in moving from left to
right across any period. Thus, not only are atoms toward the right in any period
smaller, but their electrons are held more strongly. It takes about four times as
much energy to remove an outer electron from a neon atom, for example, as to
remove the outer electron from a lithium atom.
Moving down any group, the effective nuclear charge generally stays the
same. The effective nuclear charge for all group 1 elements, for example, is
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5.34

Trends in ionization energy. The attraction an atomic nucleus has for the outermost electrons in an atom indicated by height. Note that atoms at the upper
right tend to have the greatest ionization energy and those at the lower left the
least.

about + 1. Because of their greater number of shells, however, elements toward
the bottom of a group are larger than elements toward the top of the group. The
electrons in the outermost shell are therefore farther from the nucleus by an
appreciable distance. From physics we learn that the electric force weakens rapidly with increasing distance. As Figure 5.33 illustrates, an outer-shell electron
in a larger atom, such as cesium, is not held as tightly as an outer-shell electron
in a smaller atom, such as lithium. As a consequence, the energy needed to
remove the outer electron from a cesium atom is about half the energy needed to
remove the outer electron from a lithium atom.
The combination of increasing effective nuclear charge from left to right and
increasing number of shells from top to bottom creates a periodic trend in
which the electrons in atoms at the upper right of the periodic table are held
most strongly and the electrons in atoms at the lower left are held least strongly.
This is reflected in Figure 5.34, which shows ionization energy, the amount of
energy needed to pull an electron away from an atom. The greater the ionization energy, the greater the attraction between the nucleus and its outermost
electrons.

CK
Which loses one of its outermost
or a helium atom, He?

electrons more easily: a francium atom, Fr,

•
• According to Einstein's theory of
special relativity, at 60 percent
the speed of light, gold's innermost electrons experience on ly
52 seconds for each 1 of OUT minutes. A diamond may be forever,
but the innermost electrons of
gold are 8 seconds per minute
slow!
MORE

TO

EXPLORE,

www.en.wikipedia.org/wiki/
Specialrelativity
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Was this your answer? A francium atom loses electrons much more easily
than does a helium atom. Why? Because a francium atom's electrons are not
held so tightly by its nucleus, which is buried deep beneath many layers of
shielding electrons.

How strongly an atomic nucleus is able to hold on to the outermost electrons
in an atom plays an important role in determining the atom's chemical behavior.
What do you suppose happens when an atom that holds its outermost electrons
only weakly comes into contact with an atom that has a very strong pull on its
outermost electrons? As we explore in Chapter 6, either the atom that pulls
strongly may swipe one or more electrons from the other atom or the two atoms
may share electrons. The result in either case is the formation of a chemical
bond.

• In Perspective
in

thi, chapter we have gone into a fait amount of detail ccgatding atomic
models. We discussed how electrons are arranged around an atomic
nucleus. Rather than moving in neat orbits like planets around the sun, electrons are wavelike entities that swarm in various volumes of space called atomic
orbitals. Furthermore, atomic orbitals of comparable energy can be grouped
together and represented by a single shell. Such a shell should not be taken literally. Rather, the shell represents a region of space within which electrons of similar energy are most likely to be found.
Remember that these models are not to be interpreted as actual representations of the atom's physical structure. Rather, they serve as tools to help us
understand and predict how atoms behave in various circumstances. These
models, therefore, are the foundation of chemistry and the key to a richer
understanding of the atomic and molecular environment that surrounds us.
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TERMS

Physical model A representation of an object on some
convenient scale.

Principal quantum number, n An integer that
specifies the quantized energy level of an atomic orbital.

Conceptual model A representation of a system that
helps us predict how the system behaves.

Probability cloud The pattern of electron positions
plotted over time to show the likelihood of an electron's
being at a given position at a given time.

Wavelength The distance between two crests of a
wave.
Wave frequency A measure of how rapidly a wave
oscillates. The higher this value, the greater the amount
of energy in the wave.

Atomic orbital A region of space in which an electron
in an atom has a 90 percent chance of being located.
Energy-level diagram Drawing used to arrange
atomic orbitals in order of energy levels.

Electromagnetic spectrum The complete range of
waves, from radio waves to gamma rays.

Electron configuration The arrangement of electrons
in the orbitals of an atom.

Spectroscope A device that uses a prism or diffraction
grating to separate light into its color components.

Inner-shell shielding The tendency of inner-shell
electrons to partially shield outer-shell electrons from
the nuclear charge.

Atomic spectrum The pattern of frequencies of
electromagnetic radiation emitted by the atoms of an
element, considered to be an element's "fingerprint."
Quantum hypothesis The idea that light energy is
contained in discrete packets called quanta.
Quantum A small, discrete packet of light energy.

Effective nuclear charge The nuclear charge
experienced by outer-shell electrons, diminished by the
shielding effect of inner-shell electrons.
Ionization energy The amount of energy required to
remove an electron from an atom.

Photon Another term for a single quantum oflight, a
name chosen to emphasize the particulate nature of
light.
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6. Why does ultraviolet light cause more damage to our
skin than visible light?

1. If a baseball were the size of Earth, about how large
would its atoms be?

7. As the frequency oflight increases, what happens to
its energy?

2. When we use a scanning probe microscope, do
we see atoms directly or do we see them only
indirectly?

8. What does a spectroscope do to the light coming
from an atom?

3. Why are atoms invisible to visible light?

ATOMS CAN
THEY EMIT

4. What is the difference between a physical model
and a conceptual model?

9. What causes an atom to emit light?

BE IDENTIFIED

BY THE LIGHT

OF ENERGY

10. Why do we say atomic spectra are like fingerprints
of the elements?

5. Does visible light constitute a large or small portion
of the electromagnetic spectrum?

11. What did Rydberg note about the atomic spectrum
of hydrogen?

LIGHT

IS A FORM
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22. Which electrons are most responsible for the physical and chemical properties of an atom?

HYPOTHESIS

SPECTRA

12. What is a photon?
13. Which has more potential energy: an electron close
to an atomic nucleus or one far from an atomic
nucleus?
14. What happens to an electron as it absorbs a photon
oflight?
15. Did Bohr think of his planetary model as an accurate representation of what an atom looks like?
ELECTRONS

EXHIBIT

WAVE

PROPERTIES

16. About how fast does an electron travel around the
atomic nucleus?
17. How does the speed of an electron change its fundamental nature?
18. Who developed the equation that relates the intensiry of an electron's wave to the electron's most probable
location?
ENERGY-LEVEL

DIAGRAMS

ORBITALS

OCCUPIED

ARE

DESCRIBE

20. How many 2p orbitals are there, and what is the
total number of electrons they can hold?
21. What atom has the electron configuration ls2 2S2 2l?

BUILDING

•

BEGINNER

•

31 .• If an atom were the size of a baseball, its nucleus
would be about the size of a(n)
a. walnut.
b. raisin.
c. flea.
d. atom.
32 .• A beam of protons and a beam of neutrons of the
same energy are both harmful to living tissue. The beam
of neutrons, however, is less harmful. Suggest why.
33 .• About how many times larger is a bacterium
compared to an atom?
34 .•

What color are gallium and arsenic atoms?

35 .• How is it possible for an atom to emit visible
light even though the atom is smaller than the wavelength of visible light?
36 .• Is the head of a politician really made of
99.99999999 percent empry space?

OF

INTO

SIMILAR

ENERGIES

CAN

BE

SHELLS

23. What do the orbitals in a shell have in common?
24. How many orbitals are there in the third shell?
25. How is the number of shells an atom of a given element contains related to the row of the periodic table in
which that element is found?
26. What is the relationship between the maximum
number of electrons each shell can hold and the number of elements in each period of the periodic table?
THE

PERIODIC

PROPERTIES

TABLE
OF

HELPS

US

PREDICT

ELEMENTS

27. How would you know from looking at the periodic
table that oxygen, 0 (atomic number 8), molecules
are smaller than nitrogen, N (atomic number 7),
molecules?
28. What is effective nuclear charge?

HOW

19. How many electrons may reside in a single orbital?

I CONCEPT

ORBITALS
GROUPED

29. How many shells are occupied by electrons in a
gold atom, Au (atomic number 79)?
30. Based on the periodic trend of atomic diameter,
which should be larger, an atom of technetium, T c
(atomic number 43), or an atom of tantalum, Ta
(atomic number 73)?

INTERMEDIATE

•

EXPERT

37 .• With scanning probe microscopy technology, we
see not actual atoms, but rather images of them. Explain.
38 .• Why is it not possible for a scanning probe
microscope to make images of the inside of an atom?
39 .• What do the components of a conceptual model
have in common?
40 .• Would you use a physical model or a conceptual
model to describe the following: brain, mind, solar system, birth of universe, stranger, best friend?
41 .• Would you use a physical model or a conceptual
model to describe the following: a gold coin, dollar bill,
car engine, air pollution, virus, spread of sexually transmitted disease?
42 .•

What is the function of an atomic model?

43 .• What is the relationship between the light emitted by an atom and the energies of the electrons in the
atom?

CONCEPT

44 .•

What color is white light?

45 .• What color do you see when you close your eyes
while in a dark room? Explain.
46 .• What must a vibrating object have in order to
generate electromagnetic waves?
47 .• What vibrates within an atom as it emits electromagnetic waves?
48 .• How might you distinguish a sodium-vapor
street light from a mercury-vapor street light?
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BUILDING

57 .• Light is emitted as an electron transitions from a
higher-energy orbital to a lower-energy orbital. How
long does it take for the transition to take place? At what
point in time is the electron found between the two
orbitals?
58 .• Why is there only one spatial orientation
orbital?

for the

5

59 .• In which lobe of a p orbital is an electron more
likely found?

49 .• How can a hydrogen atom, which has only one
electron, create so many spectral lines?

60 .• When an electron vibrates within an atom does
it vibrate within the same orbital or between different
orbitals?

50 .• Suppose a certain atom has four energy levels.
Assuming that all transitions between levels are possible, how many spectral lines will this atom exhibit?
Which transition corresponds to the highest-energy
light emitted? Which corresponds to the lowest-energy
light emitted?

61.. In some instances electromagnetic radiation
behaves like a wave. In other instances electromagnetic
radiation behaves more like a particle. Which behavior
more accurately describes the true nature of electromagnetic radiation?
62 .• A portable radio tunes into a radio station. A
beam of visible light hits a metal plate causing the metal
plate to lose an electron. In which of these two scenarios does the electromagnetic radiation behave as a wave?
As a particle?

Nucleus

51 .• An electron drops from the fourth energy level
in an atom to the third level and then to the first level.
Two frequencies oflight are emitted. How does their
combined energy compare with the energy of the single frequency that would be emitted if the electron
dropped from the fourth level directly to the first level?
52 .• Figure 5.14 shows three energy-level transitions
that produce three spectral lines in a spectroscope. Note
that the distance between the n = 1 and n = 2 levels is
greater than the distance between the n = 2 and n = 3
levels. Would the number of spectral lines produced
change if the distance between the n = 1 and n = 2 levels were exactly the same as the distance between the
n = 2 and n = 3 levels?
53 .• Which color ofJight comes from a greater
energy transition, red or blue?
54 .• How does the wave model of electrons orbiting
the nucleus account for the fact that the electrons can
have only discrete energy values?
55 .• What might the spectrum of an atom look like if
the atom's electrons were not restricted to particular
energy levels?
56 .• How does an electron get from one lobe of a
p orbital to the other?

63 .• An atom absorbs or emits only particular frequencies ofJight. White light bends into a glass prism
and separates into a rainbow of colors. In which of
these two scenarios does the electromagnetic radiation
behave as a wave? As a particle?
64 .• What do probability
help us visualize?

clouds and atomic orbitals

65 .• Some older cars vibrate loudly when driving at
particular speeds. For example, at 65 mph the car may
be most quiet, but at 60 mph the car rattles uncomfortably. How is this analogous to the quanti zed energy levels of an electron in an atom?
66 .• How is an atomic orbital similar to a probability
cloud?
67 .• Beyond the 5, P. d, and forbitals are the
gorbitals, whose shapes are even more complex.
Why are the gorbitals not commonly discussed by
chemists?
68 .• Which has greater potential energy: an electron
in a 35 orbital or an electron in a 2p orbital?
69 .• Which has greater potential energy: an electron
in a 45 orbital or an electron in a 3d orbital?
70 .• What property
the same orbital?

permits two electrons to reside in

71. • Which requires more energy: boosting one of
lithium's 25 electrons to the 35 orbital, or boosting one
of beryllium's 25 electrons to the 35 orbital?
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72 .• Fill in these three energy-level diagrams. Why
do these three elements have such similar chemical
properties?

74 .• Write the electron configuration for uranium, U
(atomic number 92), in abbreviated notation.
75 .• List these electron configurations for fluorine, F,
in order of increasing energy for the atom:

[El]

o

000

35

3p

o

000

[J]

2p

25

25

,

,

35

o15

ODD

0

3p

ODD
3p

35

[J[J[J

[J]

2p

[l][l][J
2p

25

[El

[J]

15

15

Oxygen, 0
Fluorine,F

Fluorine, F
1522522pS

152 252 2p3 352

QQQ
Q

4p

QQQQQ

ODD
3p

3d

45

Q QQQ
35

3p

Q QQQ
25

25

2p

o

o15

15

Fluorine, F

Sulfur, S

150 252 2pS 352

QQQ
Q

4p

76 .• What do the electron configurations for the
group 18 noble gases have in common?

00000
3d

45

77 .• Place the proper number of electrons in each
shell:

Q QOQ
35

3p

o

QQQ

25

2p

o1s
Selenium, Se

73 .• When does a carbon atom contain more energywhen its electrons are in the configuration on the left or
when they are in the configuration on the right:

[BJ [J[£HSJ
2p

[J

25

25

IT]

[]
N

15

15

j',

1',

Carbon,C
1522522p2

"

,

"

Sodium,Na

Rubidium, Rb

Krypton,Kr

Chlorine, Cl

[J[JEJ
2p

Carbon,C
152251 2p3

78 .• Which element is represented in Figure 5.25 if
all seven shells are filled to capacity?

CONCEPT

79 .• Which of the following two electron configurations represents a higher energy state? What element is
this?

2 2
b. ls22s22/3P3l
a. ls 2s 2/3/3/

94 .• List the following atoms in order of increasing
atomic size: thallium, TI; germanium, Ge; tin, Sn;
phosphorus, P:

(smallest)

(largest)

95 .• Arrange the following atoms in order of increasing ionization energy: tin, Sn; lead, Pb; phosphorus, P;
arsenic, As:

4s, 4p, and 3d orbitals have in
---<---<---<---

(least)
82 .•
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80 .• Using the abbreviated notation, give the electron
configuration for strontium, Sr (atomic number 38).
81 .• What do the
common?

BUILDING

What orbitals comprise the sixth shell?

83 .• The shell model presented in this book is not
very accurate. Why, then, is it presented?

(most)

96 .• Which of the following concepts underlies all
the others: ionization energy, effective nuclear charge,
atomic size?

84 .•

The electron configuration for sodium is
In which of these orbitals do the electrons
experience the greatest effective nuclear charge? How
about the weakest effective nuclear charge?

97 .• It is relatively easy to pull one electron away
from a potassium atom but very difficult to remove a
second one. Use the shell model and the idea of effective nuclear charge to explain why.

85 .• What is the effective nuclear charge for an
electron in the outermost shell of a fluorine atom,
F (atomic number 9)? How about one in the outermost
shell of a sulfur atom, S (atomic number 16)?

98 .• Another interesting periodic trend is density.
Osmium, Os (atomic number 76), has the greatest density of all elements, and, with some exceptions, the
closer an element is to osmium in the periodic table,
the greater its density. Use this trend to list the following elements in order of increasing density: copper, Cu;
gold, Au; platinum, Pt; and silver, Ag:

1s22s22/3s1•

86 .• Why is it more difficult for fluorine to lose an
electron than for sulfur to do so?
87 .• Which loses its outermost
bromine, Br, or krypton, Kr?

electrons more easily:

88 .• Which loses its outermost
zinc, Zn, or gallium, Ga?

electrons more easily:

---<---<---<---

(least dense)

89 .• Does an orbital or shell have to contain electrons
in order to exist?

(most dense)

99 .• How is the following graphic similar to the
energy-level diagram of Figure 5.23? Use it to explain
why a gallium atom, Ga (atomic number 31), is larger
than a zinc atom, Zn (atomic number 30):

90 .• Why does an electron in a 7 s orbital have more
energy than one in a 1 s orbital?
91. • Neon, Ne (atomic number 10), has a relatively
large effective nuclear charge, and yet it cannot attract
any additional electrons. Why?
92 .• Which experiences a greater effective nuclear
charge, an electron in the outermost occupied shell of
neon or one in the outermost occupied shell of sodium?
Why?
93 .• An electron in the outermost occupied shell of
which element experiences the greatest effective nuclear
charge?
a. sodium, Na
b. potassium, K
c. rubidium, Rb
d. cesium, Cs
e. All experience the same effective nuclear charge.

100 .• How can an expensive white-gold ring contain
the same amount of gold as a cheaper white-gold ring
and yet be more dense?
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The diffraction gratings used in rainbow glasses have
lines etched vertically and horizontally, which makes
the colors appear to the left and right, above and below,
and in all corners as well. A compact disc behaves as a
diffraction grating because its surface contains many
rows of microscopic pits.
To the naked eye, a glowing element appears as only a
single color. However, this color is an average of the
many different visible frequencies the element is emitting. Only with a device such as a spectroscope are you
able to discern the different frequencies. So when you
look at an atomic spectrum, don't get confused and
think that each frequency oElight (color) corresponds
to a different element. Instead, remember that what
you are looking at is all the frequencies oElight emitted
by a single element as its electrons make transitions
back and forth between energy levels.
Not all elements produce discrete-line patterns in the
visible spectrum. Tungsten, for example, produces the
full spectrum of colors (white light), which makes it
useful as the glowing component of a car's headlights,
as shown in the following photograph. Also, the sunlight reflecting off the moon, also shown here, is so
bright and contains the glow of so many different elements that it, too, appears as a broad spectrum.

<'"lflPI

QUANTIZED

RUBBER

WAVES

A self-reinforcing wave may sound beautiful on a guitar,
but it can spell disaster for a bridge. In 1940, light winds
across the Tacoma Narrows in the state ofWashingron
caused the newly constructed Tacoma Narrows Bridge to
start oscillating at a frequency that allowed the waves to be
self-reinforcing. As the energy of the wind was absorbed
by the bridge, the waves grew stronger (over the course of
several days), to the point where the bridge collapsed.
Movie frames of this action are shown here. One of the
tasks of building a durable structure, therefore, is to design
it such that self-reinforcing waves are not likely to form.

r

WHISTLE

People watching you perform this activity may not
believe that the audible "steps" of your whistling down
the tube are not intentional. Explain quantization to
them before allowing them to attempt this activity for
themselves. Try to count the number of steps in your
tubular whistle, understanding that each step is analogous to an energy level in an atom. Does a longer tube
create fewer or more steps than a shorter tube? Why is
it so difficult to whistle down a garden hose?
If you punch a few holes along the tube, you alter the
frequencies of the standing waves that can form in the
tube, with the result that different pitches are produced. This is the underlying principle in such musical
instruments as flutes and saxophones.

EXPLORING

FURTHER
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I

George Gamow, Thirty rears That Shook Physics. New
York: Dover, 1985.
III

A historical tracing of quantum theory by someone who was
part of its development.

http:// en.wikipedia.org/wiki/Loop _quantum_gravity
III

G.]. Milburn, Schrodinger's Machines. New York:
W H. Freeman, 1997.
III

Our understanding of quantum theory has already led to a
number of society-shaping inventions, such as the transistor,
a basic component of all computers, and the laser, which
scans everythingfrom our groceries to our music. This book
presents some of the newer and fantastic quantum technologies we can expect in the next 50 years.

www.astro. uiuc.edu/ ~kaler/ sow/ spectra.html
III

A detailed web page for learning about the spectralpatterns
of stars and how they are used to study the universe.

www.physics.purdue.edu/nanophys
III

Site of the Reifenberger Nanophysics Laboratory of Purdue
University, where they look at things that are really, really,
really, really, really, really, really small. Follow the link for
the image gallery for lots ofpretty pictures.

http://particleadventure.org
III

An award-winning interactive web tour of quarks, neutrinos, antimatter, extra dimensions, dark matter, accelerators,
and much more.

Jfyou think the wave nature of the electron is bizarre,
explore this sitefor information on and referencesto the
potentially revolutionary theory that particles, forces, space,
and time are merely manifestations of incredibly tiny
strings that exist in 11 dimensions.

Wikipedia.org, an on-line encyclopedia, offers a very
detailed six-part entry on loop quantum gravity written
by a loop quantum gravity advocate. A seventh part,
written by a string theory advocate, discusses numerous
objections to the validity of the loop quantum gravity
theory.

www.ConceptChem.com
III

Visit ConceptChem. com to registeryour Conceptual
Chemistry Alive! DVD-ROM. Registered users receivefree
technical support as well as accessto the authors answers
to the over 600 questions appearing within CCAlive!
Behind-the-scene photos as well as interesting information
about the cast, crew, and production of CCAlive! are also
available.
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he atom was once thoug ht to be
the smallest unit of matter, but
was then found to be composed of
electrons, protons, and neutrons. The
question arises: are electrons, protons, and neutrons made of still
smaller particles? In the same way
that Rutherford was able to deduce
the atomic nucleus by bom barding
atoms with alpha particles (Chapter
3), evidence for the existence of many
other subatomic particles has been
obtained by bom barding the atom
with highly energetic radiation. This
research over the past century has
evolved into what is known as the
"standard model offundamental
particles,"which places all constituents of matter within one of two
categories: quarks and leptons.
There are six quarks and they have
the whimsical names: up, down,
charm, strange, top, and bottom. As
shown in Table 1, quarks have a fraction of a charge, either +2/3 or -1/3.
The strong nuclear force binds quarks

T

Hadron
(proton)

quarks

Hadron
(neutron)

Quarks

Flavor

up
down
charm
strange
top
bottom

Leptons
Mass
(GeVlc')*

Charge

0.003

+2/3

0.006
1.3

-1/3

0.1

-1/3

175
4·3

+2/3
+2/3
-1/3

Flavor

electron
muon
tau
e-neuirino
m-neutrino
t-neuirino

Mass
(GeV/c')

Charge

0.000511

-1

0.106

-1

1.7771
<10-8

-1

<0.0002

0

<0.02

0

0

*The GeV/c' is the unit of mass/energy common ly used by particle scientists, where
corresponds to about 1.78x 10-'4 grams, or 1.60 x 10-;0joules.

together to form larger subatomic
particles called hadrons. The two most
common hadrons are the proton and
the neutron. The proton is composed
of two up quarks and one down,
which gives the proton a total charge
of +1. The neutron is composed of one
up and two down for a total charge of
o. The strong nuclear force that binds
quarks within a hadron can extend to
neig h boring hadrons. This is how protons and neutrons are held together
to form the atomic nucleus.
The charm, strange, top, and
bottom quarks are much less
common. They combine to
form a wide assortment of
exotic hadrons, most of which
are short-lived and only successfully created using highenergy particle accelerators.
Interestingly, the mass of the
quarks within a hadron is on ly
a tiny fraction of the actual
mass of the hadron. As shown
in Table 1, one up and two
down quarks have a total mass
of 0.012 GeV/c'. Oddly enough,
these same three quarks combine to form a neutron with a
mass of 0.940 GeV/C'! Most of
the mass we observe from a
neutron or proton is actually
the binding energy of the

1

GeV/c'

quarks manifesting itself as mass
according to Einstein's equation E =
mc'.ln Chapter 3 you learned that the
atom is mostly empty space. Now you
know that the nucleus itself is also
mostly empty space but permeated
by extremely powerful force fields.
There are six leptons and they all
appear to be pointlike particles without internal structure. Only three of
these leptons cany a charge and have
appreciable mass. The best-known
charged lepton is the electron, which
has a charge of -1 and a tiny mass of

about one-sixth the mass of the up
quark. Likethe electron, the muon
and tau have a charge of -1, but their
masses are much greater. The muon
is about 207 times more massive
than the electron, and the tau is a
whopping 3480 times more massive.
Both are short-lived entities.lnterestingly, the mass of the tau is great
enough that it is able to decay into a
quark-containing hadron, which tells
us that leptons and quarks are interchangeable-certain
leptons can
decay to form quarks, just as certain
quarks can decay to form leptons.
The remaining three leptons are
the neutrinos, which have no charge
and practically no mass. They are
called the electron neutrino, the
muon neutrino, and the tau neutrino.
All neutrinos are stable and very
abundant, but because they are neutral and nearly massless, they only
rarely interact with matter. Most
neutrinos, for example, pass right
through Earth without ever interacting with a single atom. Neutrinos
were produced in great abundance in
the early universe and they continue
to zip around mostly unhinderedmore than a billion of them pass
through each person every second.
For every lepton and quark, there
is an antilepton and an anti quark.
These antiparticles are like minor
images-they
have the same mass
but their other properties, most
notably charge, are reversed. The
antielectron, also called the positron,
is identical to the electron except it
has a positive charge. Antiquarks
combine to form antihadrons. Two
aniiup quarks, for example, combine
with one antidown quark to form the
anti proton, which has a negative
charge. A hydrogen atom consisting
of a positron and an antiproton is a
stable entity When normal matter
and antimatter meet, however, there
is a total conversion of mass into
energy. The first antihydrogen atom

was produced in 1995, but it quickly
vanished in a puff of energy the
moment it came into contact with
normal matter. There is strong reason
to believe that all the matter we can
see in our observable universe is
made of matter-apart
from the
occasional transitory particle of antimatter. Why matter predominates
over antimatter is one of the great,
yet-to-be-solved mysteries.
other mysteries include the question of what quarks and leptons
themselves are made of.Two possible
theories include superstrinq theory
and loop quantum gravity. Superstring theory proposes that all forms
of matter are simply different modes
of infinitesimally small vibrating
strings. The strings themselves are not
made of anything but curls in the fabric of space, which consists of 11
dimensions (7 of which are inaccessible to us). Loop quantum gravity pTOposes that space and time are
quanti zed-the smallest unit of space
is about 10-99 cubic centirneters, while
the shortest unit oftime is about 10-43
seconds, which is how long it takes
light to traverse from one unit of
space to the next. According to loop
quantum gravity, space ceases to be a
place where objects such as particles
tumble and interact with one another.
At the most fundamental level, matter
and energy don't really exist. Instead,
everything in the universe is nothing
more than a network of ever-changing geometric relationships among
adjacent units of time and space.

How many quarks make the
nucleus of a helium atom?
Was this yOUT answer? According
to the periodic table, the nucleus
of a helium atom consists of 2 protons and 2 neutrons. This adds up
to six up quarks plus six down
quarks fOTa total of 12quarks.

neutrons

protons

Helium nucleus

IN

THE

SPOTLIGHT

DISCUSSION

QUESTIONS

1.Tostudy smaller and smaller particles requires slamming atoms with
more and more powerful radiation,
which can only come from more and
more expensive particle accelerators.
Should superpowerful particle accelerators be built? Why or why not? If
so,who should fund such a project?
Would this money be better spent on
national defense? Social programs?
2.

Allhadrons consist of 3 quarks and
have a whole-number charge.
Another class of quark-containing
particles are the mesons, which also
have a whole-number charge but
consist of only two quarks. How is
this possible?

3- If a i-qram body of antimatter

meets
a 10-gram body of matter, what
mass survives? How many joules of
energy are created?

4. Astronomical measurements reveal
that about go percent of the mass of
the universe is invisible to us. This
invisible matter, also known as
dark matter, is likely to be "exotic"
matter-very different from the elements that make up the periodic
table. What do you think dark matter might be made of? How soon
might we know the answer?
5. Astronomical measurements reveal
that space is expanding at accelerating rates, which makes distant
qalaxies appear to be accelerating
away from us. Some unknown form
of energy, known as dark energy, is
theorized to be causing this acceleration. What might be the nature of
dark energy? How soon might we
know the answer?

chemical

bondin~ and
molecular

~hape~

HOW ATOMS CONNECT
TO ONE ANOTHER

•

Millions of years ago, the Great Plains of the United States
were ocean. As sea levels fell and at the same time the North
American continent

rose, many isolated pockets of seawater,

called saline lakes, formed. Over time, these lakes evaporated,

6.1

An Atomic Model Is Needed
to Understand

How Atoms

leaving behind the solids that had been dissolved in the seawas sodium chloride, which collected

water Most abundant

Bond

in cubic crystals referred to by mineralogists

6.2

Atoms Can Lose or Gain
Electrons to Become Ions

halite. When conditions
ones in this chapter's

6.3

Ionic Bonds Result
from a Transfer of Electrons

several centimeters

as the mineral

were rig ht, halite crystals

opening photograph

would grow to be

across.

Why do halite crystals have such a distinct

6·4

Covalent Bonds Result
from a Sharing of Electrons

6·S

Valence Electrons Determine
Molecular Shape

6.6

Polar Covalent Bonds Result
from an Uneven Sharing
of Electrons

6·7

Molecular Polarity Results
from an Uneven Distribution
of Electrons

explore in this chapter,
substance

like the

the macroscopic

shape? As we

properties

can be traced to how its submicroscopic

of any
parts are

held together. The sodium and chloride ions in a halite crystal, for example, are held together
as a result the macroscopic

in a cubic orientation,

and

object we know as a halite crys-

tal is also cubic.
Similarly, the macroscopic
of molecules

properties

of substances

are a result of how the atoms in the molecules

are held together.

For example,

many of the properties

water are the result of how the hydrogen
of each water

molecule

has a slight negative

charge

one side of the molecule

slight positive charge. This charge separation

side has a

in water mole-

as water's high boiling

and its ability to dissolve salt.

The force of attraction

that holds ions or atoms together

the electric force, which is the force that
oppositely

at an angle.

and the opposite

cules gives rise to such phenomena

of

and oxygen atoms

are held together

Because of this angled orientation,

temperature

made

is

occurs between

charged particles. Chemists refer to this ion-bind-

ing or atom-binding

force as a chemical bond. In this chapter
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we explore two types of chemical bonds: the ionic bond, which holds ions
together in a crystal, and the covalent bond, which holds atoms together
in a molecule.

•
Electron
capacity
First period
(one occupied shell)

OJ
Helium

Second period
(two occupied shells)
Neon

Third period
(three occupied shells)

Argon

Fourth period
(four occupied shells)

Krypton

FIGURE

6.1

Occupied shells in the group 18
elements helium through krypton. Each of these elements has a
filled outermost occupied shell,
and the number of electrons in
each outermost occupied shell
corresponds to the number of
elements in the period to which a
particular group 18 element
belongs.

• 6.1

An Atomic Model Is Needed to Understand How
Atoms Bond

n Chapter 5, we discussed how electrons are arranged around an atomic
nucleus. Rather than moving in neat orbits like planets around the sun, electrons are wavelike entities that swarm in various volumes of space called shells.
As was shown in Figure 5.25, there are seven shells available to the electrons
in any atom, and the electrons fill these shells in order, from innermost to outermost. Furthermore, the maximum number of electrons allowed in the first shell
is 2, and for the second and third shells it is 8. The fourth and fifth shells can
each hold 18 electrons, and the sixth and seventh shells can each hold 32 electrons.* These numbers match the number of elements in each period (horizontal row) of the periodic table. Figure 6.1 shows how this model applies to the
first four elements of group 18.
Electrons in the outermost occupied shell of any atom may play a significant
role in that atom's chemical properties, including its ability to form chemical
bonds. To indicate their importance, these electrons are called valence electrons
(from the Latin valentia, "strength"), and the shell they occupy is called the
valence shell. Valence electrons can be conveniently represented as a series of
dots surrounding an atomic symbol. This notation is called an electron-dot
structure or, sometimes, a Lewis dot symbol, in honor of the American chemist
G. N. Lewis, who first proposed the concepts of shells and valence electrons.
Figure 6.2 shows the electron-dot structures for the atoms important in our discussions of ionic and covalent bonds. (Atoms of elements in groups 3 through
12 form metallic bonds, which we'll study in Chapter 18.)
When you look at the electron-dot structure of an atom, you immediately
know two important things about that element. You know how many valence
electrons it has and how many of these are paired. Chlorine, for example, has
three sets of paired electrons and one unpaired electron, and carbon has four
unpaired electrons:
Paired
electrons

.:I

Unpaired

~

Unpaired

• •

electron

:CI·/
••
Chlorine

electrons

· C·
•
Carbon

Paired valence electrons are relatively stable. In other words, they usually do
not form chemical bonds with other atoms. For this reason, electron pairs in an
"These are shells of orbitals grouped by similar energy levels rather than by principal quantum
number. See page 167.
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18

·Be·

B·

• C'

·N·

:0·

:F

:Ne:

Na·

·Mg·

·AI·

• Si·

•p•

:S

:CI·

:Ar:

K'

'Ca'

'Ga'

'Ge'

'As'

:Se'

: sr..

: Kr:

Rb·

• Sr :

·In·

'Sn'

·Sb·

:Te'

: I

..

:Xe:

-sr-

:Po'

:At·

:Rn:

... _.
__..

FIGURE
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Li·
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LOSE

He:

H'

:

CAN

'Ba'

·TI·

'Pb'

..

..
..

..

..

..

I

J

6.2

The valence electrons of an atom are shown in its electron-dot structure. Note that
the first three periods here parallel Figure 5.26. Also note that for larger atoms, not
all the electrons in the valence shell are valence electrons. Krypton, Kr, for example,
has 18 electrons in its valence shell, as shown in Figure 6.1, but only 8 of these are
classified as valence electrons.

electron-dot structure are called nonbonding pairs. (Do not take this name literally, however, for in Chapter 10 you'll see that, under the right condi tions,
even "nonbonding"
pairs can form a chemical bond.) fu we discuss in Section
6.5, nonbonding pairs can have a significant influence on the shape of any molecule containing them.
Valence electrons that are unpaired, by contrast, have a strong tendency to
participate in chemical bonding. By doing so, they become paired with an electron from another atom. The chemical bonds discussed in this chapter all result
from either a transfer or a sharing of unpaired valence electrons.

Where are valence electrons located, and why are they important?
FIGURE

Was this your answer? Valence electrons are located in the outermost occupied shell of an atom. They are important because they play a leading role in
determining the chemical properties of the atom.

• 6.2
~he

Atoms Can Lose or Gain Electrons to Become Ions

number of protons in the nucleus of an atom equals the number
~~~l:~trons in the atom, the charges balance and the atom is electrically
neutral. If one or more electrons are lost or gained, as illustrated in Figures 6.4
and 6.5, the balance is upset and the atom takes on a net electric charge. Any
atom having a net electric charge is referred to as an ion. If electrons are lost,

W

6.3

Gilbert Newton Lewis
(1875-1946) revolutionized
chemistry with his theory of
chemical bonding, which he published in 1916. He worked most
of his life in the chemistry department of the University of California at Berkeley, where he was not
only a productive researcher bur
also an exceptional teacher.
Among his teaching innovations
was the idea of providing students
with problem sets as a follow-up
to lectures and readings.
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An electrically neutral sodium
atom contains 11 negatively
charged electrons surrounding
the 11 positively charged protons
of the nucleus. When this atom
loses an electron, the result is a
positive ion.

,,

/"

,

/
/

\

(8
\

I

\

,

//

electron

results

negative ion

. . and losing an
electron

results

in a positive

ion.

in a

valence
shell

11 protons
10 electrons

11 protons
11 electrons

are negatively

Vacant

Na 1+ (positive ion)

Na

o

~

/"

'-

charged. So gaining an

I
I
I

I

\

Electrons

\

+ 1 net charge

net charge

protons outnumber electrons and the ion's net charge is positive. If electrons are
gained, electrons outnumber protons and the ion's net charge is negative.
Chemists use a superscript to the right of the atomic symbol to indicate the
magnitude and sign of an ion's charge. Thus, as shown in Figures 6.4 and 6.5,
the positive ion formed from the sodium atom is written Na1+ and the negative
ion formed from the fluorine atom is written FJ-. Usually the numeral 1 is
omitted when indicating either a 1+ or 1- charge. Hence, these two ions are
most frequently written Na" and F-. To give two more examples, a calcium
atom that loses two electrons is written Ca2+, and an oxygen atom that gains two
electrons is written 02-. (Note that the convention
is to write the numeral
before the sign, not after it: 2+, not +2.)
We can use the shell model to deduce the type of ion an atom tends to form.
According to this model, atoms tend to lose or gain electrons so that they end up
with an outermost occupied shell that isfilled to capacity. Let's take a moment to
consider this point, looking to Figures 6.4 and 6.5 as visual guides.
If an atom has only one or only a few electrons in its valence shell, it tends to
lose these electrons so that the next shell inward, which is already filled, becomes
the outermost occupied shell. The sodium atom of Figure 6.4, for example, has
one electron in its valence shell, which is the third shell. In forming an ion, the
sodium atom loses this electron, thereby making the second shell, which is

'.. ------ Empty
------Filled valence

space

shell
F

F1- (negative ion)

9 protons
9 electrons

9 protons
10 electrons

o

-1

net charge

net charge

An electrically neutral fluorine atom contains nine protons and nine electrons.
When this atom gains an electron, the result is a negative ion.
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6.6

The periodictable is your guide to the typesof ions atoms tend to form.
already filled to capacity, the outermost occupied shell. Because the sodium
atom has only one valence electron to lose, it tends to form the 1+ ion.
If the valence shell of an atom is almost filled, that atom attracts electrons
from another atom and so forms a negative ion. The fluorine atom of Figure
6.5, for example, has one space available in its valence shell for an additional
electron. After this additional electron is gained, the fluorine achieves a filled
valence shell. Fluorine therefore tends to form the 1- ion.
You can use the periodic table as a quick reference when determining the type
of ion an atom tends to form. As Figure 6.6 shows, each atom of any group
1 element, for example, has only one valence electron and so tends to form the
1+ ion. Each atom of any group 17 element has room for one additional electron in its valence shell and therefore tends to form the 1- ion. Atoms of the
noble gas elements tend not to form any type of ion because their valence shells
are already filled to capacity.
K
What

type

of ion does the magnesium

atom,

Mg, tend

to form?

Was this your answer? The magnesium atom (atomic number 12) is found
in group 2 and has two valence electrons to lose (see Figure 6.2). It therefore
tends to form the 2+ ion.

As was discussed in Chapter 5 and is indicated in Figure 6.6, the attraction
an atom's nucleus has for its valence electrons is weakest for elements on the
left in the periodic table and strongest for elements on the right. From
sodium's position in the table, we see that a sodium atom's single valence electron is not held very strongly, which explains why it is so easily lost. The attraction the sodium nucleus has for its second-shell electrons, however, is much
stronger, which is why the sodium atom rarely loses more than one electron.
At the other side of the periodic table, the nucleus of a fluorine atom holds
on strongly to its valence electrons, which explains why the fluorine atom tends
not to lose any electrons to form a positive ion. Instead, fluorine's nuclear pull
on the valence electrons is strong enough to accommodate even an additional
electron "imported" from some other atom.

nuclear attraction for valence
electrons but valence shell is already
filled; no tendency to form ions of
either type
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• What do the ions of the following
elements have in common: calcium, Ca: chlorine, Cl;chromium,
Cr;cobalt, Co;copper, Cu; fluorine,
F;iodine, I;iron, Fe;magnesium,
Mg; manganese, Mn; molybdenum, Mo;nickel, Ni;phosphorus,
P;potassium, K;selenium, Se;
sodium, Na; sulfur, S;zinc, Zn?
They are all dietary minerals
essential for good health, but can
be harmful, even lethal, when
consumed in excessive amounts.
MORE

TO

EXPLORE,

U.5DA Food and Nutrition
Information Center
www.nal.usda.gov/fnic/
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The nucleus of a noble gas atom pulls so strongly on its valence electrons that
they are very difficult to lose. Because there is no room left in the valence shell of
a noble gas atom, no additional electrons are gained. Thus, a noble gas atom
tends not to form an ion of any sort.

Why does the magnesium

atom tend to form the 2+ ion?

Was this your answer? Magnesium is on the left in the periodic table, and
so atoms of this element do not hold on to the two valence electrons very
strong ly.The details of why this is so were explained in Section 5.8 using the
concept of inner-shell shielding. For now, you need recognize only that
because these electrons are not held very tightly, they are easily lost, which is
why the magnesium atom tends to form the 2+ ion.

Using our shell model to explain how ions form works well for groups 1 and 2
and 13 through 18. This model is too simplified to work well for the transit Ion
metals of groups 3 through 12, however, or for the inner transition metals. In
general, these metal atoms tend to form positive ions, but the number of e ectrons lost varies. Depending on conditions, for example, an iron atom may ose
two electrons to form the Fe2+ ion, or it may lose three electrons to form he
Fe3+ion.
MOLECULES

CAN FORM

IONS

Atoms form ions by losing or gaining electrons. Interestingly, molecules can also
become ions. In most cases they do so by either losing or gaining protons, which
are the same thing as hydrogen ions, H+. (Recall that a hydrogen atom is a proton together with an electron. The hydrogen ion, H+, therefore, is simply a proton.) For example, as is explored further in Chapter 10, a water molecule, H20,
can gain a hydrogen ion, H+ (a proton), to form the hydronium ion, H30+:

+
Water

Hydrogen ion
(proton)

Hydronium

ion

Similarly, the carbonic acid molecule H2C03 can lose two protons to form the
carbonate ion C032-:

°
11

/C,------

H-O

+

~

O-H

Carbonic acid

Carbonate ion

Hydrogen ions
(protons)

How these reactions occur will be explored in later chapters. For now, you
should understand that the hydronium and carbonate ions are examples of
polyatomic ions, which are molecules that carry a net electric charge. Table 6.1
lists some commonly encountered polyatomic ions.
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TAB LE 6.1

COMMON

BONDS

RESULT

FROM

IONS

Formula

Name

Hydronium ion
Ammonium ion
Bicarbonate ion
Acetate ion
Nitrate ion
Cyanide ion
Hydroxide ion
Carbonate ion
5ulfate ion
Phosphate ion
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Ionic Bonds Result from a Transfer of Electrons

hen an atom that tends to lose electrons is placed in contact with an atom
that tends to gain them, the result is an electron transfer and the formation of two oppositely charged ions. This is what happens when sodium and
chlorine are combined. As shown in Figure 6.7, the sodium atom loses one of its
electrons to the chlorine atom, resulting in the formation of a positive sodium
ion and a negative chloride ion. The two oppositely charged ions are attracted to
each other by the electric force, which holds them close together. This electric
force of attraction between two oppositely charged ions is called an ionic bond.
A sodium ion and a chloride ion together make the chemical compound
sodium chloride, commonly known as table salt. This and all other chemical
compounds containing ions are referred to as ionic compounds. All ionic compounds are completely different from the elements from which they are made.

Electron transfer

•

Ions formed

Ionic bond

+ -

..

.

:CI :

Sodium and
chlorine atoms

Sodium and
chloride ions

.

:CI:-

~

..

Sodium chloride, NaCI

®
FIGURE

6.7

(1) An electrically neutral sodium atom loses its valence electron to an electrically
neutral chlorine atom. (2) This electron transfer results in two oppositely charged
ions. (3) The ions are then held together by an ionic bond. The spheres drawn
around the electron-dot structures here and in subsequent illustrations indicare the
relative sizes of the atoms and ions. Note that the sodium ion is smaller than the
sodium atom because the lone electron in the third shell is gone once the ion forms,
leaving the ion with only two occupied shells. The chloride ion is larger than the
chlorine atom because adding that one electron to the third shell makes the shell
expand as a result of the repulsions among the electrons.

A TRANSFER

OF ELECTRONS
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F

(a) The ionic compound potassium iodide, KI, is added in
minute quantities to commercial
salt because the iodide ion, r, it
contains is an essential dietary
mineral. (b) The ionic compound sodium fluoride, NaF, is
often added to municipal water
supplies and toothpastes because
it is a good source of the toothstrengthening fluoride ion, F-.

J \ Sodium fluoride,

Potassium iodide, KI

NaF

(b)

(a)

As discussed in Section 2.3, sodium chloride is not sodium, nor is it chlorine.
Rather, it is a collection of sodium and chloride ions that forms a unique material having its own physical and chemical properties.

•

CK
Is the transfer of an electron from a sodium atom to a chlorine atom a physical change or a chemical change?
Was this your answer? Recall from Chapter 2 that only a chemical change
involves the formation of new material. Thus this or any other electron
transfer, because it results in the formation of a new substance, is a chemical change.

As Figure 6.8 shows, ionic compounds typically consist of elements found on
opposite sides of the periodic table. Also, because of how the metals and nonmetals
are organized in the periodic table, positive ions are generally derived from metallic
elements and negative ions are generally derived from nonmetallic elements.
For all ionic compounds, positive and negative charges must balance. In sodium
chloride,
for example,
there is one sodium
1+ ion for every chloride
1- ion. Charges must also balance in compounds containing ions that carry multiple charges. The calcium ion, for example, carries a charge of2+, but the fluoride
ion carries a charge of only 1-. Because two fluoride ions are needed to balance
each calcium ion, the formula for calcium fluoride is CaFz, as Figure 6.9 illustrates.
An aluminum ion carries a 3+ charge, and an oxide ion carries a 2- charge.
Together, these ions make the ionic compound
aluminum
oxide, Alz03, the
main component
of such gemstones as rubies and sapphires. Figure 6.10 illus-

(a) A calcium atom loses two electrons to form a calcium ion, Caz+.
(b) These two electrons may be
picked up by two fluorine atoms,
transforming the atoms to two
fluoride ions. (c) Calcium ions
and fluoride ions then join to
form the ionic compound calcium
fluoride, CaF2, which occurs naturally as the mineral fluorite.

Bonds forming

Fluorine
atom

Calcium
atom

Ionic bonds formed

Fluorine
atom

Calcium fluoride, CaF2
Fluorite

(a)

(b)

(cl
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Ionicbonds formed

Aluminumoxide,AI203
Aluminum
atom

..

Oxygen

:0· atom

Sapphire
(b)

(a)

FIGURE

(c)

6.10

(a) Two aluminum atoms lose a total of six electrons to form two aluminum ions,
Al3+. (b) These six electrons may be picked up by three oxygen atoms, transforming
the atoms to three oxide ions, 02-. (c) The aluminum and oxide ions then join to
form the ionic compound aluminum oxide, Al203•
trates the formation of aluminum oxide. The
total charge of 6-, which balances the total
ions. Interestingly, rubies and sapphires differ
they contain. Rubies are red because of minor
sapphires are blue because of minor amounts

three oxide ions in Al203 carry a
6+ charge of the two aluminum
in color because of the impurities
amounts of chromium ions, and
of iron and titanium ions.

What is the chemical formula for the ionic compound

magnesium

oxide?

Was this your answer? Because magnesium is a group 2 element, you know
a magnesium atom must lose two electrons to form an Mg2+ion. Because
oxygen is a group 16 element, an oxygen atom gains two electrons to form
an 02- ion. These charges balance in a one-to-one ratio, and 50 the formula
for magnesium oxide is MgO.

UP CLOSE

iew crystals of table salt with a
magnifying glass or,better yet, a
microscope if one is available. If
you do have a microscope, crush the
crystals with a spoon and examine
the resulting powder. Purchase some

V

sodium-free salt, which is potassium
chloride, KC1, and examine these ionic
crystals, both intact and crushed.
Sodium chloride and potassium chloride both form cubic crystals, but
there are significant differences.
What are they?
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Sodium ion, Na+
Chloride ion, CI(a)

FIGURE

(b)

6.11

(a) Sodium chloride, as well as other ionic compounds, forms ionic crystals in which
every internal ion is surrounded by ions of the opposite charge. (For simplicity, only
a small portion of the ion array is shown here. A typical NaCI crystal involvesmillions and millions of ions.) (b) A view of crystals of table salt through a microscope
shows their cubic structure. The cubic shape is a consequence of the cubic arrangement of sodium and chloride ions.

An ionic compound typically contains a multitude of ions grouped together
in a highly ordered three-dimensional array. In sodium chloride, for example,
each sodium ion is surrounded by six chloride ions and each chloride ion is surrounded by six sodium ions (Figure 6.11). Overall there is one sodium ion for
each chloride ion, but there are no identifiable sodium-chloride pairs. Such an
orderly array of ions is known as an ionic crystal. On the atomic level, the crystalline structure of sodium chloride is cubic, which is why macroscopic crystals
of table salt are also cubic. Smash a large cubic sodium chloride crystal with a
hammer, and what do you get? Smaller cubic sodium chloride crystals! Similarly, the crystalline structures of other ionic compounds, such as calcium fluoride and aluminum oxide, are a consequence of how the ions pack together.

• 6-4 Covalent Bonds Result from a Sharing
of Electrons
imagine
two children playing together and sharing their toy'. A force that
keeps the children together is their mutual attraction to the toys they share.
In a similar fashion, two atoms can be held together by their mutual attraction
for electrons they share. A fluorine atom, for example, has a strong attraction for
one additional electron to fill its outermost occupied shell. As shown in Figure
6.12, a fluorine atom can obtain an additional electron by holding on to the
unpaired valence electron of another fluorine atom. This results in a situation in
which the two fluorine atoms are mutually attracted to the same two electrons.
This type of electrical attraction in which atoms are held together by their mutual
attraction for shared electrons is called a covalent bond, where eo- signifies sharing and -ualent refers to the fact that valence electrons are being shared.
A substance composed of atoms held together by covalent bonds is a covalent
compound. The fundamental unit of most covalent compounds is a molecule,
which we can now formally define as any group of atoms held together by covalent bonds. Figure 6.13 uses the element fluorine to illustrate this principle.
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Bond forming

Fluorine atom, F

FIGURE

Fluorine atom, F

Fluorine molecule, F2

6.12

The effect of the positive nuclear charge (represented by red shading) of a fluorine
atom extends beyond the atom's outermost occupied shell. This positive charge can
cause the fluorine atom to become attracted to the unpaired valence electron of a
neighboring fluorine atom. Then the two atoms are held together in a fluorine molecule by the attraction they both have for the two shared electrons. Each fluorine
atom achieves a filled valence shell.

When writing electron-dot
structures for covalent compounds,
chemists
often use a straight line to represent the two electrons involved in a covalent
bond. In some representations,
the nonbonding
electron pairs are left out. This
is done in instances where these electrons play no significant role in the process
being illustrated. Here are two frequently used ways of showing the electrondot structure for a fluorine molecule without using spheres to represent the
atoms:

:F-F:

F-F

Remember-the
straight line in both versions represents two electrons, onefrom
each atom. Thus we now have two types of electron pairs to keep track of. The
term nonbonding pair refers to any pair that exists in the electron-dot structure
of an individual atom, and the term bonding pair refers to any pair that results
from formation of a covalent bond. In a non bonding pair, both electrons come
from the same atom; in a bonding pair, one electron comes from one of the

FIGURE

Gaseous elemental fluorine

Fluorine
molecule, F2

6.13

Molecules are the fundamental
units of the gaseous covalent
compound fluorine, F2. Notice
that in this model of a fluorine
molecule, the spheres overlap,
whereas the spheres shown earlier
for ionic compounds do not.
Now you know that this difference in representation is because
of the difference in bond types.
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•
• In between the stars of OUT
galaxy are vast clouds of dust.
Spectroscopic studies of this dust
have revealed the presence of
more than 120 kinds of molecules, such as hydrogen chloride,
HC1;water, H20; acetylene, H2C2;
formic acid, HC02H; methanol,
CHpH; methyl amine, NH CH3;
acetic acid, CH3C02H; and even
the amino acid glycine,
NH2CH2C02H. Notably, about half
of these interstellar molecules
are carbon-based organic molecules. As discussed in Chapter 4,
the atoms originated from the
nuclear fusion of ancient stars.
How interesting it is that these
atoms then join together to form
molecules even in the deep vaccum of outer space. Chemistry is
truly everywhere.
2

ro

EXPLORE,

National Radio Astronomy
Observatory
www.nrao.edu/

FIGURE

Covalent bond formed

Before bonding

Two hydrogen atoms form a
covalent bond as they share their
unpaired electrons.

MORE

SHAPES

H

H·

-H

Hydrogen atom

Hydrogen atom

H

Hydrogen molecule, H2

atoms taking part in the covalent bond and the other electron comes from the
other atom taking part in the bond.
Recall from Section 6.3 that an ionic bond is formed when an atom that
tends to lose electrons is placed in contact with an atom that tends to gain them.
A covalent bond, by contrast, is formed when two atoms that tend to gain electrons are brought into contact with each other. Atoms that tend to form covalent bonds are therefore primarily atoms of the nonmetallic elements in the
upper right corner of the periodic table (with the exception of the noble gas elements, which are very stable and tend not to form bonds).
Hydrogen tends to form covalent bonds because, unlike the other group 1
elements, it has a fairly strong attraction for an additional electron. Two hydrogen atoms, for example, covalently bond to form a hydrogen molecule, H2, as
shown in Figure 6.14.
The number of covalent bonds an atom can form is equal to the number of
additional electrons it can attract, which is the number it needs to fill its valence
shell. Hydrogen attracts only one additional electron, and so it forms only one
covalent bond. Oxygen, which attracts two additional electrons, finds them
when it encounters two hydrogen atoms and reacts with them to form water,
H20, as Figure 6.15 shows. In water, not only does the oxygen atom have
access to two additional electrons by covalently bonding to two hydrogen atoms
but each hydrogen atom has access to an additional electron by bonding to the
oxygen atom. Each atom thus achieves a filled valence shell.
Nitrogen attracts three additional electrons and is thus able to form three
covalent bonds, as occurs in ammonia, NH3, shown in Figure 6.16. Likewise, a
carbon atom can attract four additional electrons and is thus able to form four
covalent bonds, as occurs in methane, CH4. Note that the number of covalent
bonds formed by these and other nonmetallic elements parallels the type of negative ions they tend to form (see Figure 6.6). This makes sense, because covalent
bond formation and negative ion formation are both applications of the same
concept: nonmetallic atoms tend to gain electrons until their valence shells are
filled.

6.15

The two unpaired valence electrons of oxygen pair with the
unpaired valence electrons of two
hydrogen atoms to form the
covalent compound water.

Before bonding
Oxygen
atom

H·
Hydrogen
atom

Covalent bonds formed

• H
Hydrogen
atom

H
Water molecule, H20
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FIGURE
Nonbonding
lone pair

Before bonding

H
molecule, NH3

(a)

H

Before bonding

Ht!'

H

H
H

Methane molecule, CH4
(b)

Diamond is a most unusual covalent compound,
consisting of carbon atoms
covalently bonded to one another in four directions. The result is a covalent crystal, which, as shown in Figure 6.17, is a highly ordered three-dimensional
network of covalently bonded atoms. This network of carbon atoms forms a very
strong and rigid structure, which is why diamonds are so hard. Also, because a
diamond is a group of atoms held together only by covalent bonds, it can be
characterized
as a single molecule! Unlike most other molecules, a diamond
molecule is large enough to be visible to the naked eye, and so it is more appropriately referred to as a macromolecule.

•

th-C~K---------------How many electrons make up a covalent bond?

Was this your answer? Two-one from each participating

FIGURE

197

6.16

(a) A nitrogen atom attracts the
three electrons in three hydrogen
atoms to form ammonia, NH3, a
gas that can dissolve in water to
make an effective cleanser. (b) A
carbon atom attracts the four
electrons in four hydrogen atoms
to form methane, CH4, the primary component of natural gas.
In these and most other cases of
covalent bond formation, the
result is a filled valence shell for
all the atoms involved.

H

Ammonia

OF ELECTRONS

atom.

6.17

The crystalline structure of diamond is best illustrated by using sticks to represent
the covalent bonds. It is the molecular nature of diamond that is responsible for this
material's unusual properties, such as its extreme hardness.
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:P=Q:

:P=C=Q:

Oxyqen.Oj

Carbon dioxide, COz

Nitrogen, Nz

6.18

Double covalent bonds in molecules of oxygen, 0z' and carbon dioxide, COz, and a
triple covalent bond in a molecule of nitrogen, Nz.

•
• "Dry Cleaning" is the process of
washing clothes without water.
The most common dry cleaning
solvent is perchlorcethylene,
C C14.(Can you deduce its chemical structure?) The advantage of
dry cleaning is that dirt, grime,
and stains are typically more soluble in the dry cleaning solvent,
which is also less harsh on the
clothing and can do a full load in
under 10 minutes. After a washing cycle,the solvent is centrifuged out of the machine,
filtered, distilled, and recycled for
the next load. Clothes come out
of the machine already dried and
ready for folding. Perchloroethylene, also known as perc, is relatively safe, but it is mildly
carcinogenic and can cause dizziness in those who work with it.
An up-and-coming alternative to
perc is supercritical carbon dioxide, CO2.
2

MORE

TO

EXPLORE:

Halogenated Solvents Industry
Alliance, tnc., COOLClean Technologies,lne.
www.cozolclean.corn

It is possible to have more than two electrons shared between two atoms, and
Figure 6.18 shows a few examples. Molecular oxygen, 0z' which is what we
breathe, consists of two oxygen atoms connected by four shared electrons. This
arrangement
is called a double covalent bond or, for short, a double bond. As
another example, the covalent compound carbon dioxide, COz' which is what
we exhale, consists of two double bonds connecting two oxygen atoms to a central carbon atom.
Some atoms can form triple covalent bonds, in which six electrons-three
from
each atom-are
shared. One example is molecular nitrogen, Nz. Most of the air
surrounding you right now (about 78 percent) is gaseous molecular nitrogen, Nz.
Any double or triple bond is often referred to as a multiple covalent bond.
Multiple bonds higher than these, such as the quadruple covalent bond, are not
commonly observed.

• 6.5

Valence Electrons Determine Molecular Shape

olecules are three-dimensional
entities and therefore best depicted in
three dimensions. We can translate the two-dimensional
electron-dot
structure representing a molecule into a more accurate three-dimensional
rendering by using the model known as valence-shell electron-pair repulsion,
also called VSEPR (pronounced
"ves-per"). According to this model, electron
pairs in a valence shell strive to get as far away as possible from all other electron pairs in the shell. This includes nonbonding
pairs and any bonding pairs
or groups of bonding pairs held together in a double or triple bond. Note that
the VSEPR model talks about the repulsions between pairs of electrons, not
between the two electrons in a pair. (Recall that the electrons in a pair can stay
together because of their opposite spins.) It is this striving for maximum separation distance between electron pairs that determines
the geometry of any
molecule.
The two-dimensional
electron-dot structure for methane, CH4, is

H
1~900

H-C-H

I

H
In this structure, the bonding electron pairs (shown as straight lines representing
one electron from each atom) are set 90° apart because that is the farthest apart

6.5

VALENCE

ELECTRONS

DETERMINE

they can be shown in two dimensions. When we extend to three dimensions,
however, we can create a more accurate rendering in which the four bonding
pairs are 109.5° apart:

Stereo image

These two renderings of methane are stereo images-you can see them in three
dimensions by looking at them cross-eyed so that they appear to overlap. You
can think of this three-dimensional structure as follows: the central carbon atom
has one hydrogen atom sticking out of its top and is supported on a tripod
whose legs are formed by the three lower C-H bonds.
Draw the four triangles defined by the hydrogen atoms in the stereo images
of CH4 above (one triangle being the base, the other three being the three vertical faces) and you'll see that the shape of the methane molecule is a pyramid that
has a triangular base supporting three other triangles that meet at the pyramid
apex. In geometry, a pyramid that has a triangular base is given the special name
tetrahedron, and so chemists say that the methane molecule is tetrahedral:

Stereo image of tetrahedral

methane molecule

The VSEPR model allows us to use electron-dot structures to predict the
three-dimensional geometry of simple molecules. This geometry is determined
by considering the number of substituents surrounding the central atom. A substituent is any atom or non bonding pair of electrons surrounding some central
atom. The carbon of the methane molecule, for example, has four substituentsthe four hydrogen atoms. The oxygen atom of a water molecule also has four
substituents-two hydrogen atoms and two nonbonding pairs of electrons:
Central atom
with four
substituents

H

~
~

I

H-C-H

I

H

Central atom
with four
substituents ~

V
o

••

Lobes used to
indicate space
occupied by

0- H

non bonding

pair

I

H

Methane, CH4

As shown in Table 6.2, when a central atom has only two substituents, the
geometry of the molecule is linear, meaning a single straight line may be drawn
passing through both substituents and the central atom. Three substituents
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Three-Dimensional
Geometry

Examples

H-Be-H

2

Linear

O=C=O

BeH2

CO2

H

0

I
Triangular

planar

N

HCN

11

B
H/ ~H

3

H-C

Ge

C
H/

BH3

~H

Cl/

~Cl
GeCI2

H2CO

H
1

4

C"""H
\
H

H/
Tetrahedral

CH4

5

I

0<'·
\" •
H

H/

H2O

F
""F

I"F

Triangular

N"""H
\
H
NH3

F
F-P"

H/

F

I ""F
S'"

I
~Xe

I"F

1

F

F

F

PFs

SF4

XeF2

bipyramidal

F
I

F-S-F

6

F
Octahedral

/1

F

SF6

..", F

,

F

I

,F

..••'

F-Br-F
/1\
FU
BrFs

F-Xe-F

/
F

i,XeF4

Larger atoms such as phosphorus,
sulfur, and xenon, are able to borrow orbitals from outer unoccupied
shells to allow for additional electrons
within their outermost
occupied shell (see Section 5,7), The third shell of a sulfur atom, for example, can borrow orbitals from its empty fourth
shell to accommodate
a total of 10 or even 12 electrons, rather than the usual 8 electrons, This allows sulfur to form additional bonds as occurs in
SF4' SF6, and H,S04 (see question 75 at the end of this chapter),

arrange themselves in a triangle the plane of which passes through the central
atom, and so this molecular geometry is called triangular planar. Four substituents
form a tetrahedron, as already discussed. Five substituents result in a triangular
bipyramidal geometry, which, as you'll see when you do the Hands-On Chemistry
activity on page 203, is two triangle-based pyramids sharing a base and having the
two apexes pointing in opposite directions. Six substituents arrange themselves
around the central atom in a geometry that, if it had a surface, would show eight
sides. To indicate this eight-sided geometry, this structure is called octahedral.
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Why these geometries? Simply put, these are the geometries that allow for
maximum distance between substituents.

Why are the two oxygen atoms in carbon dioxide, CO2, spaced

0

180

apart?

Was this your answer? Ifthe two oxygen atoms were on the same side of
the carbon atom, the bonding electrons would be relatively close to each
other:

~o

c J

Repulsive forces

~O
Incorrect geometry for
carbon dioxide, CO2

Because
Instead,
the two
opposite

electron pairs repel one another, this is not a stable situation.
the oxygen atoms position themselves so that the bonding pairs of
double bonds are as far from each other as possible, which is on
sides ofthe carbon atom, 180 apart, as shown in Table 6.2.

MOLECULAR
ATOMS ARE

0

SHAPE IS DEFINED

BY WHERE

THE SUBSTITUENT

Now that you have learned how to use VSEPR to determine molecular geometry,
you are ready to see how chemists figure out molecular shape. What's the difference, you ask?Just this: when chemists talk about molecular geometry, they are
talking about the relative positions of everything surrounding a central atom in
the molecule, both atoms and nonbonding pairs of electrons. When they talk
about molecular shape, they are talking about the relative positions of only the
atoms surrounding

a central atom.

Figuring out a molecular shape is a two-step process. The first step is to use
VSEPR to position all substituents, both atoms and nonbonding pairs, around a
central atom. The second step is to "freeze" the orientations you've come up
with so that no atom can change its position, remove all nonbonding pairs, and
then decide what three-dimensional shape the atoms form. Let's work through a
few examples from Table 6.2 to see what all this means.
In any molecule in which there are no nonbonding pairs around the central
atom, the molecular shape is the same as the molecular geometry. Thus, to use
the examples from Table 6.2, all three two-substituent molecules have both a
linear geometry and a linear shape. Both BH3 and H2CO have a triangular planar shape, CH4 has a tetrahedral shape, PFs a triangular bipyramidal shape, and
SF6 a square bipyramidal shape.
Now let's look at molecules that have nonbonding pairs, beginning with
germanium chloride, GeCI2, and its one non bonding pair. The geometry is triangular planar, and to get the shape we ignore the non bonding pair. This
reveals the germanium and two chlorine atoms held together at an angle-a
shape known as bent. Similarly, ignoring the two non bonding pairs in a water
molecule also reveals three atoms forming a bent shape. Now you know why
water molecules are always depicted with the two hydrogen atoms close to each
other like a set of mouse ears rather than as far apart as possible on opposite
sides of the oxygen atom-there are two nonbonding pairs pushing them into
this orientation.
Ignoring the non bonding pair of the ammonia molecule, NH3, in Table 6.2
means the shape is not tetrahedral because in a tetrahedron all four corners must
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Ge

Triangular pyramidal

(NH3)

s
v,

Xe'

."

Square pyramidal (BrFs)

See-saw (SF4)

FIGURE

Square planar (XeF4)

6.19

The shapes of molecules from Table 6.2.

be equally distant from the central atom. Ammonia's shape is thus more accurately defined as triangular pyramidal.
This same process of ignoring the nonbonding electron pairs reveals the
shapes of the remaining molecules of Table 6.2, which are shown in Figure 6.19.

CK
What is the shape of a chlorine trifluoride molecule, ClF3, which has a triangular bipyramidal geometry:

F
I

F-Cl~

I~
F
Was this your answer? Ignore the two nonbonding pairs, and the shape of
the molecule is all fOUTatoms in the same plane. They form a triang le having
a fluorine atom at each corner and the ch lorine atom sitting at the midpoint
of one side:

Call it what you like-most chemists call it T-shaped. There are even more
molecular shapes that can be derived from the geometries in Table 6.2. How
many can you find? How might you name them? CUTious?Talk with yOUT
instructor.
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C H6; hydrogen peroxide, H 0 and
acetylene, C2H2• Keep in mind that
each carbon atom must have four
covalent bonds, each oxygen must
have two, and each fluorine and
hydrogen must have only one.
No fair peeking at the Hands-On
Chemistry Insights at the end of
this chapter until you have made
an honest attempt to build these
molecules.
2

se toothpicks and gumdrops or
jelly beans of different colors to
build models of the molecules
shown in Figure 6.19,letting the different colors represent different elements.
Once you have become proficient
at building these models, test your
expertise by building models for
difluoromethane, CH F ethane,

U

2

• 6.6

2;

2

2;

Polar Covalent Bonds Result from an Uneven
Sharing of Electrons

f the two atoms in a covalent bond are identical, their nuclei have the same
positive charge, and therefore the electrons are shared evenly. We can represent these electrons as being centrally located by using an electron-dot structure
in which the electrons are situated exactly halfway between the two atomic symbols. Alternatively, we can draw a probability cloud (see Section 5.5) in which
the positions of the two bonding electrons over time are shown as a series of
dots. Where the dots are most concentrated is where the electrons have the
greatest probability of being located:

H

H

:.·::·:H~i\ig#~f.i:.....
~"~",,,,""""~".:" "

" "

""

"

.,

"

In a covalent bond between nonidentical atoms, the nuclear charges are different, and consequently the bonding electrons may be shared unevenly. This
occurs in a hydrogen-fluorine bond, where electrons are more attracted to fluorine's greater nuclear charge:

.. ....".
'

""

H

F

"

.':H':''. ~....
..." " ...

" ""

"

•• ~

"

,,"

"

"CO'''

'"
,,"

.

'

'

..

The bonding electrons spend more time around the fluorine atom. For this reason, the fluorine side of the bond is slightly negative and, because the bonding
electrons have been drawn away from the hydrogen atom, the hydrogen side of
the bond is slightly positive. This separation of charge is called a dipole (pronounced "die-pole") and is represented either by the characters 0- and 0+, read
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The experimentallymeasured
electronegativitiesof elements.

-

2.2

Li Be

B

C

N

0

F

1.57

2.04

2.55

3.04

3.44

3.98

-

P

5

Cl

Ar

2.19

2.58

3.16

-

0.98

Na Mg
0.93

K
0.82

Rb
0.82

1.31

Ca sc
1.0

136

Sr
0.95

Y
1.22

TI

V

1.54

1.63

1.6

1.66

1.83

1.91

2.16

1.55

1.9

2.2

1.10

236

1.9

07

09

1.3

1.5

Rf Db

1.1

-

-

1.88

1.65

1.90

Te Ru Rh Pd Ag Cd
Re 05

0.89

1.9

Ni Cu Zn Ga Ge As Se

W

Fr Ra Ac

1.61

Fe Co

Cs Ba La Hf Ta
0.79

Si

Cr Mn

Zr Nb Mo
133

AI

2.28

2.20

1.93

1.69

Ir Pt Au Hg

2.2

2.20

2.8

2.54

2.00

1.81

2.01

2.18

2.55

In sn sb Te
1.78

1.96

TI Pb
2.04

2.33

2.05

2.1

Ne

Br Kr
2.96

-

I Xe
2.66

-

Bi Po At Rn
2.02

2.0

2.2

-

sg Bh Hs Mt Uun Uuu Uub
-

-

"slightly negative" and "slightly positive," respectively, or by a crossed arrow
pointing to the negative side of the bond:
8+

8-

H-F

+-------:)

H-F

So, atoms forming a chemical bond engage in a tug-of-war for electrons.
How strongly an atom is able to tug on bonding electrons has been measured
experimentally and quantified as the atom's electronegativity. The range of
electronegativities runs from 0.7 to 3.98, as Figure 6.20 shows. The greater an
atom's electronegativity, the greater its ability to pull electrons toward itself
when bonded. Thus, in hydrogen fluoride, fluorine has a greater eleetronegativity, or pulling power, than does hydrogen.
Electronegativity is greatest for elements at the upper right of the periodic
table and lowest for elements at the lower left. Noble gases are not considered in
electronegativity discussions because, with only a few exceptions, they do not
participate in chemical bonding.
When the two atoms in a covalent bond have the same electronegativity, no
dipole is formed (as is the case with H2) and the bond is classified as a nonpolar
bond. When the electronegativities of the atoms differ, a dipole may form (as
with HF) and the bond is classified as a polar bond. Just how polar a bond is
depends on the difference between the electronegativity values of the two
atoms-the greater the difference, the more polar the bond.
As can be seen in Figure 6.20, the farther apart two atoms are in the periodic
table, the greater the difference in their electronegativities, and hence the greater
the polarity of the bond between them. So a chemist need not even read the
electronegativities to predict which bonds are more polar than others. To find
out, he or she need only look at the relative positions of the atoms in the periodic table-the farther apart they are, especially when one is at the lower left
and one is at the upper right, the greater the polarity of the bond between them.

•

CK
List these bonds in order of increasing polarity: P-F, S-F, Ga-F, Ge-F
(F,fluorine, atomic number 9; P,phosphorus, atomic number 15; S, sulfur,
atomic number 16; Ga, gallium, atomic number 31;Ge, germanium, atomic
number 32):
(least polar)

<

<

<

(most polar)

if you answered the question, or attempted to, before
reading this answer; hooray for you! You're doing more than reading the
text-you're learning chemistry The greater the difference in electronegativiWas this your answer?
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Polar

Nonpolar

~

These bonds are in order of
increasing polarity from left to
right, a trend indicated by the
larger and larger crossed arrows
and 0+/0- symbols. Which of
these pairs of elements are farthest apart in the periodic table?
0+

8+ 8-

0-

C:N

C:C

C:Q
~

B

Electronegativity

8+8C :F
+---C>

difference:

o

0.49

1.43

0.89

ties between two bonded atoms, the greater the polarity of the bond, and so
the order of increasing polarity is S-F, P-F, Ge-F, Ga-F.
Note that this answer can be obtained by looking only at the relative
positions of these elements in the periodic table rather than by calculating
the differences in their electronegativities.
The magnitude of bond polarity is sometimes indicated by the size of the crossed
arrow or of the 0+/0- symbol used to depict a dipole, as shown in Figure 6.21.
Note that the electronegativity
difference between atoms in an ionic bond
can also be calculated. For example, the bond in NaCI has an electronegativity
difference of 2.23, far greater than the difference of 1.43 shown for the C-F
bond in Figure 6.21.
What is important
to understand
here is that there is no black-and-white
distinction between ionic and covalent bonds. Rather, there is a gradual change
from one to the other as the atoms that bond are located farther and farther
apart in the periodic table. This continuum
is illustrated in Figure 6.22. Atoms
on opposite sides of the periodic table have great differences in electronegativity, and hence the bonds between them are highly polar-in
other words,
ionic. Nonmetallic
atoms of the same type have the same electronegativities,
and so their bonds are nonpolar covalent. The polar covalent bond with its
uneven sharing of electrons and slightly charged atoms is between these two
extremes.

• The term electroneqativiiy was
coined by Linus Pauling in his
famous 1932 publications "The
Nature of the Chemical Bond,
Parts l-lvThrouqh these articles,
Pauling was the first to formally
describe the periodic trends of
ionic, polar covalent, and nonpolar covalent bonding. Electronegativity refers to the neqative
charge that an atom in a molecule picks up due to the electrons
it may attract. An electronegativity difference between two atoms
greater than 1.7 indicates an ionic
bond. A difference of less than 1.7
but greater than o.a indicates a
polar covalent bond. Nonpolar
covalent bonds have electronegativity differences of less than 0A.
There are other electronegativity
scales, but Pauling's original
scale has remained the most
common ly used.
MORE

TO

EXPLORE,

L.Pauling, "The Nature of Chemicial Bonds, Part IV," lournal of the
American Chemical Society 54
(3570),1932.

Ionic

Polar covalent

Nonpolar covalent

Na :F

H :F

F:F

Hydrogen fluoride

Molecular fluorine

+----0>

Sodium fluoride

FIGURE

+-----0>

6.22

The ionic bond and the nonpolar covalent bond represent the two extremes of
chemical bonding. The ionic bond involves a transfer of one or more electrons, and
the nonpolar covalent bond involves the equitable sharing of electrons. The character of a polar covalent bond falls between these two extremes.

www.osulibraryoregonstate.edu
Ispeci aka 11ections/co 11Ipaulingl
www.en.wikipedia.org/wiki/
Electronegativity
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• 6.7 Molecular Polarity Results from an Uneven
Distribution of Electrons

if

all the bond, in a molecule ace nonpolar, the molecule" a whole is also
nonpolar-as is the case with H2, 02' and N2. If a molecule consists of only
two atoms and the bond between them is polar, the polarity of the molecule is
the same as the polarity of the bond-as with Hp, HCl, and CIF.
Complexities arise when assessing the polarity of a molecule containing more
than two atoms. Consider carbon dioxide, CO2, shown in Figure 6.23. The
cause of the dipole in either one of the carbon-oxygen bonds is oxygen's greater
pull (because oxygen is more electronegative than carbon) on the bonding electrons. At the same time, however, the oxygen atom on the opposite side of the
carbon pulls those electrons back to the carbon. The net result is an even distribution of bonding electrons around the whole molecule. So, dipoles that are of
equal strength but pull in opposite directions in a molecule effectively cancel
each other, with the result that the molecule as a whole is nonpolar.
Figure 6.24 illustrates a similar situation in boron trifluoride, BF3, where
three fluorine atoms are oriented 120 from one another around a central boron
atom. Because the angles are all the same, and because each fluorine atom pulls
on the electrons of its boron-fluorine bond with the same force, the resulting
polarity of this molecule is zero.
Nonpolar molecules have only relatively weak attractions to other nonpolar
molecules. The covalent bonds in a carbon dioxide molecule, for example, are
many times stronger than any forces of attraction that might occur between two
adjacent carbon dioxide molecules. This lack of attraction between nonpolar
molecules explains the low boiling points of many non polar substances. Recall
from Section 1.7 that boiling is a process wherein the molecules of a liquid separate from one another as they go into the gaseous phase. When there are only
weak attractions between the molecules of a liquid, less heat energy is required
to liberate the molecules from one another and allow them to enter the gaseous
phase. This translates into a relatively low boiling point for the liquid, as, for
instance, in the nitrogen, N2, shown in Figure 6.25. The boiling points of hydrogen (H2), oxygen (02), carbon dioxide (C02), and boron trifluoride (BF3) are
also quite low for the same reason.
There are many instances in which the dipoles of different bonds in a molecule do not cancel each other. Reconsider the rope analogy of Figure 6.24. As
long as everyone pulls equally hard, the ring stays put. Imagine, however, that
one person begins to ease off on the rope. Now the pulls are no longer balanced,
0

<--~

~~

O=C=O
FIGURE

6.23

There is no net dipole in a carbon dioxide molecule, and so the molecule is nonpolar. This is analogous to two people in a tug-of-war. As long as they pull with equal
forces but in opposite directions, the rope remains stationary.

6.7

FICiURE

MOLECULAR

POLARITY

RESULTS

FROM

AN

UNEVEN

6.24

The three dipoles of a boron trifluoride molecule oppose one another at l20-degree
angles, which makes the overall molecule non polar. This is analogous to three people pulling with equal force on ropes attached to a central ring. As long as they all
pull with equal force and all maintain the l20-degree angles, the ring remains
stationary.

Nonpolar
molecule

Relatively

weak
attraction

FIGURE

6.25

Nitrogen is a liquid at temperatures below its chilly boiling point of -196°C. Nitrogen molecules are not very attracted to one another because they are nonpolar. As a
result, the small amount of heat energy available at -196°C is enough to separate
them and allow them to enter the gaseous phase.
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6.26

If one person eases off in a threeway tug-of-war but the other two
continue to pull, the ring moves
in the direction of the purple
arrow.

and the ring begins to move away from the person who is slacking off, as Figure
6.26 shows. Likewise, if one person began to pull harder, the ring would move
away from the other two people.
A similar situation occurs in molecules where polar covalent bonds are not
equal and opposite. Perhaps the most relevant example is water, H20. Each
hydrogen-oxygen
covalent bond has a relatively large dipole because of the great
electronegativity
difference. Because of the bent shape of the molecule, however,
the two dipoles, shown in blue in Figure 6.27, do not cancel each other the way
the C = 0 dipoles in Figure 6.23 do. Instead, the dipoles in the water molecule
work together to give an overall dipole, shown in purple, for the molecule.

0Which ofthese

F

molecules is polar and which is nonpolar?

F

H

/

\

/

/

\

/

\

C=C

0+

F

\

F

C=C

F

H

F

(b)

(a)

FIGURE

6.27

(a) The individual dipoles in a
water molecule add together to
give a large overall dipole for the
whole molecule, shown in purple. (b) The region around the
oxygen atom is therefore slightly
negative, and the region around
the two hydrogens is slightly
pOSIt1Ve.

Was this yOUT answer? Symmetry is often the greatest clue for determining
polarity. Because the molecule on the left is symmetrical, the dipoles on the
two sides cancel each other. This molecule is therefore nor-polar.

F

\\

l'/

F

C=C

/..;
F

\\

F

H

F
\\
l'1
0+ C=C oIl'
\\
H
F

The molecule on the right is less symmetrical (more "lopsided") and so is
the polar molecule. Because carbon is more electronegative than hydrogen,
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Water molecules attract one another because each contains a slightly positive side
and a slightly negative side. The molecules position themselves such that the positive
side of one faces the negative side of a neighbor.

the dipoles of the two hydrogen-carbon bonds point toward the carbon.
Because fluorine is more electronegative than carbon, the dipoles of the carbon-fluorine bonds point toward the fluorines. Because the general direction of all dipole arrows is toward the fluorines, so is the average
distribution of the bonding electrons. The fluorine side of the molecule is
therefore slig htly negative, and the hydrogen side is slig htly positive.
Figure 6.28 illustrates how polar molecules electrically attract one another
and as a result are relatively difficult to separate. In other words, polar molecules
can be thought of as being "sticky," which is why it takes more energy to separate them and let them enter the gaseous phase. For this reason, substances composed of polar molecules typically have higher boiling points than substances
composed of nonpolar molecules, as Table 6.3 shows. Water, for example, boils

TABLE

6.3

BOILING

POINTS

OF SOME

POLAR

Boiling Point (0C)

Substance

Polar

Hydrogen fluoride, HF
Water, H,O
Ammonia, NH3

20
100

Nonpolar

Hydrogen, H,
Oxygen, O2
Nitrogen,

-253
-183

N2

-196

Boron trifluoride, BF3
Carbon dioxide, CO,

-100
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6.29

Oil and water are difficult to
mix, as is evident from this oil
spill off the coast of Spain in
2002. It's not, however, that oil
and water repel each other.
Rather, water molecules are so
attracted to themselves because
of their polarity that they pull
themselves together. The nonpolar oil molecules are thus
excluded and left to themselves.
Being less dense than water, oil
floats on the surface, where it
poses great danger to birds and
other wildlife.

at 100°C, whereas carbon dioxide boils at -79°C. This 179°C difference is quite
dramatic when you consider that a carbon dioxide molecule is more than twice
as massive as a water molecule.
Because molecular "stickiness" can play a lead role in determining
a substance's macroscopic properties, molecular polarity is a central concept of chemistry. Figure 6.29 describes an interesting example.

Substance A boils at 150°(, and substance Bboils at 30°(, The molecules of
these substances, represented below, are approximately the same size, but
their shapes are different. Which substance is likely the more polar?
Substance A
Gas

Liquid

)

Substance B
Liquid

Gas

Was this your answer? There are two reasons to believe substance A is
more polar. First, the A molecules are bent, which suggests they might have a
dipole, much like water has a dipole. Second, assuming similar sizes, polar

IN

molecules tend to stick to one another more than nonpolar molecules do,
which means the boiling points of polar substances tend to be hig her. In
other words, more heat energy is required for polar molecules to separate
from one another. (Note that boiling is a physical change because the molecules remain intact.

• In Perspective
in

this chapter, we explored two types of chemical bond" ionic and covalent.
Ionic bonds are formed when one or more electrons move from one atom
to another. In this way, the atoms become ions-one positive, the other negative-and are held together by the resulting electrical attraction. Covalent bonds
form when atoms share electrons. When the sharing is completely equitable, the
bond is nonpolar covalent. When one atom pulls more strongly on the electrons
because of its greater electronegativity, the bond is polar covalent and a dipole
may be formed.
We also looked at how the shape of a molecule can play a role in determining
its polarity and how molecular polarity has a great influence on macroscopic
behavior. Consider what the world would be like if the oxygen atom in a water
molecule did not have its two nonbonding pairs of electrons. Instead of being
bent, each water molecule would be linear, much like carbon dioxide. The
dipoles of the two hydrogen-oxygen bonds would cancel each other, which
would make water a nonpolar substance and give it a relatively low boiling point.
Water would not be a liquid at the ambient temperatures of our planet, and we
in turn would not be here discussing these concepts. Hooray for the two nonbonding pairs on the oxygen atom! Hooray for the insights we gain by thinking
about the molecular realm!

PERSPECTIVE
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KEY TERMS

!

An element or chemical
compound in which atoms are held together by
covalent bonds.

Valence electron

An electron that is located in the
outermost occupied shell in an atom and can
participate in chemical bonding.

Covalent compound

Valence shell The outermost occupied shell of an atom.

Molecule

structure A shorthand notation of the
shell model of the atom in which valence electrons are
shown around an atomic symbol.

Valence-shell

Electron-dot

pair Two paired valence electrons that
don't participate in a chemical bond and yet influence
the shape of the molecule.

Nonbonding

Ion An electrically charged particle created when an

atom either loses or gains one or more electrons.
Polyatomic ion An ionically charged molecule.
Ionic bond A chemical bond in which an attractive
electric force holds ions of opposite charge together.
Ionic compound

Any chemical compound

contaInIng IOns.

A group of atoms held tightly together by
covalent bonds.

electron-pair repulsion A model that
explains molecular geometries in terms of electron
pairs striving to be as far apart from one another as
possible.

Substituent An atom or non bonding pair of electrons
surrounding a central atom.

A separation of charge that occurs in a
chemical bond because of differences in the
electronegativities of the bonded atoms.
Dipole

The ability of an atom to attract a
bonding pair of electrons to itself when bonded to
another atom.

Electronegativity

Nonpolar bond A chemical bond that has no dipole.

Covalent bond A chemical bond in which atoms are

held together by their mutual attraction for two
electrons they share.

Polar bond A chemical bond that has a dipole.

,
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CHAPTER

HIGHLIGHTS

I
AN ATOMIC
MODEL
IS NEEDED
TO UNDERSTAND
HOW ATOMS

BOND

1. How many shells are needed to account for the seven
periods of the periodic table?
2. How many electrons can fit in the first shell? How
many in the second shell?

ATOMS
CAN
TO BECOME

LOSE
IONS

OR GAIN

ELECTRONS

6. How does an ion differ from an atom?
7. To become a negative ion, does an atom lose or gain
electrons?
8. Do metals more readily gain or lose electrons?

3. How many shells are completely filled in an argon
atom, Ar (atomic number IS)?

9. How many electrons does the calcium atom tend
to lose?

4. Which electrons are represented by an electron-dot
structure?

IONIC
BONDS
OF elECTRONS

5. How many non bonding pairs are there in the valence
shell of an oxygen atom? How many unpaired valence
electrons?

RESULT

FROM

A TRANSFER

10. Which elements tend to form ionic bonds?
11. What is the electric charge on the calcium ion in
the compound calcium chloride, CaCl/

CONCEPT

BUILDING
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12. What is the electric charge on the calcium ion in
the compound calcium oxide, CaO?
23. What is a dipole?

13. Suppose an oxygen atom gains two electrons to
become an oxygen ion. What is its electric charge?

24. Which element of the periodic table has the greatest electronegativity? Which has the smallest?
25. Which is more polar: a carbon-oxygen bond or a
carbon-nitrogen bond?

14. Which elements tend to form covalent bonds?

26. How is a polar covalent bond similar to an ionic
bond?

15. What force holds two atoms together in a covalent bond?
16. How many electrons are shared in a double covalent bond?
17. How many electrons are shared in a triple covalent bond?

27. How can a molecule be nonpolar when it consists
of atoms that have different electronegativities?

18. How many covalent bonds is an oxygen atom able
to form?

28. Why do nonpolar substances tend to boil at relatively low temperatures?
29. Which tends to have a greater degree of symmetry:
a polar molecule or a nonpolar molecule?
30. Which would you describe as "stickier": a polar
molecule or a non polar one?

19. What does VSEPR stand for?
20. How many faces are there on a tetrahedron?
21. What is meant by the term substltuenti
22. How many substituents does the oxygen atom in a
water molecule have?

CONCEPT

BUILDING

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

31 .• How do the electron-dot structures of elements
in the same group in the periodic table compare with
one another?

37 .• How is the number of unpaired valence electrons in an atom related to the number of bonds that
the atom can form?

32 .• How many more electrons can fit within the
valence shell of a fluorine atom?

38 .• Why does the fluorine atom tend to gain only
one electron?

33 .• How many more electrons can fit within the
valence shell of a hydrogen atom?

39 .• An atom loses an electron to another atom. Is
this an example of a physical or chemical change?

34 .• What happens when hydrogen's electron gets
close to the valence shell of a fluorine atom?

40 .• Why is it so easy for a magnesium atom to lose
two electrons?

35 .• The valence electron of a sodium atom does not
sense the full + 11 of the sodium nucleus. Why not?

41 .• Why doesn't the sodium atom gain seven electrons
so that its third shell becomes the filled outermost shell?

36 .• The valence electron of a sodium atom is held
much more tightly by the nucleus than is the valence
electron of a potassium atom. Why?

42 .• Magnesium ions carry a 2+ charge, and chloride
ions carry a 1- charge. What is the chemical formula
for the ionic compound magnesium chloride?
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43 .• Barium ions carry a 2+ charge, and nitrogen ions
carry a 3- charge. What would be the chemical formula
for the ionic compound barium nitride?
44 .•

Does an ionic bond have a dipole?

45 .• Why doesn't the neon atom tend to gain any
electrons?
46 .• Why doesn't the neon atom tend to lose any
electrons?
47 .• Take money away from your bank account and
the bank will show a negative credit. Take an electron
away from an atom, however, and the atom shows up
positive. Explain.
48 .• Why does an atom with few valence electrons
tend to lose these electrons rather than gain more?
49 .• Why does an atom with many valence electrons
tend to gain electrons rather than lose any?
50 .• Sulfuric acid, H2S04,
what polyatomic ion?

loses two protons to form

51 .• What molecule loses a proton to form the
hydroxide ion, OH-?
52 .• What do molecules lose or gain to become
polyatomic ions?
53 .• Is an ionic compound an example of a chemical
compound, or is a chemical compound an example of
an ionic compound?
54 .•

What is an ionic crystal?

55 .• Which should be larger, the potassium atom, K,
or the potassium ion, K+?
56 .• Which should be larger, the potassium ion, K+,
or the argon atom, Ar?

SHAPES

62 .• What element is well suited to forming either
ionic or covalent bonds?
63 .• Why doesn't a hydrogen atom form more than
one covalent bond?
64 .• What drives an atom to form a covalent bond:
its nuclear charge or the need to have a filled outer
shell? Explain.
65 .• Is there an abrupt or gtadual change between
ionic and covalent bonds? Explain.
66 .• Classify the following bonds as ionic, covalent,
or neither (0, atomic number 8; F, atomic number 9;
Na, atomic number 11; Cl, atomic number 17; Ca,
atomic number 20; U, atomic number 92):

o with

F
Ca with Cl
Na with Na
U with Cl

.
.
.
.

67 .• Atoms of nonmetallic elements form covalent
bonds, but they can also form ionic bonds. How is this
possible?
68 .• Atoms of metallic elements can form ionic
bonds, but they ate not very good at forming covalent
bonds. Why?
69 .• Phosphine is a covalent compound of phosphorus, P, and hydrogen, H. What is its chemical formula?
70 .• Why is a germanium chloride molecule, GeCI2,
bent even though there are only two atoms surrounding
the central germanium atom?
71. • Write the electron-dot structure for the ionic
compound calcium chloride, CaCI2•
72 .• Write the electron-dot structure for the covalent
compound ethane, C2H6•

57 .• Which would you expect to have a higher melting point: sodium chloride, NaCl, or aluminum oxide,
Al203?

73 .• Write the electron-dot structure for the covalent
compound hydrogen peroxide, H202.

58 .• How many valence electrons is an oxygen atom
able to attract from other atoms?

74 .• Write the electron-dot structure for the covalent
compound acetylene, C2H2.

59 .• Which are closer together: the two nuclei within
potassium fluoride, KF, or the two nuclei within molecular fluorine, F/

75 .• In two dimensions, sulfuric acid, H2S04,
often written

o

60 .• Two fluorine atoms join together to form a covalent bond. Why don't two potassium atoms do the
same thing?

HO-S-OH

61.. Many analogies can be drawn between chemical

o

bonds and human relationships. For example, which is
more analogous to marriage: the ionic bond or the
covalent bond? Which is more analogous to the single
life?

is

I1
I1

What three-dimensional shape does this molecule most
likely have?

CONCEPT

76 .• How many substituents
atom in PF5?

surround

77 .• How many substituents
atom in SF4?

surround

the phosphorus

the sulfur

78 .• Examine the three-dimensional
geometries of
PF5 and SF4 in Table 6.2. Which do you think is the
more polar compound?
79 .•

What is the source of an atom's electronegativity?

80 .•

Which bond is most polar?

a.H-N
b.N-C
c.C-O
d.C-C
e.O-H

a. S=C=S
b.O=C=O
c. O=C=S

91 .• True or False: Atoms with the greatest electtonegativity are those with the fewest number of shells,
but only when the number of valence electrons is the
same. Explain.
92 .•

Cl
a.

Br-

F

c-o

List these bonds in order of increasing polarity:

c.N-O
d.H-F

/

/

\

\

C=C

H

(S-Br)

of a molecule not the

86 .• How can four equilateral
using only six matchsticks?

Cl

Cl

Cl

\

\

c=o

b.

/

H
H

/
C=C

/

Cl

\

H

°

(most polar)

84 .• Which is more polar, a sulfur-btomine
bond or a selenium-chlorine
(Se-Cl)
bond?

Cl

/

96 .• Circle the molecule from each pair that should
have a higher boiling point (atomic numbers: S = 16;
N = 7;
= 8; C = 6; H =1):

----<----<----<----

(least polar)

H

\

Cl

b.N-F

85 .• When is the geometry
same as its shape?

Cl

\
/
C=C
H

Br-Br

a.N-N

triangles be made

87 .• The molecular geometry of water is tetrahedral,
but its molecular shape is bent. Is this contradictory?
Why or why not?
88 .• True or False: The greater the nuclear charge of
an atom, the greater is its electtonegativity. Explain.
89 .• True or False: The more shells in an atom, the
lower its electtonegativity. Explain.

90 .•

Why don't oil and water mix?

93 .• Water, H20, and methane, CH4, have about the
same mass and differ by only one type of atom. Why is
the boiling point of water so much higher than that of
methane?

82 .• In each molecule, which atom carries the greater
positive charge?

83 .•

of shells is the same.

95 .• Circle the molecule from each pair that should
have a higher boiling point (atomic numbers: Cl = 17;
0= 8; C = 6; H =1):

Which molecule is most polar?

H -Cl

215

94 .• An individual carbon-oxygen
bond is polar. Yet
carbon dioxide, CO2, which has two carbon-oxygen
bonds, is nonpolar. Why?

f.C-H
81 .•

charge, but only when the number
Explain.

BUILDING

True or False: Atoms with the greatest electronegativities are those that have the greater nuclear

a. S=C=O
b. Na" -C-N

O=C=O
H -C-N

97 .• Would ammonia,
its shape were triangular

NH3, be more or less polar if
planar rather than triangular?

98 .• Why is ammonia,
borane, BH3?

NH3, more polar than is

99 .• Three kids sitting equally apart around a table
are sharing jelly beans. One of the kids, however, tends
only to take jelly beans and only rarely gives one away.
If each jelly bean represents an electron, who ends up
being slightly negative? Who ends up being slightly
positive? Is the negative kid just as negative as one of
the positive kids is positive? Would you describe this as
a polar or non polar situation? How about if all three
kids were equally greedy?

100 .• Which is stronger: the covalent bond that holds
atoms together within a molecule or the electrical
attraction between two neighboring molecules?
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MOLECULES

Your molecular models should look like this:

..

UP CLOSE

WITH

:F:

CRYSTALS

One thing you probably noticed under the magnifying glass when you compared uncrushed crystals was
sharp, angular edges in NaCI and rounded edges in
KCl. Then you probably found it easier to grind the
KCI crystals to powder. These differences have the
same origin: a potassium ion, K+, is larger than a
sodium ion, Na".
The positive and negative ions in a crystal are
attracted to one another by the attractive electric force
between oppositely charged particles. The negative
charge on a negative ion is, as we saw in Chapter 5,
outside the nucleus, distributed among all the electrons. The positive charge on a positive ion, however, is
all in the nucleus. This means the positive and negative
charges of the ionic bond are farther apart in the compound containing the larger positive ion:

I
../C· ....
'H

:F

\

H
Difluoromethane,
CH2F2,

tetrahedron

Ethane,
C2H6,

two tetrahedrons

H

\
..
:0-0:

..

\

H
Hydrogen peroxide,
H202,

two bent shapes
stuck together

L--..J

Shorter distance
between positive
and negative charges

Longer distance
between positive
and negative charges

H-C-C-H
Acetylene,
C2H2,

linear

Because the electric force weakens with increasing distance between the opposite charges, the KCI ionic
bond is weaker than the NaCI ionic bond. Weaker
ionic bonds mean that KCI crystals are less resilient to
stress and impact than are NaCI crystals, accounting
for the rounder edges you observed in the KCI crystals
and for the fact that it was easier to grind the KCI to a
powder.
This difference in bond strength is also responsible
for many other differences in the physical properties
of these two substances. For instance, whereas the
melting point ofNaCI is 801°C, that of KC I is "only"
no°e. The 31°C difference is easy to explain in terms
of what happens when a solid-to-liquid phase change
occurs: the particles of the solid have to be pried apart
from one another. The weaker ionic bonds in KCI
mean the ions separate more easily, and the macroscopic evidence of this is the lower melting point of
KCl.
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www.ada. 0 rg/public! to pies/ fluo ride/ index. asp
•

Fluoride page of the American Dental Association, with
many links to inflrmation regardingfluorides and fluoridation of drinking water and toothpastes. The ADA was
one of the original water fluoridation supporters, starting in
the 1940s.

www.fluoridealert.org/50-reasons.htm
•

St. Lawrence University chemistry professor, Paul Connett,
Ph.D., provides 50 reasons to opposefluoridation of public

EXPLORING

drinking water, complete with hyperlinks to peer-reviewed
profissional journal articles.
www.saltinstitute.org/idd.htm
III

Numerous reports in the literature demonstrate the effictiveness of iodized salt in controlling the medical condition
called goiter. Check out this site fOr historical case studies
that first pointed to this conclusion. Comparing the research
effirts behind iodized salt and fluoridated drinking water
makes fOr an interesting project.

www.soils .wise. ed ul virtual_museum
III

Home page of the Virtual Museum of Minerals and Molecules, curated by Phillip Barak of the University of Minnesota and Ed Nater of the University of Wisconsin.
Through this site, you will find molecular models that you
can manipulate in three dimensions. To do so, your browser
will need to be equipped with the Chime plug-in, which
you may down load by fOllowing the hyperlinks to
www.mdl.comlproducts/framework/chime.
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www.ConceptChem.com
III

Visit ConceptChem.com to register your Conceptual Chemistry Alive! DVD-ROM.
Registered users receive ftee technical support as well as access to the authors answers to the
over 600 questions appearing within CCAlive! Behind-thescene photos as well as interesting infOrmation about the
cast, crew, and production of ccA live! are also available.
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VisitThe Chemistry Place at:
www.aw-bc.com/chemplace

WATER FLUORIDATION

I

•

the
n early 1900s, a young dentist,
Frederick McKay, opened a dental
practice in Colorado Springs, Colorado. He soon discovered that many
local residents had brown, holepocketed teeth that, despite being
unsightly, had a resistance to cavity
formation. Followinq years of investigation, McKay and his colleagues
determined that this condition was
caused by unusually high levels of
naturally occurring calcium fluoride
in the drinking water. The condition
became known as dental fluorosis. By
the 1930S, the U.S.Public Health Service began to study the idea of
adding fluoride ions to drinking
water. These studies indicated that
dental fluorosis could be avoided but
resistance to cavity formation maintained at fluoride ion concentrations
of about 1part per million (ppm),
which equals 1mg per liter.
The first municipal fluoridation
test programs began in the 1940s,
soon after World War 11, which was a
time when the general public held
great trust in the chemical industry
as well as government. In Grand
Rapids, Michigan, for example,
sodium fluoride, once widely
regarded as rat poison, was to be
added to the municipal drinking
water for 15years, after which time
the program would be evaluated for
effectiveness. Also, the up state New
York towns of Newburgh and
Kingston, which had similar demographic and water profiles, were chosen for a double study in which the
water of only one town (Newburgh)
would be fluoridated. After 10 years,
the rates of dental decay in each city
would be compared. Halfway
through the Newburgh/Kingston
trial, however, the U.5. Public Health
Service announced a preliminary 65
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percent decrease in dental decay.
Word of this and other trials quickly
spread, and soon many municipalities were requesting waterfluoridation, well before any of these initial
trials could be completed.
As can be expected, there were
many who advocated against the
fluoridation of public drinking water.
They argued that fluoride is not a natural nutrient, but a drug and industrial pollutant, and fluoridation is
unethical because individuals are not
being asked for their informed consent prior to medication. As any
physician knows, what is good for one
patient is not necessarily good for
another patient. A counterargument
to this was that fluoridation of public
water provides a benefit to the whole
community, including the underprivileged, and not just those who can
afford good health care. Opponents to
fluoridation, however, also pointed
out that the long-term side effects of
fluoride were not known. Of particular concern would be skeletal fluorosis, bone cancer, and hypothyroidism.
Believing these risks to be minimal
compared to the great dental bene-

fits, the government, motivated in
large part by professional dental
associations, continued to push for
fluoridation. Today, about 145million
people in the United States regularly
drink fluoridated water.
As a quick Internet search reveals,
the fluoridation debate continues to
be most vigorous. For example, the
American Dental Association,
www.ada.org, publishes a wellknown booklet that clearly advocates
the great benefits and minimal risks
of fluoridating municipal drinking
water. Each paragraph of the ADA's
booklet, however, is carefully counterargued by the author and fluoridation opponent Edward Bennett at
www.FluorideDebate.com.Ofparticular concern is the fact that drinking
water in Europe is no longer fluoridated. Most European nations, as well
as Japan, halted water fluoridation in
the 1970S, after which their rates of
dental caries continued to decline
just as within the United States. Furthermore, the U.5.Center for Disease
Control has noted the lack of evidence
supporting the effectiveness of
ingested fluoride. Rather, teeth

appear to benefit by surface exposure, as occurs when the teeth are
brushed with fluoridated toothpaste.
In 1987,the U.5.-governmentsponsored National Institute of Dental Research (NIDR)examined the
teeth of about 39,000 schoolchildren
aged 5 to 17from 84 geographical
areas, with and without fluoridated
water. Analysis of this data by John
Yiamouyiannis, a biochemist and
ardent opponent of fluoridation,
showed no meaningful statistical differences between children growing
up in fluoridated and nonfluoridated
areas, except that fluoridated 5- to
6-year-olds tended to keep their baby
teeth longer. Analysis by the NIDRof
the same data indicated that children who have always lived in fluoridated areas have 18 percent fewer
decayed surfaces than those who
have never lived in fluoridated areas.
In 2006, the ADA'sposition is that
"water fluoridation continues to be
effective in reducing tooth decay by
20-40%, even with widespread availabilityfrom other sources such as fluoride toothpastes."
As the debate continues, one thing
remains certain: those who are familiar with the basic concepts of chemistry and methodologies of science
are at a great advantage for understanding the issues and for being
able to recognize well-informed
arguments and decisions.

Teflon is a carbon-based molecule
with lots of fluorine. Might flossing with Teflon-coated dental
floss be a good way ofintroducing additional fluoride to your
teeth?
Was this your answer? It is the
fluoride ion that is indicated to
help prevent dental decay. Sources
of these ions include the ionic

compounds, sodium fluoride, NaF,
or stannous fluoride, Sn F2' The fluorine within Teflon is not ionic.
Rather, Teflon as a molecule (covalent compound) contains fluorine
atoms covalently bound to the carbon atoms. These fluorine atoms
cannot escape the molecule to
join in with the structure of tooth
enamel.
IN

THE

SPOTLIGHT

DISCUSSION

QUESTIONS

1. In 1962,the Kettering Laboratory of
the University of Cincinnati conducted a study in which dogs were
exposed to calcium fluoride dust at
a rate simulating human occupational exposure. This study was
funded by an industry group that
was seeking evidence to help
counter worker claims of crippling
skeletal fluorosis. The results of the
study showed significant damage to
the dcq's lungs and lymph nodes.
Consequently, the study remained
unpublished. Should there be laws
that prohibit the suppression of
unfavorable research data? Try
answering this question from the
point of view of a calcium fluorideproducing company that mig ht
have contributed millions of dollars
to the research.
2. What kind of pressures mig ht a scientist face if she discovered evidence suggesting that fluoridated
water had neurotoxic effects in
rats? Assume she works for the
government, for a governmentfunded university, for a private
research firm not related to dental
health, or for a professional dental
association.
3- The most common form of fluoride
added to municipal drinking water
today is hydroflusilicic acid, H2SiF6,
which is obtained from the antipollution smokestack scrubbers of
the phosphate fertilizer industry.
What are the advantages and disadvantages of this system? Ifwater
fluoridation were banned, what

mig ht become of this hydroflusilicic
acid?
4. How could the Newburgh/Kingston
trials have been designed to assure
that the results were not affected by
the bias of profluoridation dentists
and government officials? Were government officials justified when
they published the preliminary
results)
5. Vitamin B-12deficiency affects
about one-quarter of the US population and is more common in the
elderly. This deficiency is often undetected and can lead to devastating
and irreversible complications.
Should vitamin B-12be added to
municipal drinking water? Why or
why not?
6. The town of Modesto, California
claims that over the course of 10
years they'll save at least $5 million
and at most $32million by not fluoridating their water. How mig ht the
town of Modesto use this saved
money to help protect the dental
health of all its citizens, including
children of underemployed families? Should the saved money
instead be returned to its citizens of
Modesto in the form of lower taxes?
7. What if,hypothetically speaking, the
element selenium were recently discovered to decrease the incidence of
cold-virus infections by 20-40%
when added to drinking water at a
concentration Of1ppm? Selenium,
of course, is very toxic at higher concentrations, but iflow concentrations in our drinking water were
carefully monitored, the health benefits could outweigh the risks. What
would be the likelihood of a government sponsored "water selenification" program in today's
environmentally conscious and litigious society? Would you want selenium added to your drinking water?
What questions might you have of
government- or industry-sponsored
water selenification advocates?
How skeptical might you be of their
literature?
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Can fish drown? To many people, this question
silly. Recall from
"breathe"

water

Section

24, however,

may sound

that

fish do not

Rather, their gills are equipped

oxygen molecules

to extract

mixed in with water. Fish therefore

can

drown if they are in water that contains an insufficient

num-

ber of oxygen molecules. This is what happens

when exces-

sive amounts

into a lake or

Another

7·2

A Solution Is a Single-Phase
Homogeneous

Mixture

of organic wastes are discharged

river As we explore in Chapter 16,the organic wastes are consumed by microorganisms

7·3

Solubility Is a Measure of How
Well a Solute Dissolves

As these microorganisms

that also use molecular
thrive, the amount

oxygen.

of molecular

oxygen in the water drops to the point where fish and many

7·4

Soap Works by Being Both
Polar and Nonpolar

other

aquatic

organisms

become

oxygen

starved-they

drown!
The number

of oxygen molecules

that

can mix with a

given volume of water is amazing ly low. Water that has been
fully aerated
on ly about

at room temperature,

1 oxygen

molecule for every

cules, a ratio represented

molecular

200,000

contains

water mole-

pictorially in the illustration

left. The gills of a fish, therefore,
extracting

for example,

to the

must be highly efficient

at

oxygen from water.

This chapter explains how many of the physical properties
of materials

are a consequence

of attractions

among

the

submicroscopic

particles making up the materials.

small amounts

of oxygen can mix with water, for example,

can be explained
between

water

by the fact that

molecules

the

Why on ly

attractive

and oxygen molecules

weak. We begin by looking at four types of electrical
tions that occur between

submicroscopic

forces
are very
attrac-

particles .
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• "The rapid progress true Science
now makes occasions my regretting sometimes that Iwas born
so soon. It is impossible to imagine the heights to which may be
carried, in a thousand years, the
power of man over matter. 0 that
moral Science were in as fair a
way of improvement, that men
would cease to be wolves to one
another, and that human beings
would at length learn what they
now improperly call humanity."
-Benjamin
Franklin, in a letter to chemist Joseph Priestley,
8 February 7780.
MORE

TO

EXPLORE,

Alan Houston, editor, Franklin:

Submicroscopic Particles Electrically Attract

One Another
~

think of any pure substance as being made up of one type of subthat particle is an ion; for
a covalent compound, it is a molecule; and for an element, it is an atom.
Table 7.1 lists four types of electrical attractions that can occur between these
particles. The strength of even the strongest of these attractions is many times
weaker than any chemical bond, however. The attraction between two adjacent
water molecules, for example, is about 20 times weaker than the covalent bonds
holding the hydrogen and oxygen atoms together in the water molecules.
Although particle-to-particle attractions are relatively weak, you can see their
profound effect on the substances around you.
We now explore these interparticle attractions in order of relative strength,
beginning with the strongest.

W ~~~~oscopic particle. For an ionic compound,

The Autobiography and Other
Writings on Politics, Economics,
and Virtue. Cambridge University

Press, 2004.

. TABLE

7.1

ELECTRICAL
PARTICLES

ATTRACTIONS

BETWEEN

SUBMICROSCOPIC

Attraction

Relative Strength

Ion-dipole
Dipole-dipole
Dipole-induced dipole
Induced dipole-induced

Strongest

IONS

AND

dipole

Weakest

POLAR MOLECULES

ATTRACT

ONE ANOTHER

You probably remember from Chapter 6 that a polar molecule is one in which
the bonding electrons are unevenly distributed. One side of the molecule carries
a slight negative charge, and the opposite side carries a slight positive charge.
This separation of charge is a dipole.
So what happens to polar molecules, such as water molecules, when they are
near an ionic compound, such as sodium chloride? The opposite charges electrically attract one another. The positive sodium ions attract the negative side of
the water molecules, and the negative chloride ions attract the positive side of
the water molecules. This is illustrated in Figure 7.1. Such an attraction between
an ion and the dipole of a polar molecule is called an ion-dipole attraction.
Ion-dipole attractions are much weaker than ionic bonds. However, a large
number of ion-dipole attractions can act collectively to disrupt an ionic bond.
This is what happens to sodium chloride in water. Attractions exerted by the
water molecules break the ionic bonds and pull the ions away from one another.

FIGURE

7.1

Electrical attractions are shown as
a seriesof overlapping arcs.The
blue arcs indicate negative
charge, and the red arcs indicate
positive charge.

Ion-dipole

attractions

~

o-)))Jff:f((
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Polar
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Ion
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7.1

SUBMICROSCOPIC

PARTICLES

ELECTRICALLY

ATTRACT

ONE

ANOTHER

223

Sodium
chloride
crystal

Aqueous solution of sodium chloride

FIGURE

7.2

Sodium and chloride ions tightly bound in a crystal lattice are separated from one
another by the collectiveattraction exerted by many water molecules to form an
aqueous solution of sodium chloride.

The result, represented in Figure 7.2, is a solution of sodium chloride in water.
(A solution in water is called an aqueous solution.)
POLAR MOLECULES

ATTRACT

OTHER

POLAR MOLECULES

An attraction between two polar molecules is called a dipole-dipole attraction. An
unusually strong dipole-dipole attracation is the hydrogen bond. This attraction
occurs between molecules that have a hydrogen atom covalently bonded to a
highly electronegative atom, usually nitrogen, oxygen, or fluorine. Recall from
Chapter 6 that the electronegativity of an atom describes how well that atom is
able to pull bonding electrons toward itself The greater the atom's electronegativity, the better it is able to gain electrons and thus the more negative is its charge.
Look at Figure 7.3 to see how hydrogen bonding works. The hydrogen side
of a polar molecule (water in this example) has a positive charge because the
more electronegative oxygen the hydrogen is bonded to tugs on the electron
with the covalent bond. This hydrogen is therefore electrically attracted to a pair
of non bonding electrons on the negatively charged atom of another molecule
(in this case, another water molecule). This mutual attraction between hydrogen and the negatively charged atom of another molecule is a hydrogen bond.
Many, if not most, of the molecules discussed in this textbook owe their "stickiness" to the hydrogen bonds they are able to form.
The strength of a hydrogen bond depends on two things: (1) the strength of
the dipoles involved (this in turn depends on the difference in electronegativity
of the atoms in the polar molecules) and (2) how strongly nonbonding electrons
on one molecule can attract a hydrogen atom on a nearby molecule.
Even though the hydrogen bond is much weaker than any covalent or ionic
bond, the effects of hydrogen bonding can be very pronounced. For example,
water owes many of its properties to hydrogen bonds. The hydrogen bond is also
of great importance in the chemistry of large molecules, such as DNA and proteins, found in living organisms. These molecules are discussed in Chapter 13.

8+
H

8+

~
~

.~
8-

<, Dipole-dipole

'I

8+
8-

FIGURE

I

attraction
(hydrogen
bond)

7.3

The dipole-dipole attraction
between two water molecules
is a hydrogen bond because it
involveshydrogen atoms bonded
to highly electronegative oxygen
atoms.
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In many molecules, the electrons are distributed evenly, and so there is no dipole.
The oxygen molecule, 02' is an example. Such a nonpolar molecule can be
induced to become a temporary dipole, however, when it is brought close to a
water molecule or any other polar molecule, as Figure 7.4 illustrates. The slightly
negative side of the water molecule pushes the electrons in the oxygen molecule
away. Thus oxygen's electrons are pushed to the side that is farthest from the
water molecule. The result is a temporary uneven distribution of electrons called
an induced dipole. The resulting attraction between the permanent dipole
(water) and the induced dipole (oxygen) is a dipole-induced dipole attraction .

•

How does the electron distribution in an oxygen molecule change when the
hydrogen side of a water molecule is nearby?
Was this your answer? Because the hydrogen side of the water molecule is
slightly positive, the electrons in the oxygen molecule are pulled toward the
water molecule, inducing in the oxygen molecule a temporary dipole in
which the larger side is nearest the water molecule (rather than as far away
as possible, as in Figure 7-4).

Remember, induced dipoles are only temporary. If the water molecule in
Figure 7.4b were removed, the oxygen molecule would return to its normal,
non polar state. As a consequence, dipole-induced dipole attractions are weaker
than dipole-dipole attractions. Dipole-induced dipole attractions are strong
enough to hold relatively small quantities of oxygen dissolved in water, however.
As this chapter's introduction discusses, this attraction between water and
molecular oxygen is vital for fish and other forms of aquatic life that rely on
molecular oxygen mixed in water.
Dipole-induced dipole attractions also occur between molecules of carbon
dioxide, which are nonpolar, and water. It is these attractions that help keep
carbonated beverages (which are mixtures of carbon dioxide in water) from losing their fizz too quickly after they've been opened. Dipole-induced
dipole
attractions are also responsible for holding plastic wrap to glass, as shown in

Dipole-induced
dipole
attraction

\

8-

))00((
Isolated oxygen molecule
(nonpolar)
(a)

Induced dipole
(oxygen molecule)

Permanent dipole
(water molecule)

(b)

(a) An isolated oxygen molecule has no dipole; its electrons are distributed evenly.
(b) An adjacent water molecule induces a redistribution of electrons in the oxygen
molecule. (The slightly negative side of the oxygen molecule is shown larger than
the slightly positive side because the slightly negative side contains more electrons.)
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Figure 7.5. These wraps are made of very long nonpolar molecules that are
induced to have dipoles when placed in contact with glass, which is highly
polar. As is discussed next, the molecules of a nonpolar material, such as plastic
wrap, can also induce dipoles among themselves. This explains how plastic
wrap sticks not only to polar materials such as glass but also to itself.

•

CK
Distinguish between a dipole-dipole
dipole attraction.

attraction

and a dipole-induced
FIGURE

Was this your answer? The dipole-dipole

attraction is stronger and involves
two permanent dipoles. The dipole-induced dipole attraction is weaker and
involves a permanent dipole and a temporary one.
ATOMS AND NONPOLAR
ON THEIR OWN

MOLECULES

CAN FORM

TEMPORARY

8+
8+

::' :.:. 8o

.
8+'

•
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.'

!
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Temporary dipoles induced in
the normally nonpolar molecules
in plastic wrap makes it stick to
glass.

DIPOLES

Individual atoms and non polar molecules, on average, have a fairly even distribution of electrons. Because of the randomness of electron motion, however, at
any given moment the electrons in an atom or a non polar molecule may be
bunched to one side. The result is a temporary dipole, as shown in Figure 7.6.
Just as the permanent
dipole of a polar molecule can induce a dipole in a
nonpolar molecule, a temporary dipole can do the same thing. This gives rise to
the weakest of the particle-to-particle
attractions:
the induced dipole-induced
dipole attraction, illustrated in Figure 7.7.
Temporary dipoles are more significant for larger atoms. This is because the
electrons in larger atoms have more space available for random motion and a
greater likelihood of bunching together on one side. The electrons in smaller
atoms are less able to bunch to one side because they are confined to a smaller
space. The resulting greater electrical repulsion tends to keep these electrons
evenly spread out. So it is larger atoms-and
molecules made of larger atomsthat have the strongest induced dipole-induced
dipole attractions.
As shown in Figure 7.8, nonpolar iodine molecules, 12, are relatively large.
Because of this, they have a greater attraction for one another than do relatively

•

7.5

.

••.

8-

Because the normally even distribution of electrons in atoms can momentarily
become uneven, atoms can be attracted to one another by induced dipoleinduced dipole attractions.

Nonpolar
argon

FIGURE

Temporary dipole
in argon

7.6

i The electron distribution in an
atom is normally even. At any
given moment, however, the
electron distribution may be
somewhat uneven, resulting in
a temporary dipole.
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Fluorine
molecules
Negligible
intermolecular
attractions

Electrons are confined to
a small space; therefore
they repel one another
and remain fairly evenly
distributed.

Electrons can bunch to one
side without experiencing
strong electrical repulsions
among themselves.
/

(a)

Iodine, 12, a solid at
room temperature

(b)

FIGURE

Fluorine, F2, a gas at
room temperature

7.8

(a) Temporary dipoles more readily form in larger atoms, such as those in an iodine
molecule, because in larger atoms electrons bunched to one side are still relatively far
apart from one another and not so repelled by the electric force. (b) In smaller
atoms, such as those in a fluorine molecule, electrons cannot bunch to one side as
well because the repulsive electric force gets greater as the electrons get closer
together.

small nonpolar fluorine molecules, F2. This explains why iodine molecules stick
together as a solid at room temperature
but at the same temperature
fluorine
molecules drift apart into the gaseous phase.
Fluorine is one of the smallest atoms, and nonpolar molecules made with fluorine atoms exhibit only very weak induced dipole-induced
dipole attractions.
This is the principle behind the Teflon nonstick surface. The Telion molecule,
part of which is shown in Figure 7.9, is a long chain of carbon atoms chemically
bonded to fluorine atoms, and the fluorine atoms exert essentially no attractions
on any material in contact with the Teflon surface-scrambled
eggs in a frying
pan, for instance.

What is the distinction between a dipole-induced
induced dipole-induced dipole attraction?

dipole attraction

and an

Was this your answer? The dipole-induced dipole attraction is stronger
and involves a permanent dipole and a temporary one. The induced dipoleinduced dipole attraction is weaker and involves two temporary dipoles.
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7.9

Few things stick to Teflon
because of the high proportion of
fluorine atoms it contains. The
structure depicted here is only a
portion of the full length of the
molecule.

"'-C-C-C-C-C-C-'"
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Induced dipole-induced dipole attractions help explain why natural gas is a
gas at room temperature but gasoline is a liquid. The major component of natural gas is methane, CH4, and one of the major components of gasoline is octane,
CSH1S' We see in Figure 7.10 that the number of induced dipole-induced
dipole attractions between two methane molecules is appreciably less than the
number between two octane molecules. You know that two small pieces of Velcro are easier to pull apart than two long pieces. Like short pieces ofVelcro,
methane molecules can be pulled apart with little effort. That's why methane
has a low boiling point, -161°C, and is a gas at room temperature. Octane molecules, like long strips ofVelcro, are relatively hard to pull apart because of the
larger number of induced dipole-induced dipole attractions. The boiling point
of octane, 125°C, is therefore much higher than that of methane, and octane is
a liquid at room temperature. (The greater mass of octane also plays a role in
making its boiling point higher.)

•

CK
Methanol, CHpH, which can be used as a fuel, is not much larger than
methane, CH4, but is a Iiquid at room temperature. Suggest why.
Was this your answer? The polar oxygen-hydrogen covalent bond in each
methanol molecule leads to hydrogen bonding between molecules. These
relatively strong interparticle attractions hold methanol molecules together
as a liquid at room temperature.

• Small frogs and most insects stick
to surfaces using moisture-based
adhesive forces, such as hydrogen
bonds-much like a wet napkin
adheres to a glass window.
Geckos,by contrast, can adhere to
nearly any surface with or without moisture. They do so using
induced dipole-induced dipole
attractions, also known as van der
Waals forces. These attractive
forces are relatively weak, but
they can become quite strong
when the surface area of contact
is great. The gecko's toes are covered with millions of tiny hairs,
and each hair is tipped with hundreds of tiny projections called
spatulae. This gives the gecko's
foot an enormous amount of surface area with which to attach
itself to the ceiling. Researchers
are studying the adhesive properties of geckos'toes for potential
applications, such as dry adhesive
nanostructures.
MORE

TO

FIGURE

Induceddipoleinduceddipoleattractions
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Octanemolecules

EXPLORE,

Proceedings of the National
Academy of Sciences
www.pnas.orq/cqi/dot/io.icrj/
pnas.192252799

7.10

(a)Two nonpolar methane molecules are attracted to each other
by induced dipole-induced
dipole attractions, but there is
only one attraction per molecule.
(b) Two nonpolar octane molecules are similar to methane but
longer. The number of induced
dipole-induced dipole attractions between these two molecules is therefore greater.
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lack ink contains pigments of
many different colors. Acting
together, these pigments absorb
all the frequencies of visible Jight.
Because no light is reflected, the ink
appears black. We can use electrical
attractions to separate the components of black ink with a technique
called paper chromatography.

WHAT

YOU

NEED

Blackfelt-tip pen or black watersoluble marker; piece of porous
paper, such as paper towel, table napkin, or coffee filter; solvent, such as
water, acetone (fingernail polish
remover), rubbing alcohol, or white
vinegar
PROCEDURE
1.

2.

• 7.2

Place a concentrated dot of ink at
the cent er of the piece of porous
paper.
Carefully place one drop of solvent
on top of the dot, and watch the
ink spread radially with the solvent. Because the different components of the ink have different
affinities for the solvent (based on

RAINBOWS

the electrical attractions between
component molecules and solvent
molecules), they travel with the
solvent at different rates.
3. Just after the drop of solvent is
completely absorbed, add a second drop at the same place you
put the first one, then a third,
and so on until the ink components have separated to your
satisfaction.
How the components separate
depends on several factors, including
your choice of solvent and your technique.lt's also interesting to watch
the leading edge of the moving ink
under a strong magnifying glass or
microscope.

A Solution Is a Single-Phase
Homogeneous Mixture

~appens
when table sugar, known chemically as sucrose, is stirred
~:t~:ater? Is the sucrose destroyed? We know it isn't because it sweetens
the water. Does the sucrose disappear because it somehow ceases to occupy
space or because it fits within the nooks and crannies of the water? Not so, for
the addition of sucrose changes the volume. This may not be noticeable at first,
but continue to add sucrose to a glass of water and you'll see that the water level
rises just as it would if you were adding sand.
Sucrose stirred into water loses its crystalline form. Each sucrose crystal consists of billions upon billions of sucrose molecules packed neatly together. When
the crystal is exposed to water, as was first shown in Figure 2.17 and is shown
again here in Figure 7.11, an even greater number of water molecules pull on
the sucrose molecules via hydrogen bonds formed between sucrose molecules
and water molecules. With a little stirring, the sucrose molecules soon mix
throughout the water. In place of sucrose crystals and water, we have a homogeneous mixture of sucrose molecules in water. As discussed in Section 2.5,
homogeneous means that a sample taken from one part of a mixture is the same as
a sample taken from any other part of the mixture. In our sucrose example, this
means that the sweetness of the first sip of the solution is the same as the sweetness of the last sip.
Recall from Section 2.5 that a homogeneous mixture consisting of a single
phase is called a solution. Sugar in water is a solution in the liquid phase. Solutions aren't always liquids, however. They can also be solid or gaseous, as Figure
7.12 shows. Gem stones are solid solutions. A ruby, for example, is a solid solution of trace quantities of red chromium compounds in transparent aluminum
oxide. A blue sapphire is a solid solution of trace quantities of light green iron
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7.11

Water moleculespull [he sucrose
molecules in a sucrose crystal
awayfrom one another. This
pulling awayfrom the crystal
does not, however,affect the
covalent bonds within each
sucrose molecule, which is why
each dissolvedsucrose molecule remains intact as a single
molecule.

Sucrose
molecule

compounds and blue titanium compounds in aluminum oxide. Another important example of solid solutions is metal alloys, which are mixtures of different
metallic elements. The alloy known as brass is a solid solution of copper and
zinc, for instance, and the alloy stainless steel is a solid solution of iron,
chromium, nickel, and carbon.
An example of a gaseous solution is the air we breathe. By volume, this solution is 78 percent nitrogen gas, 21 percent oxygen gas, and 1 percent other
gaseous materials, including water vapor and carbon dioxide. The air we exhale
is a gaseous solution of 75 percent nitrogen, 14 percent oxygen, 5 percent carbon dioxide, and around 6 percent water vapor.
In describing solutions, it is usual to call the component present in the largest
amount the solvent and the other cornponentfs) the solutets). For example,
when a teaspoon of table sugar is mixed with 1 liter of water, we identify the
sugar as the solute and the water as the solvent.

(a)

FIGURE

(b)

7.12

Solutions may occur in (a) the solid phase, (b) the liquid phase, or
(c) the gaseousphase.
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The process of a solute mixing in a solvent is called dissolving. To make a
solution, a solute must dissolve in a solvent; that is, the solute and solvent must
form a homogeneous
mixture. Whether or not one material dissolves in another
is a function of electrical attractions .

•

What is the solvent in the gaseous solution we call air?
Was this your answer? Nitrogen is the solvent because it is the component
present in the greatest quantity.

There can be a limit to how much of a given solute can dissolve in a given solvent, as Figure 7.13 illustrates. When you add table sugar to a glass of water, for
example, the sugar rapidly dissolves. As you continue to add sugar, however,
there comes a point when it no longer dissolves. Instead, it collects at the bottom of the glass, even after stirring. At this point, the water is saturated with
sugar, meaning the water cannot accept any more sugar. When this happens, we
have what is called a saturated solution, defined as one in which no more solute
can dissolve. A solurion that has not reached the limit of solute that will dissolve
is called an unsaturated solution.
The quantity of solute dissolved in a solution is described in mathematical
terms by the solution's concentration, which is the amount of solute dissolved
per amount of solution:
concentration

of solution

=

amount
amount

of solute
of solution

For example, a sucrose-water
solution may have a concentration
of 1 gram of
sucrose for every liter of solution. This can be compared with concentrations
of
other solutions. A sucrose-water
solution containing 2 grams of sucrose per liter
of solution, for example, is more concentrated, and one containing only 0.5 gram
of sucrose per liter of solution is less concentrated,
or more dilute.

Unsaturated

solution

Saturated

solution

Saturated

solution

50 9 sucrose
undissolved

(a) 150 9 sucrose in
100 mL water at 200e

FIGURE

(b) 200 9 sucrose in
100 m L water at 200e

(c) 250 9 sucrose in
100 mL water at 200e

7.13

A maximum of 200 grams of sucrose dissolves in 100 milliliters of water at 20°e.
(a) Mixing 150 grams of sucrose in 100 milliliters of water at 20°C produces an
unsaturated solution. (b) Mixing 200 grams of sucrose in 100 milliliters of water
at 20°C produces a saturated solution. (c) If250 grams of sucrose are mixed with
100 milliliters of water at 20°C, 50 grams of sucrose remain undissolved. (As we discuss later, the concentration of a saturated solution varies with temperature.)
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Chemists are often more interested in the number of solute particles in a solution rather than the number of grams of solute. Submicroscopic particles, however, are so very small that the number of
them in any observable sample is incredibly large. To get around having to use awkwardly large numbers, scientists use a unit called the
mole. One mole of any type of particle is, by definition, 6.02 X 1023
particles (this superlarge number is about 602 billion trillion):
1 mole

=
=

6.02 x 1023 particles
602,000,000,000,000,000,000,000

particles

One mole of pennies, for example, is 6.02 X 1023 pennies, 1 mole of marbles is
6.02 X 1023 marbles, and 1 mole of sucrose molecules is 6.02 X 1023 sucrose
molecules.
Even if you've never heard the term mole in your life before now, you are
already familiar with the basic idea. Saying "one mole" is just a shorthand way
of saying "six point oh two times ten to the twenty-third." Just as a couple of
means 2 of something and a dozen of means 12 of something, a mole of means
6.02 X 1023 of something. It's as simple as that:
• a couple of coconuts

=

• a dozen of donuts

=

• a mole of mints

6.02

=

2 coconuts

12 donuts
X

1023 mints

• a mole of molecules = 6.02 x 1023 molecules
A stack containing 1 mole of pennies would reach a height of 860 quadrillion
kilorneters, which is roughly equal to the diameter of our Milky Way galaxy.A mole
of marbles would be enough to cover the entire land area of the 50 United States to
a depth greater than 1.1 kilometers. Sucrose molecules are so small, however, that
there are 6.02 X 1023 of them in only 342 grams of sucrose, which is about a cupful.
Thus, because 342 grams of sucrose contains 6.02 X 1023 molecules of sucrose, we can use Out shorthand wording and say that
342 grams of sucrose contain 1 mole of sucrose. As Figure 7.14
shows, therefore, an aqueous solution that has a concentration of
342 grams of sucrose per liter of solution also has a concentration of
, liter--;>
6.02 X 1023 sucrose molecules per liter of solution or, by definition, a
concentration of 1 mole of sucrose per liter of solution.
Sugar solution
Concentration:
The number of grams tells you the mass of solute in a given
, mole per liter
)
solution, and the number of moles tells you the actual number of
molecules. Interestingly, the term mole is derived from the Latin
word for "pile." A mole of marbles would be one amazingly large
pile, wouldn't it! Finding the number of molecules in a given mass
, mole of sucrose
or the mass of a given number of molecules is something we
equals
342 grams of sucrose
explore in Chapter 9.
equals
A common unit of concentration used by chemists is molarity,
6.02 x , 023 molecules of sucrose
which is the solution's concentration expressed in moles of solute
per lirer of solution:
FIGURE

.

I
moanty

=

number of moles of solute
liters of solution

A solution that contains 1 mole of solute per liter of solution has a concentration of 1 molar, which is often abbreviated 1 M A more concentrated, 2-molar
(2 M) solution contains 2 moles of solute per liter of solution.

7.14

An aqueous solution of sucrose
that has a concentration of 1 mole
of sucroseper [iter of solution
contains 6.02 X 1023 sucrosemolecules(342 grams) in everyliter of
solution.
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• From the formula for the concentration of a solution, we
can derive equations for amount of solute and amount
of solution:
.
concentration

.
of solution

amount of solute =
concentration
.
amoun t 0f so 1ution

amount of solute
amount of solution

= --------

of solution x amount of solution
amount of solute
concentration of solution

= ----------

EXAMPLE

FOR

SOLUTIONS

2

A solution you are using in an experiment has a concentration of 10 grams of solute per liter of solution. Ifyou
pour enough of this solution into an empty laboratory
flask to make the flask contain 5 grams of the solute, how
many liters of the solution have you poured into the
flask?

ANSWER

2

This question asks for amount of solution, and so what you
want is the third formula:

I

solving
n
for any of these values, the units must always
match. If concentration is given in grams per liter, for
example, the amount of solute must be in grams and
the amount of solution must be in liters.
Note that these equations are set up for calculating
amount of solution rather than amount of solvent. The
amount of solution is greater than the amount of solvent
because in addition to containing the solvent, the solution
also contains the solute. As discussed at the beginning of
this section, for example, the volume of an aqueous solution of sucrose depends not only on the volume of water
but also on the volume of dissolved sucrose.
EXAMPLE

1

How much sucrose, in grams, is there in 3liters of an aqueous solution that has a concentration of 2 grams of
sucrose per liter of solution?
ANSWER

/

amount of solution

=

5jJ
/

10

YOUR
1.

=

0.5 L

jJ / L

TURN

At 20°(, a saturated solution of sodium chloride in
water has a concentration of about 380 grams of
sodium chloride per liter of solution. How much
sodium chloride, in grams, is required to make 3liters
of a saturated solution?

2. A student is told to use 20 grams of sodium chloride
to make an aqueous solution that has a concentration of 10 grams of sodium chloride per liter of solution. How many liters of solution does she end up
with?

1

This question asks for amount of solute, and so you should
use the second of the three formulas given above:
amount of solute

i

= ~

x

3l

=

6g

Answers to Calculation Corners appear at the end of each chapter.

The difference between referring to the number of molecules of solute and
referring to the number of grams of solute can be illustrated by the following
question. A saturated aqueous solution of sucrose contains 200 grams of sucrose
and 100 grams of water. Which is the solvent: sucrose or water?
As shown in Figure 7.15, there are 3.5 X 1023 molecules of sucrose in 200 grams
of sucrose but almost 10 times as many molecules of water in 100 grams of
water-3.3 X 1024 molecules. As defined earlier, the solvent is the component present in the largest amount, but what do we mean by amount? If amount means
number of molecules, then water is the solvent. If amount means mass, then
sucrose is the solvent. So, the answer depends on how you look at it. From a
chemist's point of view, amount typically means the number of molecules, and so
water is the solvent in this case.

7.3

SOLUBILITY

IS A MEASURE

OF HOW

OVERFLOWING

J

ust because a solid dissolves in a
liquid doesn't mean the solid no
longer occupies space.

WHAT

YOU NEED

Tallglass, warm water, container
larger than the tall glass, 4 tablespoons table sugar
PROCEDURE
1.

Fill the glass to its brim with the
warm water, and then carefully
pour all the water into the larger
container.

2.

Add the sugar to the empty glass.

•
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SWEETNESS

3. Return half of the warm water to
the glass and stir to dissolve all
the sugar.
4. Return the remaining water, and
as you get close to the top, ask a
friend to predict whether the
water level will be less than
before, about the same as before,
or more than before 50 that the
water spills over the edge of the
glass.
Ifyour friend doesn't understand
the result, ask him or her what would
happen if you had added the sugar to
the glass when the glass was full of
water.

tfrrC·-K---------------How much
How many
2. Does t liter
water, less

1.

sucrose, in moles, is there in o.g liter of a 2-molar solution?
molecules of sucrose is this?
of a i-molar solution of sucrose in water contain t liter of
than t liter of water, or more than t liter of water?
Saturated solution
of sucrose in water
at 20De

Were these your answers?
1. First you need to understand that 2-molar means 2 moles of sucrose per
liter of solution. Then you should multiply solution concentration by
amount of solution to obtain amount of solute:
(2 moles/l)(osl)

= 1 mole

which is the same as 6.02 x 1023 molecules.
2. The definition of molarity refers to the num ber of liters of solution, not
liters of solvent. When sucrose is added to a given volume of water, the
volume of the solution increases. So, if 1 mole of sucrose is added to 1 lit er
of water, the result is more than 1 lit er of solution. Therefore, i liter of a
l-molar solution requires less than i liter of water.

• 7·3

Solubility Is a Measure of How Well
a Solute Dissolves

he solubility of a solute is its ability to dissolve in a solvent. As you might
expect, this ability depends in great part on the submicroscopic
attractions
between solute particles and solvent particles. If a solute has any appreciable solubility in a solvent, then that solute is said to be soluble in that solvent.
Solubility also depends on attractions of solute particles for one another and
attractions
of solvent particles for one another. As shown in Figure 7.16, for

Component

Mass

Number of
molecules

Sucrose

200g

3.5

Water

100g

3.3

FIGURE

x
x

1023
1024

7.15

Although 200 gtams of sucrose
are twice as massive as 100 grams
of water, there are about 10 times
as many water molecules in
100 grams of water as there are
sucrose molecules in 200 grams
of sucrose. How can this be?
Each water molecule is about
20 times less massive (and
smaller) than each sucrose molecule, which means that about
10 times as many water molecules can fit within half the mass.
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7.16

A sucrose molecule contains
many hydrogen-oxygen covalent
bonds in which the hydrogen
atoms are slightly positive and
the oxygen atoms are slightly
negative. These dipoles in any
given sucrose molecule result
in the formation of hydrogen
bonds with neigh boring sucrose
molecules.

H

Sucrose

•
• Water sometimes gets into the
gas lines of cars, usually by condensing from moist atmosphere.
In regions where the winter gets
super cold, this water can clog the
gas line by freezing. Toprevent
this from happening, the mindful
driver pOUTSin a small iz-ounce
bottle of gas line antifreeze with
each fill up. For a fuel-injected car,
isopropyl alcohol, C3HpH, is the
recommended gas line antifreeze.
For a carbureted car, methyl alcohol, CHpH is recommended. Just
like ethanol, each of these alcohols is soluble in water. They are
also soluble in gasoline. Their
presence, therefore, helps the
water to become miscible with
the gasoline, thereby preventing a
gas line freeze up.
MORE

OH

TO

EXPLORE,

Tom and RayMagliozzi
www.cartalk.com/content
columns/ Archive/1994/
Decem ber /04. htm 1

FIGURE

/

example, there are many polar hydrogen-oxygen
bonds in a sucrose molecule.
Sucrose molecules, therefore, can form multiple hydrogen bonds with one
another. These hydrogen bonds are strong enough to make sucrose a solid at
room temperature and give it a relatively high melting point of 185°C. In order
for sucrose to dissolve in water, the water molecules must first pull sucrose molecules away from one another. This puts a limit on the amount of sucrose that
can dissolve in water-eventually
a point is reached where there are not enough
water molecules to separate the sucrose molecules from one another. As was discussed in Section 7.2, this is the point of saturation, and any additional sucrose
added to the solution does not dissolve.
When the molecule-to-molecule
attractions
among solute molecules are
comparable to the molecule-to-molecule
attractions among solvent molecules,
the result can be no practical point of saturation. As shown in Figure 7.17, for
example, the hydrogen bonds among water molecules are about as strong as
those between ethanol molecules. These two liquids therefore mix together
quite well and in just about any proportion.
We can even add ethanol to water
until the ethanol rather than the water may be considered the solvent. A solute
that has no practical point of saturation in a given solvent is said to be infinitely
soluble in that solvent. Ethanol, for example, is infinitely soluble in water. Also,
all gases are generally infinitely soluble in other gases because they can be mixed
together in just about any proportion.

7.17

Ethanol and water molecules are
about the same size, and they
both form hydrogen bonds. As a
result, ethanol and water readily
mix with each other.

Ethanol

Ethanol and water

Water
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Let's now look at the other extreme of solubility, where a solute has very little
solubility in a given solvent. An example is oxygen, 2, in water. In contrast to
sucrose, which has a solubility of 200 grams per 100 milliliters of water, only
0.004 gram of oxygen can dissolve in 100 milliliters of water. We can account
for oxygen's low solubility in water by noting that the only electrical attractions
that occur between oxygen molecules and water molecules are relatively weak
dipole-induced dipole attractions. More important, however, is the fact that the
stronger attraction of water molecules for one another-through
the hydrogen
bonds the water molecules form with one another-effectively excludes oxygen
molecules from intermingling.
A material that does not dissolve in a solvent to any appreciable extent is said
to be insoluble in that solvent. There are many substances we consider to be
insoluble in water, including sand and glass. Just because a material is not soluble in one solvent, however, does not mean it won't dissolve in another. Sand
and glass, for example, are soluble in hydrofluoric acid, HF, which is used to give
glass the decorative frosted look shown in Figure 7.18. Also, although Styrofoam is insoluble in water, it is soluble in acetone, a solvent used in fingernail
polish remover. Pour a little acetone into a Styrofoam cup, and the acetone soon
dissolves the Styrofoam, as you can see in Figure 7.19.

•

t-ArC·~K~--------------Why isn't sucrose infinitely soluble in water?

FIGURE

7.18

Glass is frosted by dissolving its
outer surface in hydrofluoric
acid.

Was this your answer? The attraction between two sucrose molecules is
much stronger than the attraction between a sucrose molecule and a water
molecule. Because of this, sucrose dissolves in water only so long as the
number of water molecules far exceeds the num ber of sucrose molecules.
When there are too few water molecules to dissolve any additional sucrose,
the solution is saturated.

FIGURE

7.19

Is this cup melting or dissolving?
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7.20

The solubility of many watersoluble solids increaseswith temperature, while the solubility of
others is only very slightly
affected by temperature.

CHANGES

WITH

TEMPERATURE

You probably know from experience that water-soluble solids
usually dissolve better in hot water than in cold water. A highly
concentrated solution of sucrose in water, for example, can be
made by heating the solution almost to the boiling point. This
LiCI
is how syrups and hard candy are made. Solubility increases
with increasing temperature because hot water molecules have
KCI
greater kinetic energy and therefore are able to collide with the
NaCI
solid solute more vigorously. The vigorous collisions facilitate
the disruption of electrical particle-to-particle attractions in the
100
solid.
Although the solubilities of some solid solutes-sucrose,
to
name just one example-are
greatly affected by temperature
changes, the solubilities of other solid solutes, such as sodium chloride, are only
mildly affected, as Figure 7.20 shows. This difference has to do with a number
of factors, including the strength of the chemical bonds in the solute molecules
and the way those molecules are packed together.
When a solution saturated at a high temperature is allowed to cool, some
of the solute usually comes out of solution and forms what is called a precipitate. When this happens, the solute is said to have precipitated from the solution. For example, at lOO°C the solubility of sodium nitrate, NaN03, in water
is 165 grams per 100 milliliters of water. As we cool this solution, the solubility ofNaN03 decreases as shown in Figure 7.20, and this change in solubility
causes some of the dissolved NaN03 to precipitate (come out of solution). At
20°C, the solubility of NaN03 is only 87 grams per 100 milliliters of water.
So if we cool the 100°C solution to 20°e, 78 grams (165 grams - 87 grams)
precipitates, as shown in Figure 7.21.
GASES ARE MORE SOLUBLE
AND HIGH PRESSURES

AT LOW TEMPERATURES

In contrast to the solubilities of most solids, the solubilities of gases in liquids
decrease with increasing temperature, as Table 7.2 shows. This is true because
with an increase in temperature, the solvent molecules have more kinetic energy.
This makes it more difficult for a gaseous solute to stay in solution because the
solute molecules are literally being kicked out by the high-energy solvent molecules. Perhaps you have noticed that warm carbonated beverages go flat faster
than cold ones. The higher temperature causes the molecules of carbon dioxide
gas to leave the liquid solvent at a higher rate.
The solubility of a gas in a liquid also depends on the pressure of the gas
immediately above the liquid. In general, a higher gas pressure above the liquid

FIGURE

7.21

The solubility of sodium nitrate
is 165 grams per 100 milliliters
of water at 100 C bur only
87 grams per 100 milliliters at
20°e. Cooling a 1000C saturated
solution ofNaN03 to 20°C
causes78 grams of the solute to
precipitate.
Q

Saturated solution

(a) 165 9 NaN03 in 100mL water

78 9 of NaN03
precipitates out
of solution

87 9 NaN03 in 100 mL water

7.3

TABLE

7.2

TEMPERATURE-DEPENDENT

IN WATER

Temperature (0C)

AT

SOLUBILITY

A PRESSURE

OF

SOLUBILITY

OF

is

OXYGEN

A MEASURE

OF

HOW

WELL

A SOLUTE

DiSSOLVES

237

GAS

1 ATMOSPHERE

O2 Solubility
(9 02/L H20)

o

0.0141

10

0.0109

20

0.0092

25

0.0083

30

0.0077

35

0.0070

4°

0.0065

means more of the gas dissolves. A gas at a high pressure has many, many gas
particles crammed into a given volume. The "empty" space in an unopened soft
drink bottle, for example, is crammed with carbon dioxide molecules in the
gaseous phase. With nowhere else to go, many of these molecules dissolve in the
liquid, as shown in Figure 7.22. Alternatively, we might say that the great pressure forces the carbon dioxide molecules into solution. When the bottle is
opened, the "head" of highly pressurized carbon dioxide gas escapes. Now the
gas pressure above the liquid is lower than it was. As a result, the solubility of
the carbon dioxide drops and the carbon dioxide molecules once squeezed into
the solution begin to escape into the air above the liquid.
The rate at which carbon dioxide molecules leave an opened soft drink is
relatively slow. You can increase the rate by pouring in granulated sugar, salt,
or sand. The microscopic nooks and crannies on the surface of the grains serve
as nucleation sites where carbon dioxide bubbles are able to form rapidly and
then escape by buoyant forces. Shaking the beverage also increases the surface
area of the liquid-ta-gas interface, making it easier for the carbon dioxide ta
escape from the solution. Once the solution is shaken, the rate at which

FIGURE

7.22

(a) The carbon dioxide gas above
the liquid in an unopened softdrink bottle consists of many
tightly packed carbon dioxide
molecules that are forced by pressure into solution. (b) When the
bottle is opened, the pressure is
released and carbon dioxide molecules originally dissolved in the
liquid can escape into the air.

(a)

(b)
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carbon dioxide escapes becomes so great that the beverage froths over. You also
increase the rate at which carbon dioxide escapes when you pour the beverage
into your mouth, which abounds in nucleation sites. You can feel the resulting
tingly sensation.

•

tkrc~K----------------You open two cans of soft drink: one from a warm kitchen shelf, the other
from the coldest depths of your refrigerator. Which provides more bubbles
in the first gulp you take and why?
Was this your answer? The solubility of carbon dioxide in water decreases
with increasing temperature. The warm drink will therefore fizz in your
mouth more than does the cold one.

CRYSTAL CRAZY

I

afhot saturated solution is
allowed to cool slowly and without
disturbance, the solute may stay in
solution. The result is a supersaturated solution. Supersaturated aqueous solutions of sucrose (table sugar)
are fairly easy to make.
WHAT

YOU

NEED

Small cooking pot, water, table sugar,
pencil that is longer than the diameter ofthe pot, string, weight (a nut or
bolt works well), safety glasses to protect eyes from any hot liquid that
may splatter
PROCEDURE
1.

Fillthe pot no more than 1 inch
deep with water and heat the
water to boiling.

2.

Lower the heat to medium-low.
Slowly pour in sugar while carefully stirring to avoid splattering.
Because sugar is very soluble in
hot water, be prepared to add a
volume of sugar equal to or
greater than the volume of water
you began with. Continue to add
sugar until no more will dissolve
even with persistent stirring.

3- Allow the solution to come back to

a boil while stirring carefully. This

should help dissolve any excess
sugar added in step 2. Do not set
the burner on high because doing
so may make the sugar solution
froth up and spill out of the pot. If
the sugar still doesn't fully dissolve after the solution is brought
to a slow boil, add more water
1 teaspoon at a time. Ifthe sugar
dissolves after being brought to a
slow boil, add more sugar 1 tablespoon at a time. ideally,you want
a boiling-hot sugar solution that
is just below saturation, which
may be difficult to assess without
prior experience.
4. Remove the clear (no undissolved
sugar) boiling sugar solution
from the heat. Tie some string to
the weight and lower the weight
into the hot solution. Support
the string with the pencil set
across the rim of the pot so that
the weight does not touch the
bottom.
5. Leave the mixture undisturbed
for about a week, but check it
periodically. Youwill see large
sugar crystals, also known as rock
candy, form on the string and also
along the sides of the pot. The
longer you wait, the larger the
crystals.
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GASES READILY DISSOLVE IN PERFLUOROCARBONS

As was discussed earlier, good solubility can result when the particle-to-particle
attractions in a solute are comparable to those in a solvent. This was the case
with ethanol and water, and it is also the case with oxygen and certain perfluorocarbons, such as perfluorodecalin, which are molecules consisting of only carbon and fluorine atoms. Oxygen and perfluorodecalin molecules are both
non polar. Because of the large size of its molecules, perfluorodecalin is a liquid
at room temperature. Because they are both nonpolar, perfluorodecalin molecules and oxygen molecules readily mix. At room temperature, a significant
amount of oxygen gas is able to dissolve in liquid perfluorodecalin, as is demonstrated in Figure 7.23.
Interestingly, a saturated solution of oxygen in a liquid perfluorocarbon
contains about 20 percent more oxygen than does the atmosphere we breathe.
When this perfluorocarbon solution is inhaled by a human or other animal,
the lungs are able to absorb the oxygen in much the same way they absorb it
from air. Because liquid perfluorocarbons are as inert as Teflon, which is a solid
perfluorocarbon, negative side effects of having these liquids in the lungs are
minimal.

FIGURE

7.23

Just as the fish are aliveand well
submerged in water saturated
with oxygen, this rodent is alive
and well submerged in liquid
perfluorodecalin saturated with
oxygen.The difference is solubility.There is too little O2 dissolved in the water for the
rodent, who would drown if submerged in it. Similarly,there is
too much oxygen dissolved in the
perfluorodecalin for the fish, who
would suffer from oxygen poisoning if they were to swim
downward to say hello to the
rodent.
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•
• Biochemist Leland C. (lark, Jr.,
a.k.a. the "Edison of Medicine"
(see picture above), is well-known
as the inventor of numerous
medical devices. This includes the
heart-lung machine, as well as
numerous biosensors that allow
real-time monitoring of various
blood components, such as oxygen, carbon dioxide, and glucose.
In the 1960s, (lark began his
work with perfluorocarbons,
which he was investigating as a
potential synthetic blood substitute.ln 1965,he showed that a
rodent submerged in oxygen-saturated perfluorocarbon could
breathe for several hours without
any apparent harmful effects.
This became the premise of the
deep-sea liquid breathing apparatus featured in the 1989 thriller
movie The Abyss. In 20°5, (lark
received the prestigious Russ
Prize from the National Academy
of Engineering. He hopes that his
long, successful career "will
encourage young people to
choose a life of science, discovery,
and imagination."
MORE

TO

EXPLORE,

Steve Ritter, Chemical & Engineering News 83 (13),March 28,20°5:
p 36.

www. ohiou. ed u/ TUS spn ze/c1 ark.

Much research is currently being conducted on perfluorocarbons
and their
potential applications.
For example, it is nearly impossible for babies born
before seven months of gestation to breathe air. This is because their lungs have
yet to develop an inner lining that prevents the moist walls from collapsing and
sticking together like wet sheets of plastic food wrap. Researchers have found
that premature
infants can breathe oxygenated perfluorocarbons
quite effectively. Adults may also benefit from inhaling perfluorocarbons
because when the
liquid is drained from the lungs, it carries with it foreign matter that has accumulated over time. Have you had your lungs cleaned lately?
Another exciting application of perfluorocarbons
is their use as a blood substitute. Among the many advantages of artificial blood are that it can be stored
for long periods of time without deteriorating
and that it eliminates the transmission of such diseases as hepatitis and AIDS through blood transfusions.
(Please note, however, that because of precautionary
measures taken by blood
banks, our current blood supply is safe from these diseases. For example, over
the course of a year, the chance of dying from a blood transfusion is only about
1 in 100,000, whereas the chance of dying in a car accident is about 1 in 7000.)
The need for a reliable blood substitute arises from frequent blood bank shortages. Currently less than 5 percent of the population
donates blood, and this
percentage is dropping as demand increases worldwide by about 7.5 million
liters each year. The shortfall could become critical sometime
in the next
30 years. Because there is still much research needed on perfluorocarbons,
donating blood is still a very worthwhile thing to do.

• 7.4

Soap Works by Being Both Polar and Nonpolar

U i::

together make grime. Because grime contains many nonpo~:~~onents,
it is difficult to remove from hands or clothing using just
water. To remove most grime, we can use a nonpolar solvent such as turpentine
or trichloroethane,
which dissolves the grime because of strong induced
dipole-induced
dipole attractions. Turpentine, also known as a paint thinner, is
good for removing the grime left on hands after such activities as changing a
car's motor oil. Trichloroethane
is the solvent used to "dry clean" clothes-a
process whereby dirty clothes are churned in a container full of this nonpolar
solvent, which removes the toughest of nonpolar stains without the use of water.
Rather than washing our dirty hands and clothes with non polar solvents,
however, we have a more pleasant alternative-soap
and water. Soap works
because soap molecules have both nonpolar and polar properties. A typical soap
molecule has two parts: a long nonpolar tail of carbon and hydrogen atoms and
a polar head containing at least one ionic bond:
~grease

htrnl
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H
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H

H

I
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I

I

1

H-C-C-C-C-C-C-C-C-

0
I1

0- Na+

I I I I I I I
H H H H H H H
Nonpolar tail

Polar head
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Nonpolar grime arrracts and is surrounded by the nonpolar tails of soap molecules,
forming a micelle. The polar heads of the soap molecules are attracted by iondipole attractions to water molecules, which carry the soap-grime combination
away.

Because most of a soap molecule is nonpolar, it attracts non polar grime molecules via induced dipole-induced dipole attractions, as Figure 7.24 illustrates.
In fact, grime quickly finds itself surrounded in three dimensions by the nonpolar tails of soap molecules forming a complex called a micelle. This attraction is
usually enough to lift the grime away from the surface being cleaned. With the
nonpolar tails facing inward toward the grime, the polar heads are all directed
outward, where they are attracted to water molecules by relatively strong
ion-dipole attractions. If the water is flowing, the whole conglomeration of
grime and soap molecules flows with it, away from your hands or clothes and
down the drain.
For the past several centuries, soaps have been prepared by treating animal
fats with sodium hydroxide, NaOH, also known as caustic lye. In this reaction,
which is still used today, each fat molecule is broken down into three fiuty acid
soap molecules and one glycerol molecule:

Treat with
NaOH )

Fat molecule

Three fatty acid soap molecules

Glycerol molecule
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DETERGENTS

ARE SYNTHETIC

SOAPS

In the 1940s, chemists began developing a class of synthetic soaps, known as
detergents, that offer several advantages over soaps, such as stronger grease penetration and lower price. The chemical structure of detergent molecules is similar
to that of soap molecules in that both possess a polar head attached to a nonpolar tail. The polar head in a detergent molecule, however, typically consists of
either a sulfate group, -OS03
-, or a sulfonate group, -S03 -, and the nonpolar tail can have an assortment of structures.
One of the most common sulfate detergents is sodium lauryl sulfate, a main
ingredient of many toothpastes. A common sulfonate detergent is sodium dodecyl benzenesulfonate,
also known as a linear ~kyl~ulfonate,
or LAS. You'll often
find this compound
in dishwashing
liquids.
Both these detergents
are
biodegradable,
which means microorganisms
can break down the molecules
once they are released into the environment.

Sodium lauryl sulfate

Sodium dodecyl benzenesulfonate

What type of attractions

hold soap or detergent

molecules to grime?

Was this your answer? Ifyou haven't yet formulated an answer, why not
back up and reread the question? You've got on ly fOUTchoices: ion-dipole,
dipole-dipole, dipole-induced dipole, and induced dipole-induced dipole.
The answer is induced dipole-induced dipole attractions, because the interaction is between two nonpolar entities-the
grime and the nonpolar tail of
a soap or detergent molecule.
HARD

FIGURE

7.25

Hard water causes calcium and
magnesium compounds to build
up on the inner surfaces of water
pipes, especially those used to
carry hot water.

WATER

MAKES

SOAP

LESS EFFECTIVE

Water containing large amounts of calcium and magnesium ions is said to be hard
water, and it has many undesirable qualities. For example, when hard water is
heated, the calcium and magnesium ions tend to bind with negatively charged ions
also found in the water to form solid compounds, like those shown in Figure 7.25,
that can clog water heaters and boilers. You'll also find these calcium and magnesium compounds coated on the inside surface of a well-used tea kettle.
Hard water also inhibits the cleansing actions of soaps and, to a lesser extent,
detergents. The sodium ions of soap and detergent molecules carry a 1 + charge,

7.4

SOAP

WORKS

BY BEING

and calcium and magnesium ions carry a 2+ charge (note their positions in the
periodic table). The negatively charged portion of the polar head of a soap or
detergent molecule is more attracted to the double positive charge of calcium
and magnesium ions than to the single positive charge of sodium ions. Soap or
detergent molecules therefore give up their sodium ions to selectively bind with
calcium or magnesium ions:

Soap or detergent molecules bound to calcium or magnesium ions tend to be
insoluble in water. As they come out of solution, they form a scum that can
appear as a ring around the bathtub. Because the soap or detergent molecules
are tied up with calcium and magnesium ions, more of the cleanser must be
added to maintain cleaning effectiveness.
Many detergents today contain sodium carbonate, Na2C03' commonly
known as washing soda. The calcium and magnesium ions in hard water are
more attracted to the carbonate ion with its two negative charges than to a soap
or a detergent molecule with its single negative charge. With the calcium and
magnesium ions bound to the carbonate ion, as shown in Figure 7.26, the soap
or detergent is free to do its job. Because it removes the ions that make water
hard, sodium carbonate is known as a water-softening agent.
In some homes, the water is so hard that it must be passed through a watersoftening unit. In a typical unit, illustrated in Figure 7.27, hard water is passed
through a large tank filled with tiny beads of a water-insoluble resin known as
an ion-exchange resin. The surface of the resin contains many negatively charged
ions bound to positively charged sodium ions. As the hard water with its calcium and magnesium ions passes over the resin, the ions displace the sodium
ions and thereby become bound to the resin. The calcium and magnesium ions

BOTH

POLAR

AND

NONPOLAR

•
• A soap bubble is a spherical thin
film of water sandwiched
between two layers of soap molecules The polar ends of the soap
molecules face inward toward
the sandwiched thin film of
water while their nonpolar tails
align to create both the outer and
inner surfaces of the bubble. As
the water evaporates, the bubble
becomes weaker and eventually
pops. Adding a small amount of
glycerin to your bubble formula
helps the bubbles last longer
because the glycerin mixes in
with the water, delaying its evaporation. Soap molecules don't
form bubbles very well in hard
water. The reason for this is
because the soaps bind with the
calcium ions of the hard water,
which effectively weakens the
interactions between the soap
and the water. Sulfate- or sulfonate-based detergent molecules, however, do not bind with
calcium, which is why these
detergents are especially good at
forming suds and soap bubbles.
MORE

TO

EXPLORE,

Ron Hipschman, San Francisco
Exploratorium
www.exploratorium.edu/ronh/
bubbles/bubbles.html

Carbonate ion,

C032)

Sodium carbonate,

or

Calcium carbonate

Na2C03
(a)

FIGURE

(b)

7.26

(a) Sodium carbonate is added to many detergents as a water-softening agent.
(b) The doubly positive calcium and magnesium ions of hard water preferentially
bind with the doubly negative carbonate ion, freeing the detergent molecules to do
their job.
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Ion exchange

~+

HH

CD

Softened water

FIGURE

7.27

(1) Negatively charged sites on
the unused ion-exchange resin
are occupied by sodium ions.
(2) As hard water passesover the
resin, sodium ions are displaced
by calcium and magnesium ions.
(3) After the resin becomes saturated with calcium and magnesium ions, it is no longer effective
at softening water.

are able to do this because their positive charge (2+) is greater than that of the
sodium ions (1+). The calcium and magnesium ions therefore have a greater
attraction for the negative sites on the resin. The net result is that for everyone
calcium or magnesium ion that binds, two sodium ions are set loose. In this way,
the resin exchanges ions. The water that exits the unit is free of calcium and magnesium ions but does contain sodium ions in their place. Eventually, all the sites
for calcium and magnesium on the resin are filled, and then the resin needs to be
either discarded or recharged. It is recharged by flushing it with a concentrated
solution of sodium chloride, NaCl. The abundant sodium ions displace the calcium and magnesium ions (ions are exchanged once again), freeing up the binding sites on the resin.

• In Perspective
~

now at a point in this textbook where you should have a firm
of how subatomic particles make atoms, how atoms
make molecules, and how molecules interact with one another through relatively weak attractive electric forces. With this background, you are in a good
position to understand and appreciate the real-world applications of chemistry,
such as those that were discussed in the final sections of this chapter. An important goal of Conceptual Chemistry is to give you an understanding of the submicroscopic basis of your macroscopic world. Toward this goal, the next chapter
focuses on the macroscopic behavior of water and on how that behavior is determined by the properties of individual water molecules.

W ~:~:rstanding

CHAPTER
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KEY TERMS
Hydrogen bond A strong dipole-dipole attraction
between a slightly positive hydrogen atom on one
molecule and a pair of nonbonding electrons on
another molecule.
Induced dipole A dipole temporarily created in an
otherwise nonpolar molecule, induced by a
neighboring charge.
Solvent The component in a solution present in the
largest amount.
Solute Any component in a solution that is not the
solvent.
Dissolving

The process of mixing a solute in a solvent.

Saturated A solution containing the maximum
amount of solute that will dissolve.

Concentration A quantitative measure of the amount
of solute in a solution.
Mole 6.02

X

1023 of anything.

Molarity A unit of concentration equal to the number
of moles of a solute per liter of solution.
Solubility The ability of a solute to dissolve in a given
solvent.
Soluble Capable of dissolving to an appreciable extent
in a given solvent.
Insoluble Not capable of dissolving to any appreciable
extent in a given solvent.
Precipitate A solute that has come out of solution.

Unsaturated A solution that will dissolve additional
solute if it is added.

CHAPTER

HIGHLIGHTS
11. Distinguish between a solute and a solvent.
12. What does it mean to say a solution is concentrated?

1. What is the primary difference between a chemical
bond and an attraction between two molecules?

13. Distinguish between a saturated solution and an
unsaturated solution.

2. Which is stronger, the ion-dipole attraction or the
induced dipole-induced dipole attraction?

14. How is the amount of solute in a solution calculated?

3. Why are water molecules attracted to sodium chloride?

15. Is 1 mole of particles a very large number or a very
small number of particles?

4. How are ion-dipole attractions able to break apart
ionic bonds, which are relatively strong?
5. Are electrons distributed evenly or unevenly in a
polar molecule?
6. What is a hydrogen bond?
7. Are induced dipoles permanent?
8. Why is it difficult to induce a dipole in a fluorine atom?

9. Why is the boiling point of octane, CsH1s, so much
higher than the boiling point of methane, CHi

W l
16. By what means are ethanol and water molecules
attracted to each other?

17. What effect does temperature have on the solubility
of a solid solute in a liquid solvent?
18. What effect does temperature have on the solubility
of a gas solute in a liquid solvent?
19. How are supersaturated solutions made?
20. What does it mean to say that two materials are
infinitely soluble in each other?

10. Why is a ruby gemstone considered to be a
solution?

21. What kind of electrical attraction is responsible for
oxygen's ability to dissolve in water?
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solute?

MIXING

between a precipitate

and a

27. What is the difference
detergent?

23. What do oxygen molecules and perfluorodecalin
molecules have in common?
SOAP

AND

WORKS

BY BEING

BOTH

28. What component

POLAR

24. Which portion of a soap molecule is nonpolar?

Ii CONCEPT

to each other by what

BUILDING

•

BEGINNER

•

31. • Friends on a crowded ice-skating rink tend to
stay together. Strangers, however, tend to disperse.
Draw an analogy from this to atoms forming chemical
bonds or molecules interacting.
32 .• Why is a water molecule more attracted
cium ion than a sodium ion?

to a cal-

33 .• The charges with sodium chloride are all balanced-for
every positive sodium ion there is a corresponding negative chloride ion. Since its charges are
balanced, how can sodium chloride be attracted to
water, and vice versa?
Is a water molecule more attracted to another
water molecule or to a sodium ion? Explain.

attractions

bonds in liq-

stronger than

38 .• Chlorine, C12, is a gas at room temperature,
bromine, Br2, is a liquid. Why?

but

39 .• Plastic wrap is made of nonpolar molecules and
is able to stick well to polar surfaces, such as glass, by
way of dipole-induced
dipole attractions. Why does
plastic wrap also stick to itself so well?

40 .•

of hard water makes it hard?
to calcium and

INTERMEDIATE

•

EXPERT

might best help these two substances
liquid phase:

a.

to

H H

H

I

I

I

mix into a single

H-O-C-C-C-H

I

H

I

H

I

H

b. Na+ ClH

I

H-C-H

I

35 .• Why is calcium fluoride, CaF2, a high-meltingpoint crystalline solid while stannic chloride, SnC14, is a
volatile liquid?

37. Iii Why are ion-dipole
dipole-dipole
attractions?

between a soap and a

30. Calcium and magnesium ions are more attracted
sodium carbonate than to soap. Why?

c.

34 .•

36 .• Why are there no strong hydrogen
uid hydrogen sulfide, H2S?

to each other by what

29. Why are soap molecules so attracted
magnesium ions?

NONPOlAR

25. Water and soap are attracted
type of electrical attraction?

26. Soap and grime are attracted
type of electrical attraction?

Dipole-induced
dipole attractions exist between
molecules of water and molecules of gasoline, and yet
these two substances do not mix because water has such
a strong attraction for itself Select the compound that

H

41.. How are oxygen molecules attracted to water
molecules?

42 .•

How can nonpolar
other nonpolar atoms?

atoms induce dipoles in

43 .• List the following compounds in order of
increasing boiling point: CI4, CBr4' CC14, CF 4'
44 .•

Which should have a greater solubility in water:
NH3 or NC13? Why?

45. • A thin stream of water is attracted to a statically
charged balloon. Might a small ice cube also be
attracted to a statically charged balloon?

46 .• What happens to the volume of a sugar solution
as more sugar is dissolved in it?

47.• Why is the surface area of a gecko's foot so
extensive?

CONCEPT

51 .•

48 .• Which molecule has the greater dipole?
Explain.
H H
1

1

I

I

0
11

H----±N-C-C

O-

H H

H

H

0

1

1

1

11

I

H

I

I

H

H

At which point is water boiling?

52 .• At which point does water exist in all three
phases?

H

H----±N-C-C-C

53 .• What happens to the melting point of water as
pressure is increased?

O-

49 .• Explain why, for these three substances, the solubility in 20°C water goes down as the molecules get
larger but the boiling point goes up:

54 .• What happens to water's boiling point as pressure is increased?
55 .• Is it possible for ice to transform to water vapor
without ever becoming liquid?
The fOllowing diagram describes the phase of xenon relative to temperature and pressure. Use this diagram fOr
questions 56-60.

Boiling point/
Solubility

Substance

H
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Xenon Phase Diagram

65°C
infinite

CH-0/
3

11rc

/H
CH3CH2CH2CH2

-

8 g/lOO mL

0

138°C
2.3 g/lOO mL

0.37

-121
Temperature

50 .• The boiling point of 1,4-butanediol is 230°C.
Would you expect this compound to be soluble or
insoluble in room-temperature water? Explain.

-112
(QC)

-108

56 .• What is the phase of xenon at -121°C and
0.75 atm?
57 .• What is the phase of xenon at -ll2°C
0.90 atm?

and

58 .• As you increase the pressure on a material, what
happens to its density?
l,4-Butanediol

59 .• Which is more dense: liquid xenon or solid
xenon?

The fOllowing diagram describes the phase of water relative to temperature and pressure. Use this diagram fOr
questions 51-55.
Water Phase Diagram

C

<1\
<1\

61 .• Why does oxygen have such a low solubility in
water?
62 .• Why does the solubility of a gas solute in a liquid solvent decrease with increasing temperature?

liquid

63 .• Based on atomic size, which would you expect to
be more soluble in water: helium, He, or nitrogen, N2?

§
2:'~
::J

60 .• What do you ask in reply to the question: "At
what temperature does liquid xenon begin to boil?"

solid

64 .• If nitrogen, N2, were pumped into your lungs at
high pressure, what would happen to its solubility in
your blood?

-E

~
c,
gas
/D
100

0
Temperature

(QC)

65 .• The air a scuba diver breathes is pressurized to
counteract the pressure exerted by the water surrounding the diver's body. Breathing the high-pressure air
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causes excessive amounts of nitrogen to dissolve in
body fluids, especially the blood. If a diver ascends to
the surface too rapidly, the nitrogen bubbles our of the
body fluids (much like the way carbon dioxide bubbles
our of a soda immediately after the container is
opened). This results in a painful and potentially lethal
medical condition known as the bends. Why does
breathing a mixture of helium and oxygen rather than
air help divers avoid getting the bends?
66 .• Why are noble gases infinitely soluble in other
noble gases?
67 .• Does a plastic bottle filled with fresh water sink
or float in the ocean? Does a plastic bottle filled with
ocean water sink or float in a fresh water lake? Why?
6S .• A sealed plastic bottle filled with air floats high
in ocean water. When sand is added, however, the
bottle floats deeper. At some point enough sand can
be added so that the bottle floats just beneath the
surface. What is true about the point at which this
happens?
69 .• Some sand is removed from the sand-containing
bottle of the previous exercise-the one that floats just
beneath the surface of the ocean. The bottle is then
placed in some fresh water, where it floats just beneath
the surface. What is true about the amount of sand that
was removed from the bottle?
70 .• Two plastic bottles of fresh seltzer water are
opened. Three-fourths of the first bottle are poured out
for drinking and only one-fourth of the second bottle is
poured. Both bottles are then tightly resealed. The next
day they are both reopened but one is less fizzy.Which
one? Why?

77 .• Recall from Chapter 3 that the isotopes of an
atom differ only in the number of neutrons in the
nucleus. Two isotopes of hydrogen are the more common protium isotope, which has no neutrons, and the
less common deuterium isotope, which has one neutron. Either isotope can be used to make water molecules. Water made with deuterium is known as heavy
water because each molecule is abour 11 percent more
massive than water made with protium. Might you also
expect the boiling point of heavy water to be about
11 percent greater than the boiling point of regular
water? Draw a picture of these two molecules if you
need help visualizing the difference between them.
7S .• Which would you expect to have a higher melting point: sodium chloride, NaCl, or cesium chloride,
CsCl?Why?
79 .• Hydrogen chl~ride, HCl, is a gas at room temperature. Would you expect this material to be very soluble or not very soluble in water?
SO.• Would you expect to find more dissolved oxygen
in ocean water around the North Pole or in ocean water
close to the equator? Why?
81.. Of the two structures shown here, one is a typical gasoline molecule and the other is a typical motor
oil molecule. Which is which? Base your reasoning not
on memorization but rather on what you know about
electrical attractions between molecules and the various
physical properties of gasoline and motor oil.
HHHHHHHHHHHHHHHH
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71 .• Describe two ways to tell whether a sugar solution is saturated or not.

Structure A

HHHHHHHH
I
I
I
I
I
I
I
I
H-C-C-C-C-C-C-C-C-H
I
I
I
I
I
I
I
I
HHHHHHHH

72 .• Which solute in Figure 7.20 has a solubility
in water that changes the least with increasing
temperature?
73 .• At lOoC, which is more concentrated: a saturated
solution of sodium nitrate, NaN03, or a saturated solution of sodium chloride, NaCl? (See Figure 7.20.)
74 .• A saturated aqueous solution of compound X
has a higher concentration than a saturated aqueous
solution of compound Y at the same temperature. Does
it follow that compound X is more soluble in water
than compound Y?
75 .• The volume of many liquid solvents expands
with increasing temperature. What happens to the concentration of a solution made with such a solvent as the
temperature of the solution is increased?
76 .• Suggest why sodium chloride, NaCl, is insoluble
in gasoline. Consider the electrical attractions.

Structure B

82 .• What is the boiling point of a single water molecule? Why does this question not make sense?
83 .• Account for the observation that ethanol,
C2HsOH, dissolves readily in water but dimethyl ether,
CH30CH3, which has the same number and kinds of
atoms, does not.

H H
I I

H-C-C-O

I

H

/H

I

H
Ethanol

Dimethyl ether

SUPPORTING

84 .• Why are the melting points of most ionic compounds far higher than the melting points of most
covalent compounds?

CALCULATIONS
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94 .• Why do polar molecules and ions have a hard
time passing through the bilipid layer?
95 .• Fatty acid molecules can also align to form a
bilipid layer that extends in 3 dimensions. Shown here
is a cross section of this structure, which is called a
liposome. This is similar to the micelle shown in Figure
7.24, though notably different because it contains an
inner compartment of water. Add some biomolecules
and what does it become? (Hint. It forms the basis of all
life.)

85 .• An inventor claims to have developed a perfume
that lasts a long time because it doesn't evaporate.
Comment on this claim.
86 .• How necessary is soap for removing salt from
your hands? Why?
87 .• When you set a pot of tap water on the stove to
boil, you'll often see bubbles start to form well before
boiling temperature is reached. Explain this observation.
88 .• Fish don't live very long in water that has been
boiled and brought back to room temperature. Why?
89 .• Why might softened water not be good for persons trying to reduce their dietary sodium-ion intake?
90 .• A scum forms on the surface of boiling hard
water. What is this scum? Why does it form?
91 .• Why do hot water heaters lose their efficiency
quicker in households with hard water?
92 .• When are water molecules not held together by
dipole-dipole attractions?
Fatty acid molecules can align to [orm a barrier called a
bilipid layer, shown here. In this schematic, the ionic end
of the flltty acid is shown as a circle and the nonpolar
chain is shown as a squiggly line. Use this diagram [or
questions 93-94.

96 .• Where does most of the washless hand sanitizer
go after being rubbed into your hands?
97 .• Think of a question that is answered by the following answer: "Calcium fluoride is much less soluble
in water than is sodium fluoride."
98 .• Why does rubbing hand sanitizer into your
hands cause it to disappear faster?

}

bilipid layer

99 .• Phosphate ions, PO/-, were once added to
detergents to assist in cleaning. What function did they
serve?

fatty acid

100.• Phosphate ions, PO/-, are no longer added to
detergents because they cause excessive growth of algae
in aquatic habitats receiving the wastewater. What
chemical has replaced them?

93 .• Why do nonpolar molecules have a difficult
time passing through the bilipid layer?

SUPPORTING

CALCULATIONS

•

BEGINNER

101. • How much sucrose, in grams, is there in 51iters
of an aqueous solution of sucrose that has a concentration of 0.5 gram of sucrose per liter of solution?

•

INTERMEDIATE

•

EXPERT

102 .• How much sodium chloride, in grams, is needed
to make 15 L of a solution that has a concentration of
3.0 grams of sodium chloride per liter of solution?
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103 .• If water is added to 1 mole of sodium chloride
in a flask until the volume of the solution is 1 liter,
what is the molarity of the solution? What is the molarity when water is added to 2 moles of sodium chloride
to make 0.5 liter of solution?
104 .• A student is told to use 20.0 grams of sodium
chloride to make an aqueous solution that has a concentration of 10.0 grams of sodium chloride per liter of
solution. Assuming that 20.0 grams of sodium chloride
has a volume of7.5 milliliters, about how much water
will she use in making this solution?

106 .•

One mole of sugar equals how many grams?

107 .• How many moles of sugar are there in
200 grams? Multiply this number by 6.02 X 1023,
then reexamine Figure 7.15.
108 .•

One mole of water equals how many grams?

109.• How many moles of water are there in 100 grams
of water?
110 .• How many molecules of water are there in
100 grams of water?

105 .• What is the sum of the atomic masses of all the
atoms in sucrose, C12H22011?

I HANDS-ON
I
CIRCULAR

CHEMISTRY

INSIGHTS

RAINBOWS

Paper chromatography was originally developed to separate plant pigments from one another. The separated
pigments had different colors, which is how this technique got its name-chroma
is Latin for "color," Mixtures need not be colored, however, to be separable by
chromatography. All that's required is that the components have distinguishable affinities for the moving solvent and the stationary medium, such as paper, through
which the solvent passes.
There are many other forms of chromatography
besides paper chromatography. In column chromatography, the mixture to be separated is loaded at the top of a
column of sandlike material. A solvent passing through
the column pulls the components of the mixture
through the material at different rates. As the purified
components drip out the bottom of the column at different times, they can be collected in separate flasks.
In gas chromatography, a liquid mixture is injected
into a long, narrow tube that has been heated to the
point that the liquid mixture becomes a gaseous mixture. Each component of the gaseous mixture travels
through the tube at its own rate, which is determined
by the affinity that the component has for a stationary
medium coating the inner surface of the tube. Gas
chromatography can be used to isolate extremely small
quantities, which makes it a valuable analytical tool for
many purposes, such as drug testing.
OVERFLOWING

SWEETNESS

It can't be emphasized enough that a solute continues
to occupy space whether or not it is dissolved in a liq-

uid. The volume of water that spills over the edge of the
glass in this activity is the volume of water displaced by
the dissolved solid. As sugar dissolves in water, the
sugar molecules are merely pulled out of the crystal lattice to become individual entities. Whether it is part of
a lattice or free-floating, however, each sugar molecule
occupies the same volume.

CRYSTAL

CRAZY

Interesting crystals can also be made from supersaturated solutions of Epsom salts (MgS04 . 7 H20) and
alum (KAl(S04)2 . 12 H20), which is used for pickling
and is available in the spice section of some grocery
stores. Crystal shape directly relates to how the ions or
molecules of a substance pack together. In fact, substances are often characterized by the shape of the crystals they form. Crystallography is the study of mineral
crystals and their shapes and structure.
If you try any experiments with Epsom salts or alum,
note how different solutes give rise to different crystal
shapes.

i ANSWERS

TO CALCULATION

ICORNER

,
CALCULATING

FOR

SOLUTIONS

1. Multiply the solution concentration by the
amount of solution you must end up with to obtain
the amount of solute required:

(380 g/t)(3 t)

=

1140 g

EXPLORING

by the solution
to obtain the amount of solution she

2. Divide the amount of solute

concentration
prepared:
~
10 g/L

2L

FURTHER

• According to this site, the Sugar Association isproud to
provide reliable, science-based inflrmation about pure,
natural sugar. Furthermore, reliance on sound science has
positioned the association as a leader in communicating
accurate inflrmation about the nutritional and functional uses ofsugilr to consumers, professionals, and the
media.

•

www.google.com
•

Use hard water magnets as a web-search keyword tofind a
large number of websites that advertise the use of magnetic
fields toprevent calcium buildup in plumbing. The proposed mechanism is that the magnetic field ficilitates the
flrmation of calcium carbonate crystals in the water rather
than on the pipes. But wait! Calcium ions are not attracted
to magnets the way metallic iron is. Does this method
really work? Beware and be critical. The web is chock-full
of misinflrmation.

03jats.html

This web pilge of the Food and Drug Administration
describes transfits and illso shows a listing of transfits
[ound in common flod. Also noted is that the avemge dilily
transfit intake for the American adult is 5.8 grams, which
is 2. 6 percent of daily consumed Calories.

www.ConceptChem.com
•

Visit ConceptChem. com to registeryour Conceptual Chemistry Alive! D VD-R OM. Registered users receivefiee technical support as well as accessto the author's answers to the
over 600 questions appearing within CCAlive! Behind-thescenephotos as well as interesting information about the
cast, crew, and production of ccAlive! are also available.

www.med.umich.edulliquid/Research.html
Use perfluorocarbon as a web-search keyword and you
will find references,most of them technical, to a variety of
medical and other usesflr liquid perfluorocarbons. The site
listed here is that of the Liquid Ventilation Program at the
University of Michigan. Scroll to the bottom of the home
page flr a list of useful links.
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www.sugar.org

www.fda.gov/fdaclfeatures/2003/5
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Visit The Chemistry Place at:
www.aw-bc.com/chemp
1ace

PARTIAllY
HYDROGENATED

•

o
FATS

"Partially hydrogenated." It is a
phrase that seems to be on the ingredientslist of nearly every food product nowadays. There are others, such
as "trans-free.v'Tow in saturated
fats," and "high in unsaturated fats."
What do these phrases mean? What
is supposed to be good for you and
what is bad? Fortunately, you already
have learned much chemistry and
the answers to these sorts of mysteries are easily at hand.
One of the building blocks of
dietary fats are fatty acid molecules,
as shown to the right. Every fatty acid
molecule consists of a long chain of
nonpolar carbon atoms attached to a
polar carbon and oxygen unit known
as a carboxylic acid. As discussed in
Chapter '3, there are two types of
fats-those
made from fatty acids
with no double bonds, and those
made from fatty acids with one or
more double bonds. Fatty acids with
no double bonds are called saturated
fatty acids, while those with one or
more double bonds are called
unsaturated fatty acids.

11

C---OH
nonpolar carbon chain

polar carboxylic acid

Saturated fatty acid

double bond ~

o
11

C---OH
non polar carbon chain

polar carboxylic acid

Unsaturated fatty acid

Saturated fat molecules are able
to pack tig htly together because their
fatty acids point straight out and
align with one another, much like a
bunch of wooden matchsticks in a
match box. Induced dipole-induced
dipole attractions hold the aligned
chains together. This gives saturated
fats, such as lard, relatively high melting points, and as a result they tend
to be solid at room temperature. The
fatty acid chains of unsaturated fats
are "kin ked" wherever double bonds
occur. The kinks inhibit alignment,
and as a result unsaturated fats tend
to have relatively low melting points.
These fats are liquid at
room temperature and are
common ly referred to as
oils. Most vegetable oils are
liquid at room temperature because of the high
proportion of unsaturated
fats they contain.
So which are better for
you: saturated or unsaturated fats? The answer is
that the body needs both
to remain healthy. For
example, the body uses
saturated fats to produce
cholesterol, which is

needed to strengthen cell membranes. Numerous biomolecules are
also made from unsaturated fats.
Furthermore, both saturated and
unsaturated fats are required by the
body because of their high energy
content. A diet high in saturated fats,
however, leads to the formation of
plaque in the artery walls, which predisposes the body to heart attacks
and strokes. A diet high in unsaturated fats, by contrast, can actually
work to lower blood cholesterol
thereby reducing the risk of cardiovascular disease. For these reasons,
diets high in unsaturated fats-the
ones with the double bond kinksare generally accepted as healthier.
Saturated fats tend to be solid,
while unsaturated fats tend to be liquid. Think about this from the point
of view of a food manufacturer of,
say, chocolate bars. Your chocolate
bars need to be formulated with fats
to give them that delicious creamy
flavor. Ifyou choose saturated fats,
your chocolates will take on more of
a solid consistency, which allows you
to wrap them so that they neatly display on the grocery store shelf. Ifyou
choose the healthier unsaturated
fats, however, then your chocolate

bars would likely melt the moment
they left your air-conditioned factory.
Furthermore, unsaturated fats tend
to go rancid a lot faster than saturated fats, so your chocolate bars formulated with unsaturated fats
would have a much shorter shelf life.
What do you do?
It has been known for over 100
years that unsaturated oils can be
transformed to a more solid consistency by hydrogenation, a chemical
process in which hydrogen atoms are
added to carbon double bonds. Any
desired consistency can be obtained
by adjusting the degree of hydrogenation. Complete hydrogenation
saturates all the double bonds, resulting in a hardened saturated fat.
Partial hydrogenation, however, saturates on ly some of the double bonds,
resulting in a mixture of both saturated and unsaturated fats. This
mixture is semisolid, which from
a marketing perspective is most
desirable.
One of the first commercial fat
products to arise from hydrogenation was margarine, which is a blend
of partially hydrogenated vegetable
oils, water, salt, butter flavoring,
emulsifiers, and preservatives. Initially, margarine's best selling point
was its low price. But by the 1970s, it
became recognized as a healthier
alternative to butter, which had
been revealed to increase the incidence of heart disease. A couple of
decades later, however, the good
news for margarine and the multitude of other products containing
partially hydrogenated fats began to
fade when studies showed that
hydrogenation also creates what are
known as "trans" unsaturated fats.
In a trans unsaturated fat, the orientation of the double bond is
switched such that the carbon chain

o

"trans" double bond

11

~

C----OH

"Trans" unsaturated fatty acid

becomes linear, resembling a saturated fat.
Trans fats, it was found, increase
the incidence of coronary heart
disease by mimicking the plaqueforming properties of saturated fats.
According to the U.S.Food and Drug
Administration, an average candy bar
contains 4 grams of saturated fats
and 3 grams oftrans fats. A serving of
stick margarine contains 2 grams of
saturated fats and 3 grams of trans
fats. French fries contain 7 grams of
saturated fats and 8 grams oftrans
fats. So, the proportion oftrans fats in
many commonly consumed foods is
significant. Tohelp the consumer
make informed food choices, the FDA,
starting in January 2006, began
requiring that nutrition labels display the content oftrans fats. From
these labels you will find that "when
in doubt, the soft one wins out, but
liquid is always better."

List the following products in
order of increasing proportion of
trans fats: stick margarine, soft
tub margarine, butter.
Was this your answer?
Interestingly, trans fats occur naturally, but on ly to a very small
extent. The trans fat content of
butter is therefore negligible. The
soft tub margarine is soft because
it wasn't hydrogenated for very
long, which means that it has
fewer trans fats than does the

stick margarine. In order of
increasing trans fat content: butter < soft tub margarine < stick
margarine.
IN

THE

SPOTLIGHT

DISCUSSION

QUESTIONS

1.Today,in the United States margarine outsells butter by a 2:1ratio.
Doyou generally use margarine or
butter or neither? Why? Also,butter
has practically no trans fats. Does
this mean that butter is better for
you than margarine?
2.

In 1886,the U.S.Congress passed the
Margarine Act,which added a hefty
tax to margarine and required
expensive licenses to make or sell it.
States also passed laws forbidding
manufacturers to add yellow coloring to the naturally pale spread.
Why do you suppose these laws
were enacted? Doyou agree with
these sorts oflaws?

3- Some vegetable oils, such as palm

oil, are high in saturated fats. Do you
think these saturated vegetable oils
will become more or less popular as
the public becomes more mindful of
buying products advertised as being
"trans free"? Why?
4. Trans fats have been added to the
nutrition labels offoods. What next?
Will nutrition labels eventually
become so detailed that they rarely
get read by consumers? At what
point does a label provide "too much
information"?
5. Processed foods are made of the
same kinds of atoms as are fresh
foods. So why all the hype against
processed foods?
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You are made of water, born into a world of water, and then
foreverrnore dependent on water. You can survive for more
than a month without food, but without fresh water you

Water Molecules Form

would perish in a matter of days. Little wonder when you

an Open Crystalline Structure

consider that water makes up about 60 percent of your body

in Ice

mass. It's the ideal solvent for transporting

Freezing and Melting Go On

through your body and for supporting

at the Same Time

chemical reactions that keep you alive. Allliving organisms

The Behavior of liquid Water

we know of depend on water. It is the medium of life on our

Is the Result of the Stickiness

of Water Molecules

nutrients

the countless bio-

planet and arguably our most vital natural resource.
Water is so common in our lives that its many unusual

8·4

Water Molecules Move Freely
Between the Liquid and
Gaseous Phases

8·S

8.6

ItTakes a Lot of Energy

properties easily escape our notice. Consider, for example,
that water is the only chemical substance on our planet's
surface that can be found abundantly in all three phases-

to Change the Temperature

solid, liquid, and gas. Another unique property of water is its

of liquid Water

great resistance to any change in temperature.

A Phase Change Requires

the water in you moderates your body temperature

the Input or Output of Energy

the oceans moderate global temperatures. Water's resistance
to a change in temperature

As a result,
just as

is also why it takes so long for a

pot of water to boil and why firewalkers benefit by walking
on wet grass before stepping on red-hot coals. Consider also
that, unlike most other liquids, which freeze from the bottom
up, liquid water freezes from the top down. Tothe trained eye
of a chemist, water is far from a usual substance. Rather, it's
downright bizarre and exotic.
Almost all of the amazing properties of water are a consequence of the ability of water molecules to cling tenaciously to one another

by way of electrical attractions.

Recall that each attraction, called a hydrogen bond, occurs
between one of the positively charged hydrogen atoms of
255
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one water molecule and the negatively charged oxygen atom of another
water molecule. In this chapter we explore the physical behavior of water
while diving into the details and consequences

of the "stickiness" of

water molecules. We begin by exploring first the properties of solid water
(ice),then those of liquid water, and finally those of gaseous water, also
known as water vapor.

•
• 8.1

Water Molecules Form an Open Crystalline
Structure in Ice

xperience tells us not to place a sealed glass jar of liquid water in the
freezer, for we know that water expands as it freezes. Trapped in the jar,
the freezing water expands outward with a force strong enough to shatter the
glass into a hazardous mess or to pop the lid from the jar, as shown in Figure
8.1. This expansion occurs because when the water freezes, the water molecules arrange themselves in a six-sided crystalline structure that contains
many open spaces. As Figure 8.2 shows, a given number of water molecules
in the liquid can get relatively close to one another and so occupy a certain
volume. Water molecules in the crystalline structure of ice occupy a greater
volume than in liquid water. Consequently, ice is less dense than liquid water,
which is why ice Boats in water. (Interestingly, the increase in volume that
occurs when water freezes is equal to the volume of the ice Boating above the
liquid water's surface.) This property of expanding upon freezing is quite rare.
The atoms or molecules of most frozen solids pack in such a way that the
solid phase occupies a smaller volume than the liquid phase (Figure 8.3).
The expansion of the freezing
water inside the jar caused the lid
to rise above the mouth of the
pr.

1

Water molecules in the liquid phase are arranged more compactly than water molecules in the solid phase, where they form an open crystalline structure.

8.1

WATER

MOLECULES

FORM

AN

OPEN

CRYSTALLINE

FIGURE

Ice

STRUCTURE

IN

ICE
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8.3

(a) Because water expands as it
freezes, ice is less dense than liquid water and so floats in the
water. (b) Like most other materials, paraffin is denser in its solid
phase than in its liquid phase.
Solid paraffin thus sinks in liquid
paraffin.

(a)

ECK
Are you interpreting correctly the illustration of water's open crystalline
structure shown in Figure 8.2? Ifyou are, you'll be able to answer this question: what's inside one of the open spaces?
a. air
b. water vapor
c. nothing

Was this your answer? Ifthere were air in the spaces, the illustration would
have to show the molecules that make up air, such as O2 and N2, which are
comparable in size to water molecules. Any water vapor in the spaces would
have to be shown as free-roaming water molecules spaced relatively far
apart. The open spaces shown here represent nothing but empty space. The
answer is c.

The hexagonal
crystalline
structure
of H20 molecules
in ice has some
interesting effects. Most snowflakes, like the one in Figure 8.4, share a similar
hexagonal shape, which is the microscopic
consequence
of this molecular
geometry. Also, applying pressure to ice causes the open spaces to collapse.
The result is the formation of liquid water. The great weight of a glacier, for
example, causes its underside to melt. With its wet underside, a glacer slowly
slips down mountains
to the ocean where it spawns icebergs. Another application of the pressure melting of ice is given in the Hands-On
Chemistry on
page 258.
Interestingly, ice is coverd by a thin film ofliquid water even at temperatures
well below freezing. This is because ice's hexagonal structure requires support
in three dimensions. At the surface, water molecules find nothing above them
to cling to. The hexagonal structure at the surface is thus weakened to the point
where it collapses into a thin film ofliquid, which is what makes ice so slippery.
An ice skater's skate glides over this thin film of water as shown in Figure 8.5.
So what happens when the flat surfaces of two ice cubes are held together?
The thin liquid films are no longer on a surface. Sandwiched between the two
ice cubes this liquid film freezes effectively gluing the two ice cubes together.
Lumps of snow are similarly "glued" together in the making of a snowball. Of

FIGURE

8.4

The six-sided geometry of ice
crystals gives rise to the six-sided
structure of snowflakes.
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A SLICE

H

chair back near one end of the
board, the other near the other
end.

metal wire can be made to pass
throug h a block of ice.

WHAT

YOU

4. Place the block of ice on the board
and drape the wire across the top
as shown in the drawing. The ice
just beneath the wire will melt
because of the pressure exerted
by the wire. The melted ice above
the wire then refreezes, trapping
the downward-moving wire inside
the ice.

NEED

Brick-sized block of ice; flat board,
such as length of 2-bY-4or meterstick; two straight-back chairs; thin
metal wire about 1 meter long (copper works best); two heavy weights,
such as dum bbells or plastic milk
jugs filled with water
PROCEDURE
1.

Make the ice by freezing water in a
plastic container of desired shape
and size. Tomake a block that is
fairly clear, use water that has just
cooled down after having been
boiled.

2. Attach one weight to each end of
the wire.
3. Support the board by laying it
across the two chair backs, one

OF ICE

5. After a few minutes, the wire
will have passed all the way
through the ice block. Once that
has happened, knock the ice with
a hammer and see where it
breaks. (In the days before refrigerators, this was the way large ice
blocks were cut to size for the
kitchen icebox.)
What do you suppose would happen if string were used instead of
wire?

course, if the weather is too cold, even the surface of the snow crystals are solid,
which prevents the formation of snowballs no matter how hard you press the
snow together. Skiers tend to prefer this "dry snow" because it behaves more like
a powder than a sticky slush. An alternative to skiing in super-cold weather is to
ski at high altitudes where lower atmospheric
pressure favors thinner liquid
films, hence, drier, more powder-like snow.

FIGURE

8.5

Ice is slippery because its crystalline structure is not easily
maintained at the surface.
skate blade

}Thin film of

liquid water

Ice

8.2
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Freezing and Melting Go On at the Same Time

s Section 1.7 discussed, melting occurs when a subIce
stance changes from solid to liquid and freezing
occurs when a substance changes from liquid to solid.
When we view these processes from a molecular perspective, we see that melting and freezing occur simultaneously, as Figure 8.6 illustrates.
The temperature O°C is both the melting and the freezing temperature of water. At this temperature, water molecules in the liquid phase are moving slowly enough that
they tend to clump together to form ice crystals-they
freeze. At this same temperature, however, water molecules
in ice are vibrating with sufficient commotion
to break
loose from the crystalline structure to form liquid water.
Thus melting and freezing occur simultaneously.
Vibrating H20 molecules
Slowlymoving H20 molecules
For water, O°C is the special temperature at which the
fixed in crystallinestructure
near freezing temperature
rate of ice formation equals the rate of liquid water formation. In other words, it is the temperature
at which
the opposite processes of melting and freezing counterbalance
each other. This
FIGURE
8.6
means that if a mixture of ice and liquid water is maintained at exactly O°C, the
At O°C, ice crystals gain and lose
two phases are able to coexist indefinitely.
water molecules simultaneously.
Any time we want a mixture of ice and liquid water at O°C to freeze solid, we
need to favor the rate of ice formation. This is accomplished by removing heat
energy, a process that facilitates the formation of hydrogen bonds. As shown in
Figure 8.7, when water molecules come together to form a hydrogen bond, heat
energy is released. In order for the molecules to remain hydrogen-bonded,
this
heat energy must be removed-otherwise,
the heat energy can be reabsorbed by
the molecules, causing them to separate. The removal of heat energy therefore
allows hydrogen bonds to remain intact after they have formed. As a result, there
is the tendency for the ice crystals to grow.
Conversely, we can get a mixture of ice and liquid water at O°C to melt completely by adding heat energy. This heat energy goes into breaking apart the
hydrogen bonds that hold the water molecules together, as shown in Figure 8.8.
Because more hydrogen bonds between water molecules are breaking, there is
the tendency for the ice crystals to melt.

FIGURE

8.7

As two water molecules come together to form a
hydrogen bond, attractive electric forces cause them to
accelerate toward each other. This results in an increase
in their kinetic energies (the energy of motion), which
is perceived on the macroscopic scale as heat energy.

FIGURE

8.8

Heat energy must be added in order to separate
two water molecules held together by a hydrogen bond. This heat energy causes the molecules
to vibrate so rapidly that the hydrogen bond
breaks.
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(a) In a mixture of ice and liquid
water at ODC, the number of
H20 molecules entering the
solid phase is equal to the number of H20 molecules entering
the liquid phase. (b) Adding a
solute, such as sodium chloride,
decreases the number of H20
molecules entering the solid
phase because now there are
fewer liquid H20 molecules at
the interface.

MOLECULES

(b)

Ice

Aqueous solution of NaCI

Solutes tend to inhibit crystal formation. Anytime a solute, such as table
salt or sugar, is added to water, the solute molecules take up space, as you
learned in Section 7.2. When a solute is added to a mixture of ice and liquid
water at ODC, the solute molecules effectively decrease the number of liquid
water molecules at the solid-liquid interface, as Figure 8.9 illustrates. With
fewer liquid water molecules available to join the ice crystals, the rate of ice
formation decreases. Because ice is a relatively pure form of water, the number of molecules moving from the solid phase to the liquid phase is not
affected by the presence of solute. The net result is that the rate at which
water molecules leave the solid phase is greater than the rate at which they
enter the solid phase. This imbalance can be compensated for by decreasing
the temperature to below O°e. At lower temperatures, water molecules in the
liquid phase move more slowly and have an easier time coalescing. Thus the
rate of crystal formation is increased. In general, adding anything to water
lowers the freezing point. Antifreeze is a practical application of this process.
The salting of icy roads is another.

•

cihcK
On a day with normal traffic, a large parking lot has cars entering and leaving at the same rate. If the traffic in the streets around the lot were suddenly to change so that about half of it was trucks and limousines too
large to park in the lot, what would happen to the rate at which cars enter
the lot? What would happen to the number of cars parked in the lot if this
situation persisted for a couple of hours? How is this scenario analogous to
what happens when a solute is added to a mixture of ice and liquid water

at O°e?
Were these your answers? With fewer cars on the streets, the rate at which
cars enter the lot decreases. The rate at which cars leave the Jot, however, initially stays the same. Eventually, fewer emptied spaces get filled, and there is
an overall decrease in the num ber of cars parked in the lot. This scenario is
analogous to the ice-water case because the solute particles (trucks and
limousines) lower the num ber of liquid water molecules (incoming cars) in
contact with the ice (parking lot), thereby diminishing the rate at which
water molecules (cars) enter the ice (parking lot). Freezing is thus deterred
(fewer cars enter the lot), while melting continues unabated (cars leave the
lot at the same rate).

8.2

WATER

IS DENSEST

FREEZING

AND

MELTING

GO ON

AT THE

SAME

TIME

261

•

AT 4°C

When the temperature of a substance is increased, its molecules vibrate faster
and, on average, move farther apart. The result is that the substance expands.
With few exceptions, all phases of matter-solids,
liquids, and gases-expand
when heated and contract when cooled. In many cases, these changes in volume
are not very noticeable, but with careful observation you can usually detect
them. Telephone wires, for instance, are longer and sag more on a hot summer
day than on a cold winter day. Metal lids on glass jars can often be loosened by
heating under hot water. If one part of a piece of glass is heated or cooled more
rapidly than adjacent parts, the expansion or contraction that results may break
the glass.
Within any given phase, water also expands with increasing temperature and
contracts with decreasing temperature. This is true of all three phases-ice, liquid water, and water vapor. Liquid water at near-freezing temperatures, however,
is an exception. Liquid water at O°C can flow just like any other liquid, but at
O°C the temperature is cold enough that microscopic crystals of ice are able to
form. These crystals slightly "bloat" the liquid water's volume, as shown in
Figure 8.10. As the temperature is increased to above O°C, more and more of
these micro crystals collapse, and as a result the volume of the liquid water
decreases.
Figure 8.11 shows that between O°C and 4°C liquid water contracts as its temperature is raised. This contraction, however, continues only up to 4°C. As nearfreezing water is heated, there is a simultaneous tendency for the water to
expand due to greater molecular motion. Between O°C and 4°C, the decrease in
volume caused by collapsing ice crystals is greater than the increase in volume
caused by the faster-moving molecules. As a result, the water volume continues
to decrease. At temperatures just above 4°C, expansion overrides contraction
because most of the ice crystals have collapsed.
So, because of the effect of collapsing microscopic ice crystals, liquid water
has its smallest volume and thus its greatest density at 4°C. (Recall from Section
1.8 that density is the amount of mass contained in a sample of anything divided
by the volume of the sample.) By definition, 1 gram of pure water at this temperature has a volume of 1.0000 milliliter. As Figure 8.11 shows, 1 gram of liquid water at O°C has an only slightly larger volume of 1.0002 milliliters. By
comparison, 1 gram of ice at O°C has a volume of 1.0870 milliliters. As can be
seen in the small graph on the right in Figure 8.11, the volume of 1 gram of ice
stays above 1.08 milliliters even below O°C, meaning that even when ice is
cooled to temperatures well below freezing, it is still always less dense than liquid
water.

• In most cases, the thermal expansion of liquids is greater than the
thermal expansion of solids. This
is why you should never top off
your car's gas tank on a warm
summer day. Gasoline is cooled
by its underground storage at the
gas station. After you place it in
your car's tank, it warms and
begins to expand. Ifthe tan k and
the gasoline expanded at the
same rate, they would expand
together and no overflow would
occur. Similarly, if the expansion
of the glass of a thermometer
were as great as the expansion of
the mercury, the mercury would
not rise with increasing temperature. The reason the mercury in
the thermometer rises with
increasing temperature is that
the expansion of the liquid mercury is greater than the expansion of the glass.
MORE

TO

EXPLORE,

P.G. Hewitt Conceptual Physics,
ioth ed. San Francisco: AddisonWesley © 2006.
www.conceptualphysics.com

FIGURE

8.10

Within a few degrees of O°e, liquid water contains crystalsof ice.
The open structure of these crystals makes the volume of the
water slightly greater than it
would be without the crystals.
Ice crystals in nearly
frozen liquid water
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8.11

Between oDe and 4°C, the volume ofliquid water decreasesas
the temperature increases.Above
4°C, water behaves the way all
other substances do: its volume
increasesas its temperature
increases.The volumes shown
here are for a I-gram sample.
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water below 4°C is bloated
with ice crystals.

(3) Upon warming,

the crystals collapse,
resulting in a smaller volume for the
liquid water.

® Above 4°C, liquid water expands as it is heated
because of greater molecular motion.

Although liquid water at 4°C is only slightly more dense than liquid water at
O°C, this small difference is of great importance in nature. Consider that if
water were densest at its freezing point, as is true of most other liquids, the coldest water in a pond would settle to the bottom and the pond would freeze from
the bottom up, destroying living organisms in winter months. Fortunately, this
does not happen. As winter comes on and the temperature of the water drops,
its density also drops. The entire volume of water in the pond does not cool all
at once, however. Surface water cools first because it is in direct contact with the
cold air. Being cooler than the underlying water, this surface water is denser and
so sinks, with warmer water rising to replace it. That new batch of surface water
then cools to the air temperature, gets denser as it does so, and sinks, only to be
replaced by warmer water that cools. This circulation process continues on and
on until the entire body of water has been cooled to 4°C. Then, if the air temperature remains below 4°C, the surface water also cools to below 4°C. This
surface water does not sink, however, because at this colder temperature it is
now less dense than the water below it. Thus, cooler, less-dense water stays on
the surface, where it can cool further, eventually reach O°C, and turn to ice.
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While this ice forms at the surface, the organisms that require a liquid environment are happily swimming below the ice in liquid water at a "warm" 4°C, as
Figure 8.12 illustrates.
An important effect of the vertical movement of water is the creation of vertical currents that, to the benefit of organisms living in the water, transport oxygenrich surface water to the bottom and nutrient-rich bottom water to the surface.
Marine biologists refer to this vertical cycling of water and nutrients as upwelling.
Very deep bodies of fresh water are not ice-covered even in the coldest of winters. This is because, as noted above, all the water must be cooled to 4°C before
the temperature of the surface water can drop below 4°C. For deep water, the
winter is not long enough for this to occur. If only some of the water in a pond
is 4°C, this water lies on the bottom. Because of water's ability to resist changes
in temperature (Section 8.5) and its poor ability to conduct heat, the bottom of
deep bodies of water in cold regions is a constant 4°C year-round .

•

What was the precise temperature
Year's Eve in 1901?

at the bottom of Lake Michigan on New

Was this your answer? If a body of water has 4°C water in it, then the temperature at the bottom of that body of water is 4°(, for the same reason that rocks
are at the bottom. Both 4°C water and rocks are denser than water at any other
temperature. Ifthe body of water is deep and in a region of short summers, as
is the case for Lake Michigan, the water at the bottom is 4°Cyear-round.

• 8.3

in

The Behavior of liquid Water Is the Result
of the Stickiness of Water Molecules

,hi, section, we explore how water molecule, in the liquid phase interact
with one another via cohesive forces, which are forces of attraction
between molecules of a single substance. For water, the cohesive forces are
hydrogen bonds. We also explore how water molecules interact with other polar
materials, such as glass, through adhesive forces, forces of attraction between
molecules of two diffirent substances.
Cohesive and adhesive forces involving water are dynamic. It is not one set
of water molecules, for example, that holds a droplet of water to the side of a
glass. Rather, the billions and billions of molecules in the droplet all take turns
binding with the glass surface. Keep this in mind as you read this section and
examine its illustrations, which, though informative, are merely freeze-frame
depictions.
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As water cools to 4°C, it sinks.
Then, as water at the surface is
cooled to below 4°C, it floats on
top and can freeze.Only after
surface ice forms can temperatures lower than 4°C extend
down into the pond. This does
not happen very readily,however,
because surface ice insulates the
liquid water from the cold air.
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A paper clip rests on water, push-

Surface of water bends
to accommodate weight
of paper clip

ing the surface down slightly but
not sinking.

THE SURFACE OF LIQUID

WATER BEHAVES

LIKE AN ELASTIC FILM

Gently lay a dry paper clip on the surface of some still water. If you're careful
enough, the clip will rest on the surface, as shown in Figure 8.13. How can this
be? Don't paper clips normally sink in water?
First, you should be aware that the paper clip is not floating in the water the
way a boat floats. Rather, the clip is resting on the water surface. The close-up
view in Figure 8.13 reveals that the clip is indeed resting on the surface. The
slight depression in the surface is caused by the weight of the clip, which pushes
down on the water much like the way the weight of a child pushes down on a
trampoline. This elastic tendency found at the surface of a liquid is known as
surface tension.
Surface tension is caused by hydrogen bonds. As shown in Figure 8.14,
beneath the surface, each water molecule is attracted in every direction by
neighboring molecules, with the result that there is no tendency to be pulled
in any preferred direction. A water molecule on the surface, however, is
pulled only by neighbors to each side and those below; there is no pull
upward. The combined effect of these molecular attractions is thus to pull the
molecule from the surface into the liquid. This tendency to pull surface molFIGURE

8.14

A molecule at the surface is
pulled only sidewaysand downward by neighboring molecules.
A molecule beneath the surface is
pulled equally in all directions.
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8.15

(a) The surface tension in a freely
Boating blob of water causes the
water to take on a spherical
shape. (b) Small blobs of water
resting on a surface would also be
spheres if it weren't for the force
of gravity, which squashes them
into beads.
(b)

ecules into the liquid causes the surface to become as small as possible, and
the surface behaves as if it were tightened
into an elastic film. Lightweight
objects that don't pierce the surface, such as a paper clip, are thus able to rest
on the surface.
Surface tension accounts for the spherical shape of liquid drops. Raindrops,
drops of oil, and falling drops of molten metal are all spherical because their surfaces tend to contract and this contraction forces each drop into the shape having
the least surface area. This is a sphere, the geometric figure that has the least surface
area for a given volume. In the weightless environment of an orbiting space shuttle, a blob of water takes on a spherical shape naturally, as is shown in Figure 8.15.
Back on Earth, the mist and dewdrops on spider webs or on the downy leaves of
plants are also spherical, except for the distortions caused by the force of gravity.
Surface tension is greater in water than in other common liquids because the
hydrogen bonds in water are relatively strong. The surface tension in water is
dramatically reduced, however, by the addition of soap or detergent. Figure 8.16
shows that soap or detergent molecules tend to aggregate at the surface of water,
with their nonpolar tails sticking out away from the water. At the surface, these
molecules interfere with the hydrogen bonds between neighboring water molecules, thereby reducing the surface tension. Get a metal paper clip Boating on
the surface of some water and then carefully touch the water a few centimeters
away with the corner of a bar of wet soap or a dab of liquid detergent. You will
be amazed at how quickly the surface tension is destroyed.

• Hot water has less surface tension than cold water because the
faster-moving molecules don't
stick together so readily. With its
lower surface tension, hot water
is more effective at penetrating
the fabrics of our clothing, which
is why so many people choose to
wash their clothes with hot
water. Hot water's low surface
tension also permits the grease
of soups to collect in liquidy
blobs on the surface of the soup.
When the soup cools, the surface
tension of water increases and
the grease spreads over the surface of the soup, making the soup
taste more "greasy." Hot soup
tastes different from cold soup
primarily because the surface
tension of water in the soup
changes with temperature.
MORE

TO

Non polar tail
Soap or detergent
{ Polar head
molecule

EXPLORE,

http.z/en.wikipedia.orq/wiki/

Water

FIGURE

Air

Water

•

8.16

Soap or detergent molecules
align themselves at the surface of
liquid water so that their nonpolar tails can escape the polarity of
the water. This arrangement disrupts the water's surface tension.
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(a) Water beads on a surface that
is clean and dry. (b) On a plate
smeared with a thin film of detergent, water spreads evenly
because the detergent has upset
the water's surface tension.

(a)

It is the strong surface tension of water that prevents it from wetting materials
that have non polar surfaces, such as waxy leaves, umbrellas, and freshly polished
automobiles. Rather than wetting (spreading out evenly), the water beads. This is
good if the idea is to keep water away. If we want to clean, however, the idea is to
get the object as wet as possible. This is another way in which soaps and detergents
assist in cleaning, as Figure 8.17 illustrates. By destroying water's surface tension,
they enhance its ability to wet. The non polar grime on dirty fabrics and dishes, for
example, is penetrated by the water more rapidly, and cleaning is more efficient.
CAPILLARY
ACTION
RESULTS
AND COHESIVE
FORCES

FROM

THE

INTERPLAY

OF ADHESIVE

Because glass is a polar substance, there are adhesive forces between glass and
water. These adhesive forces are relatively strong, and the many water molecules
adjacent to the inner surface of a glass container compete to interact with the
glass. They do so to the point of climbing up the inner surface of the glass above
the water surface. Take a close look at the tube of colored water in Figure 8.18,

FIGURE

8.18

Adhesive forces between water
and glasscause water molecules
to creep up the sides of the glass,
forming a meniscus.

Adhesive forces
(dipole-dipole
attractions)

Cohesive forces
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Cohesive forces
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Adhesive forces
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Cohesive forces

FIGURE

and you'll see that the water is curved up the sides of the glass. We call the curving of the water surface (or the surface of any other liquid) at the interface
between it and its container a meniscus.
Figure 8.19 illustrates what happens when a small-diameter glass tube is
placed in water. (1) Adhesive forces initially cause a relatively steep meniscus.
(2) As soon as the meniscus forms, the attractive cohesive forces among water
molecules respond to the steepness by acting to minimize the surface area of the
meniscus. The result is that the water level in the tube rises. (3) Adhesive forces
will then cause the formation of another steep meniscus. (4) This is followed by
the action of cohesive forces, which cause the steep meniscus to be "filled in."
This cycle is repeated until the upward adhesive force equals the weight of the
raised water in the tube. This rise of the liquid due to the interplay of adhesive
and cohesive forces is called capillary action. In a tube that has an internal diameter of about 0.5 millimeter, the water rises slightly higher than 5 centimeters. In
a tube that has a smaller diameter, there is a smaller volume and less weight for a
given height, and the water rises much higher, as Figure 8.20 illustrates.
We see capillary action at work in many phenomena. If a paintbrush is
dipped into water, the water rises into the narrow spaces between the bristles by
capillary action. Hang your hair in the bathtub, and water seeps up to your scalp
in the same way. This is how oil moves up a lamp wick and how water moves up
a bath towel when one end hangs in water. Dip one end of a lump of sugar in
coffee, and the entire lump is quickly wet. The capillary action occurring
between soil particles is important in bringing water to the roots of plants.

8.19

Water is drawn up a narrow glass
tube by an interplay of adhesive
and cohesive forces.

CK
An astronaut sticks a narrow glass tube into a blob of floating water while
in orbit, and the tube fills with water. Why?
Was this your answer? Capillary action causes the water to be drawn into
the tube. In the free-fall environment of an orbiting spacecraft, however,
there is no downward force to stop this capillary action. As a result, the
water continues to creep along the inner surface of the tube until the tube
is filled (and then starts spurting out the end).

• 8.4

Water Molecules Move Freely Between the Liquid
and Gaseous Phases

40IeCUl"

of waterin the liquid phase moveabout in all directions at difspeeds. Some of these molecules may reach the liquid surface
moving fast enough to overcome the hydrogen bonds and escape into the

J 11 ferent

FIGURE

8.20

Capillary tubes. The smaller the
diameter of the tube, the higher
the liquid rises in it.
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gaseous phase. As presented in Section 1.7, this process of
molecules converting from the liquid phase to the gaseous
phase is called evaporation (also sometimes called vaporization). The opposite of evaporation is condensation-the
changing of a gas to a liquid. At the surface of any body of
water, there is a constant exchange of molecules from one
phase to the other, as illustrated in Figure 8.21.
As evaporating molecules leave the liquid phase, they
take their kinetic energy with them. This has the effect of
lowering the average kinetic energy of all the molecules
Watervapor
remaining in the liquid, and the liquid is cooled, as Figure
8.22 shows. Evaporation also has a cooling effect on the
surrounding air because liquid molecules that escape into
the gaseous phase are moving relatively slowly compared to other molecules in
the air. This makes sense when you consider that these newly arrived molecules lost a fair amount of their kinetic energy in overcoming the hydrogen
bonds of the liquid phase. Adding these slower molecules to the surrounding
air effectively decreases the average kinetic energy of all the molecules making
up the air, and the air is cooled. So no matter how you look at it, evaporation
is a cooling process. Figure 8.23 shows a useful application of this cooling
effect.
As water cools, the rate of evaporation slows down because fewer molecules
have sufficient energy to escape the hydrogen bonds of the liquid phase. A higher
rate of evaporation can be maintained if the water is in contact with a relatively
warm surface, such as your skin. Body heat then flows from you into the water.
In this way the water maintains a higher temperature and evaporation continues
at a relatively high rate. This is why you feel cool as you dry off after getting
wet-you are losing body heat to the energy-requiring process of evaporation.
When your body overheats, your sweat glands produce perspiration. The
evaporation of perspiration cools you and helps maintain a stable body temperature. Many animals, such as the ones in Figure 8.24, do not have sweat glands
and must cool themselves by other means.
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Condensation

8.21

The exchange of molecules at the
interface between liquid and
gaseous water.

FIGURE

8.22
Air is cooled.

Evaporation is a cooling process.

G)

Liquid water molecule
having sufficient kinetic
energy to overcome
surface hydrogen bonding
approaches liquid surface.

o

Liquid water cooled as
it loses this high-speed
water molecule.

®

Molecule enters gaseous
phase, having lost kinetic
energy in overcoming
hydrogen bonding at
the liquid surface. Air is
cooled as it collects these
slowly moving gaseous
particles.
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Ifwater were less "sticky," would you be cooled more or less by its evaporation?
Was this your answer? Water molecules leave the liquid phase on ly when
they have enoug h kinetic energy to overcome hydrogen bonding. It is hydrogen bonding that makes water sticky, and so to say water is less sticky is to
say that hydrogen bonds are weaker than they actually are. Then, at a given
temperature, more molecules in the liquid phase would have sufficient
kinetic energy to overcome the weaker hydrogen bonds and escape into the
gaseous phase, carrying heat away from the liquid. The cooling power of
evaporating water would therefore be greater. This is why less "sticky" substances, such as rubbing alcohol, have a noticeably greater cooling effect as
they evaporate.
Warm water evaporates, bur so does cool water. The only difference is that
cool water evaporates at a slower rate. Even frozen water "evaporates." This form
of evaporation,
in which molecules jump directly from the solid phase to the
gaseous phase, is called sublimation. Because water molecules are so firmly held
in the solid phase, frozen water does not release molecules into the gaseous
phase as readily as liquid water does. Sublimation,
however, does account for
the loss of significant portions of snow and ice, especially on sunny, dry mountain tops. It's also why ice cubes left in the freezer for a long time tend to get
smaller.
At the surface of any body of water there is condensation
as well as evaporation, as Figure 8.21 indicates.
Condensation
occurs as slow-moving
water
vapor molecules collide with and stick to the surface of a body ofliquid water.

FIGURE

When wet, the cloth covering on
this canteen promotes cooling.
As the faster-moving water molecules evaporate from the wet
cloth, its temperature decreases
and cools the metal, which in
turn cools the water in the
canteen.

FIGURE

(a)

8.23

8.24

(a) Dogs have no sweat glands
(except between their toes). They
cool themselves by panting. In
this way, evaporation occurs in
the mouth and the bronchial
tract. (b) Pigs have no sweat
glands and therefore cannot cool
by the evaporation of perspiration. Instead, they wallow in the
mud to cool themselves.

270

CHAPTER

FIGURE

8

THOSE

INCREDIBLE

WATER

MOLECULES

8.25

Condensation is a warming
process.
Gas warmed by
removal of slower
molecule
Fast-moving watervapor molecule
bounces off surface

"-' -+-.. Slow-moving

~.
-

water
vapor molecule sticks
to liquid surface

."

Fast-moving water vapor molecules tend to bounce off each other or off the
liquid surface, losing little of their kinetic energy. Only the slowest gas molecules condense into the liquid phase, as Figure 8.25 illustrates. As this happens, energy is released as hydrogen bonds are formed. This energy is absorbed
by the liquid and increases its temperature. Condensation involves the removal
of slower-moving water vapor molecules from the gaseous phase. The average
kinetic energy of the remaining water vapor molecules is therefore increased,
which means that the water vapor is warmer. So no matter how you look at it,
condensation is a warming process.
A dramatic example of the warming that results from condensation is the
energy given up by water vapor when it condenses-a
painful experience if it
condenses on you. That's why a burn from 100GC water vapor is much more
damaging than a burn from lOOGCliquid water; the water vapor gives up considerable energy when it condenses to a liquid and wets the skin. This energy
released by condensation is utilized in heating systems, such as the household
radiator shown in Figure 8.26.
The water vapor in our atmosphere also gives up energy as it condenses. This is
the energy source for many weather systems, such as hurricanes, which derive much
of their energy from the condensation of water vapor contained in humid tropical
air, as Figure 8.27 illustrates. The formation of 1 inch of rain over an area of 1 square
mile yields the energy equivalent of about 32,000 tons of exploded dynamite.
After you take a shower, even a cold one, you are warmed by the heat energy
released as the water vapor in the shower stall condenses. You quickly sense the
difference if you step out of the stall, as the chilly guy in Figure 8.28 is finding
out. Away from the moisture, the rate of evaporation is much higher than the
rate of condensation, and as a result you feel chilly. When you remain in the

FIGURE

8.26

Heat is given up by water vapor
when the vapor condenses inside
the radiator.
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with a towel much more comfortably if you remain in the shower stall. If you're
in a hurry and don't mind the chill, dry yourself off in the hallway.
Spend a July afternoon in dry Tucson or Las Vegas, and you'll soon notice
that the evaporation rate is appreciably greater than the condensation rate. The
result of this pronounced evaporation is a much cooler feeling than you would
experience on a same-temperature July afternoon in New York City or New
Orleans. In these humid locations, condensation outpaces evaporation, and you
feel the warming effect as water vapor in the air condenses on your skin.
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8.27

As it condenses, the water vapor in humid tropical air releases ample quantities of
heat. Continued condensation can sometimes lead to powerful storm systems, such
as hurricanes.

•

fihcK
If the water level in a dish of water remains unchanged from one day to the
next, can you conclude that no evaporation or condensation is taking place?
Was this your answer? Not at all, for there is much activity taking place at
the molecular level. Both evaporation and condensation occur continuously
and simultaneously. The fact that the water level remains constant indicates
equal rates of evaporation and condensation-the
num ber of H20 molecules leavinq the liquid surface by evaporation is equal to the number entering the liquid by condensation.

BOILING

IS EVAPORATION

BENEATH

A LIQUID

SURFACE

When liquid water is heated to a sufficiently high temperature, bubbles of water
vapor form beneath the surface, as we saw in Section 1.7. These bubbles are
buoyed to the surface, where they escape, and we say the liquid is boiling. As
shown in Figure 8.29, bubbles can form only when the pressure of the vapor
inside them is equal to or greater than the combined pressure exerted by the surrounding water and the atmosphere above. At the boiling point of the liquid,
the pressure inside the bubbles equals or exceeds the combined pressure of the
surrounding
water and the atmosphere.
At lower temperatures,
the pressure
inside the bubbles is not enough, and the surrounding
pressure collapses any
bubbles that form.
At what point boiling begins depends not only on temperature
but also on
pressure. As atmospheric pressure increases, the vapor molecules inside any bubbles that form must move faster in order to exert enough pressure from inside

FIGURE

8.28

If you're chilly outside the shower
stall, step back inside and be
warmed by the condensation of
the excess water vapor there.
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Water pressure

Vapor pressure

t
CD As liquid water is heated,

Cl) Before the boiling point is reached,

molecules gain enough
energy to evaporate
beneath the surface, forming
bubbles of water vapor.

® At the boiling point, the pressure
of the water vapor inside the bubbles
equals or exceeds the sum of atmospheric pressure plus water pressure.
As a result, the bubbles of water vapor
are buoyed to the surface and escape.

FIGURE

the pressure of the water vapor inside
the bubbles is less than the sum of
atmospheric pressure plus water
pressure. As a result, the bubbles
of water vapor collapse.

o

We see this evaporation
as boiling.

8.29

Boiling occurs when water molecules in the liquid are moving fast enough to generate bubbles of water vapor beneath the surface of the liquid.
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the bubble to counteract the additional atmospheric pressure. So increasing the
pressure exerted on the surface of a liquid raises its boiling point. A cooking
application of this effect of increased pressure is shown in Figure 8.30.
Conversely, lowered atmospheric pressure (as at high altitudes) decreases the
boiling point of the liquid, as Figure 8.31 illustrates. In Denver, Colorado, the
Mile-High City, for example, water boils at 95°C instead of the 100°C boiling
temperature at sea level. If you try to cook food in boiling water that is cooler than
100°C, you must wait a longer time for proper cooking. A three-minute boiled egg
in Denver is runny and undercooked. If the temperature of the boiling water were
very low, food would not cook at all. As the German mountaineer Heinrich Harrer
noted in his book Seven :Yearsin Tibet, at an altitude of 4500 meters (15,000 feet)
or higher, you can sip a cup of boiling tea without any danger of burning your
mouth.
Boiling, like evaporation, is a cooling process. At first thought, this may seem
surprising-perhaps
because we usually associate boiling with heating. But heating water is one thing; boiling it is another. As shown in Figure 8.32, boiling
water is cooled by boiling as fast as it is heated by the energy from the heat
source. So, boiling water remains at a constant temperature.
If cooling did not
take place, continued application of heat to a pot of boiling water would raise
the temperature
of the water. The reason the pressure cooker in Figure 8.30
reaches higher temperatures
is because boiling is forestalled by increased pressure, which in effect prevents cooling.

Is boiling a form of evaporation

or is evaporation
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8.31

The boiling point of water (as well as
other liquids) decreases with increasing
altitude.
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The tight lid of a pressure cooker
holds pressurized vapor above the
water surface, and this inhibits
boiling. In this way, the boiling
temperature of the water is
increased. Any food placed in
this hotter water cooks more
quickly than food placed in water
boiling at 100°C.

Was this your answer? Boiling is evaporation that takes place beneath the
surface of a liqutd.

)

PHASES

120·C

a form of boiling?

\\

GASEOUS

8.32

Heating warms the water from below,
and boiling cools it from above. The
net result is a constant temperature for
the water.
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In a vacuum, water can freeze
and boil at the sametime.

WATER
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A simple experiment that dramatically shows the cooling effect of evaporation and boiling consists of a shallow dish of room-temperature water in a
vacuum jar. When the pressure in the jar is slowly reduced by a vacuum
pump, the water starts to boil. The boiling process takes heat away from the
water, which consequently cools. As the pressure is further reduced, more and
more of the slower-moving liquid molecules boil away. Continued boiling
results in a lowering of the temperature until the freezing point of approximately O°C is reached. Continued cooling by boiling causes ice to form over
the surface of the bubbling water. Boiling and freezing take place at the same
time! The frozen bubbles of boiling water in Figure 8.33 are a remarkable
sight.
Spray some drops of coffee into a vacuum chamber, and they, too, boil
until they freeze. Even after they are frozen, the water molecules continue to
evaporate into the vacuum until all that is left to be seen are little crystals of
coffee solids. This is how freeze-dried coffee is made. The low temperature of
this process tends to keep the chemical structure of the coffee solids from
changing. When hot water is added, much of the original flavor of the coffee
is retained.
The refrigerator also employs the cooling effect of boiling. A liquid
coolant that has a low boiling point is pumped into the coils inside the
refrigerator, where the liquid boils (evaporates) and draws heat from the food
stored in the refrigerator. Then the coolant in its gas phase, along with its
added energy, is directed outside the refrigerator to coils located in the back,
appropriately called condensation coils, where heat is given off to the air as
the coolant condenses back to a liquid. A motor pumps the coolant through
the system as it undergoes the cyclic process of vaporization and condensation. The next time you're near a refrigerator, place your hand near the condensation coils in the back and you'll feel the heat that has been extracted
from inside.
An air conditioner employs the same principle, pumping heat energy from
inside a building to outside. Turn the air conditioner around so that cold air is
pumped to the outside, and the air conditioner becomes a type of heater known
as a heat pump.

• 8.5

~

ItTakes a Lot of Energy to Change
the Temperature of Liquid Water

ever noticed that some foods stay hot much longer than others?
t1~~/~~ing
of a hot apple pie can burn your tongue while the crust will
not, even when the pie has just been taken out of the oven. A piece of toast may
be comfortably eaten a few seconds after coming from a hot toaster, whereas you
must wait several minutes before eating hot soup.
Different substances have different capacities for storing energy. This is
because different materials absorb energy in different ways. The added energy
may increase the jiggling motion of molecules, which raises the temperature, or
it may pull apart the attractions among molecules and therefore go into potential
energy, which does not raise the temperature. Generally, there is a combination
of both ways.
It takes 4.184 joules of energy to raise the temperature of 1 gram of liquid
water by 1°C. As you can see in Figure 8.34, it takes only about one-ninth as
much energy to raise the temperature of 1 gram of iron by the same amount. In
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It takes only 0.451 joule of heat
to raise the temperature of 1
gram of iron by 1°C. A I-gram
sample of water, by contrast,
requires a whopping 4.184 joules
for the same temperature change.

o

o
0.451

4.184
Heat added to 1 gram of material (J)

other words, water absorbs more heat than iron for the same change in temperature. We say water has a higher specific heat, defined as the quantity of heat
required to change the temperature of 1 gram of the substance by 1°C.
We can think of specific heat as thermal inertia. As you learned in Section
1.4, inertia is a term used in physics to signify the resistance of an object to a
change in its state of motion. Specific heat is like a thermal inertia because it signifies the resistance of a substance to a change in temperature. Each substance
has its own characteristic specific heat, which may be used to assist in identification. Some typical values are given in Table 8.1.
Guess why water has such a high specific heat. Once again, the answer is
hydrogen bonds. When heat is applied to water, much of the heat is consumed
in breaking hydrogen bonds. Broken hydrogen bonds are a form of potential
energy (just as two magnets pulled apart are a form of potential energy). Much
of the heat added to water, therefore, is stored as this potential energy. Consequently, less heat is available to increase the kinetic energy of the water molecules. Since temperature is a measure of kinetic energy, we find that as water is
heated, its temperature rises slowly. By the same token, when water is cooled, its
temperature drops slowly-as the kinetic energy decreases, molecules slow
down and more hydrogen bonds are able to re-form. This in turn releases heat
that helps to maintain the temperature.

8.1

SPECIFIC

HEAT

FOR

COMMON

Specific Heat
(Jig' "C)

Material

Ammonia, NH3
Liquidwater, H 0
Ethyleneglycol,C H60

4.70
4.184

2

2

Ice, H20

2

(antifreeze)

2-42
2.01

Water vapor, H 0
Aluminum,Al
Iron,Fe
2

Silver,Ag
Gold,Au

SOME

2.0

o.go
0-451
0.24
0.13

MATERIALS
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HOW HEAT CHANGES TEMPERATURE
• Heat must be applied to increase the temperature of a
material. Conversely, heat must be withdrawn from a
material in order to decrease its temperature. We can
calculate the amount of heat required for a given temperature change from the equation
heat

= specific

heat x mass x temperature

change

We can use this formula for any material provided there
is no change of phase over the course of the temperature change. The value ofthe temperature change is
obtained by subtracting the initial temperature T;from
the final temperature Tf:
temperature
EXAMPLE

change

= Tf - T;

1

The temperature decrease that occurs when heat is
removed from a material is indicated by a negative sign, as
is shown in the next example.
EXAMPLE

A glass containing 10.0 grams of water at an initial temperature of 25.00( is placed in a refrigerator. How much
heat does the refrigerator remove from the water as the
water is brought to a final temperature Ofl0.00(?
ANSWER

ANSWER 1
The temperature change is Tf - T; = 40.00( - 30.00( =
+1O.0°e.Tofind the amount of heat needed for this temperature change, multiply this positive temperature
change by the water's specific heat and mass:
heat = (4.184J/9 . 0()(1.O0g)(+10.00() = 41.8J

2

The temperature change is Tf- T; = 10.00( - 25.00( = -15.0°e.
Tofind the heat removed, multiply this negative temperature change by the water's specific heat and mass:
heat

How much heat is required to increase the temperature of
1.00 gram of liquid waterfrom an initial temperature of
30.00( to a final temperature of 40.0°C?

2

=

(4.184 Jig' 0()(1O.09)(-15.00()

= -628

J

YOUR TURN
1. A residential water heater raises the temperature of
100,000 grams of liquid water (about 26 gallons) from
25.00( to 55.0°e. How much heat was applied?
2. How much heat must be extracted from a 10.0-gram ice
cube (specific heat = 2.01Jig' "C)in order to bring its temperature from a chilly-1O.00( to an even chillier -30.0°e?
Answers to Calculation Corners appear at the end of each chapter.

Hydrogen bonds are not broken as heat is applied to ice (providing the ice
doesn't melt) or water vapor. Would you therefore expect ice and water
vapor to have specific heats that are greater or less than that of liquid water?
Was this your answer? As Table 8.1 shows, the specific heats of ice and water
vapor are about half that of liquid water. Only liquid water has a remarkable
specific heat. This is because the liquid phase is the only phase in which
hydrogen bonds are continually breaking and re-forming.
GLOBAL CLIMATES

ARE INFLUENCED

BY WATER'S

HIGH

SPECIFIC

HEAT

The tendency of liquid water to resist changes in temperature improves the climate in many places. For example, notice the high latitude of Europe in Figure
8.35. If water did not have a high specific heat, the countries of Europe would
be as cold as the northeastern regions of Canada, because both Europe and
Canada get about the same amount of sunlight per square kilometer of surface
area. An ocean current carries warm water northeast from the Caribbean. The
water holds much of its thermal energy long enough to reach the North Atlantic
off the coast of Europe, where the water then cools. The energy released, 4.184
joules per Celsius degree for each gram of water that cools, is carried by the
westerly winds (winds that blow west to east) over the European continent.
The winds in the latitudes of North America are westerly. On the western
coast of the continent, therefore, air moves from the Pacific Ocean to the land.
Because of water's high specific heat, ocean temperatures do not vary much

8.5

IT TAKES

A LOT

OF

ENERGY

TO CHANGE

THE

TEMPERATURE

OF LIQUID

WATER
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8.35

Many oceancurrents,shown in
blue, distribute heat from the
warmer equatorialregionsto the
colderpolar regions.

from summer to winter. In winter, the water warms the air, which is then blown
eastward over the coastal regions. In summer, the water cools the air and the
coastal regions are cooled. On the eastern coast of the continent, the temperature-moderating effects of the Atlantic Ocean are significant, but because the
winds blow from the west-over land-temperature ranges in the east are much
greater than in the west. San Francisco, for example, is warmer in winter and
cooler in summer than Washington, D.C., which is at about the same latitude.
Islands and peninsulas, because they are more or less surrounded by water, do
not have the extremes of temperatures observed in the interior of a continent.
The high summer temperatures and low winter temperatures common in Manitoba and the Dakotas, for example, are largely due to the absence of large bodies of water. Europeans, islanders, and people living near ocean air currents
should be glad that water has such a high specific heat.

~~Cj!jECK

1

Which has a higher specific heat, water or sand?

",-"i
,.-~
i~

--r:::>I••......
/I~\'

~

...".,
,''; :'::.', ,.,.",.
'"

~"'

20'C

30'C

.:'

,

Was this your answer? As suggested by the illustration, the temperature of
water increases less than the temperature of sand in the same sunlight.
Water therefore has the higher specific heat. Those who visit the beach
frequently know that beach sand quickly turns hot on a sunny day while the
water remains relatively cool. At night, however, the sand feels quite cool
while the water's temperature feels about the same as it was during the day.

• The outer side of a carousel platform always provides the fastest
ride because it allows you to
travel a farther distance for each
rotation. Similarly, because the
Earth spins, those living closer to
the equator travel farther, hence
faster, in a single day.When
objects not fixed to the groundair, water, airplanes, and ballistic
missiles-move towards the
equator they are unable to keep
up with the ever-faster-moving
ground beneath them. Because
Earth rotates to the east, these
free-moving objects lag behind,
which gives them an apparent
motion to the west. Conversely, a
free-moving object heading away
from the equator deviates to the
east because it is maintaining
the greater eastward directed
speed it had by being closer to
the equator. This is called the
Coriolis effect. Ocean currents
heading towards the equator, for
example, tend to deviate to the
west, whereas currents heading
away from the equator tend to
deviate to the east. This explains
why ocean currents in the northern hemisphere tend to circulate
clockwise, while those in the
southern hemisphere tend to circulate counterclockwise, as is evident in Figure 835. Why do you
suppose airplane pilots need
to be well acquainted with the
Coriolis effect?
MORE

TO

EXPLORE,

http://enwikipedia.org/wiki/
Ocean current

278

CHAPTER

8

THOSE

INCREDIBLE

WATER

MOLECULES

i'~
~'~:t~·~;'
~~\"
CHEMISTRY"~;",
~'U

~:

7

~

:;:;

"n~><~;1

RACING

T

hiS activity is a qualitative measure of the specific heat of two
common kitchen ingredients: rice
and salt.

WHAT

YOU

NEED

Uncooked rice, table salt, 1-CUP measuring cup, aluminum foil, baking
sheet, two identical ceramic coffee
mugs, thermometer (optional)

sure out 1 cup of salt and pour
onto the other foil sheet.
3. Heat the rice and salt for 10 minutes in an oven preheated to
250°C, then pour the rice into one
of the mugs and the salt into the
other.
4. Use a thermometer

to note which
comes out of the oven at the
higher temperature and which
cools down faster. Ifyou don't
have a thermometer, leave the
heated rice and salt on the aluminum foil and judge their cooling rates by cautious touch.

PROCEDURE
1.

Tear off two pieces offoil, each
about half the size of the baking
sheet. Place them side-by-side on
the baking sheet.

2.

Measure out 1 cup office and pour
onto one of the foil sheets. Mea-

Which has the higher specific
heat? Why does the heated rice
adhere to the sides of the mug?

• 8.6

Energy absorbed

~
T~

Melting

Evaporation

~~
Liquid

Gas

~~
Freezing

Condensation

Energy released

FIGURE

8.36

Energy changes with change of
phase.

TEMPERATURES

A Phase Change Requires the Input or Output
of Energy

~se
change involves the breaking or forming of molecular attrac"~~:2~he
changing of a substance from a solid to a liquid to a gas, for
example, involves the breaking of molecular attractions. Phase changes in this
direction therefore require the input of energy. Conversely, the changing of a
substance from a gas to a liquid to a solid involves the forming of molecular
attractions.
Phase changes in this direction therefore result in the release of
energy. Both these directions are summarized in Figure 8.36.
Consider a I-gram piece of ice at -50°C put on a stove to heat. A thermometer in the container reveals a slow increase in temperature up to O°C, as shown in
Figure 8.37. At O°C, the temperature stops rising, even though heat is still being
added, for now all the added heat goes into melting the 0° ice, as indicated in
Figure 8.38. This process of melting 1 gram of ice requires 335 joules. Only
when all the ice has melted does the temperature
begin to rise again. Then for
every 4.184 joules absorbed, the water increases its temperature
by 1 C" until
the boiling temperature,
100°C, is reached. At 100°C, the temperature
again
stops rising even though heat is still being added, for now all the added heat is
going into evaporating the liquid water to water vapor. The water must absorb a
stunning 2259 joules of heat to evaporate all the liquid water. Finally, when all
the liquid water has become vapor at 100°C, the temperature begins to rise once
again and continues to rise as long as heat is added.
When the phase changes are in the opposite direction, the amounts of heat
energy shown in Figure 8.37 are the amounts released-2259 joules per gram
when water vapor condenses to liquid water and 335 joules per gram when liquid water turns to ice. The processes are reversible.
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A PHASE

CHANGE

REQUIRES

THE
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OR OUTPUT

FIGURE

OF ENERGY
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8.37

A graph showing the heat energy
involved in converting 1 gram of
ice initially at -50G to water
vapor. The horizontal portions of
the graph represent regions of
constant temperature.

e

Evaporation

---------2259---------50
Heat added (J)

From Figure 8.37, deduce how much energy (in joules) is transferred
of
a. water vapor at 1000e condenses to liquid water at 100°e.
b. liquid water at 100°C cools to liquid water at o'C.
c. liquid water at o'C freezes to ice at o°e.
d. water vapor at 1000e turns to ice at o''C.

when

1 gram

Were
a.
b.
c.
d.

these your answers?
2259 joules
418 joules
335joules
3012 joules (2259 joules + 418 joules + 335joules)

The amount of heat energy required to change a solid to a liquid is called
the heat of melting, and the amount of heat energy released when a liquid
freezes is called the heat of freezing. Water has a heat of melting of +335 joules
per gram. The positive sign indicates that this is the amount of heat energy that
must be added to ice to melt it. Water's heat of freezing is -335 joules per gram.
The negative sign indicates that this is the amount of heat energy that is
released from liquid water as it freezes-the
same amount that was required to
melt it.
The amount of heat energy required to change a liquid to a gas is called the
heat of vaporization. For water, this is +2259 joules per gram. The amount of
heat energy released when a gas condenses is called the heat of condensation.
For water, this is -2259 joules per gram. These values are high relative to the
heats of vaporization
and condensation
for most other substances. This is due
to the relatively strong hydrogen bonds between water molecules that must be
broken or formed during these processes.

•

eR
Can you add heat to ice without melting it?
Was this your answer? A common misconception is that ice cannot have a
temperature lower than oC. In fact, ice can have any temperature below
c''C, down to absolute zero, -273°C. Adding heat to ice below OO( raises its
temperature, say from -200
to -100°C. As long as its temperature stays
below 0°(, the ice does not melt.
0

(

Although
temperature,

water vapor at lOOae and liquid water at lOOae have the same
each gram of the vapor contains an additional
2259 joules of

FIGURE

8.38

Add heat to melting ice and there
is no change in temperature. The
heat is consumed in breaking
hydrogen bonds.
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potential energy because the molecules are relatively far apart from one another.
As the molecules bind together in the liquid phase, this 2259 joules per gram is
released to the surroundings in the form of heat. In other words, the potential
energy of the far-apart water vapor molecules transforms to heat as the molecules
get closer together. This is like the potential energy of two attracting magnets
separated from each other; when released, their potential energy is converted
first to kinetic energy and then to heat as the magnets strike each other.
Water's high heat of vaporization allows you to briefly touch your wetted finger to a hot skillet or hot stove without harm. You can even touch it a few times
in succession as long as your finger remains wet. This is because energy that ordinarily would go into burning your finger goes instead into changing the phase of
the moisture on your finger from liquid to vapor. You can judge the hotness of a
clothes iron in the same way-with a wet finger.
The firefighters in Figure 8.39 know that certain types of flames are best
extinguished with a fine mist of water rather than a sready stream. The fine mist
readily turns to water vapor and in doing so quickly absorbs heat energy and
cools the burning material.
Water's high heat of vaporization makes walking barefooted on red-hot coals
more comfortable, as shown in Figure 8.40. When your feet are wet, either from
perspiration or because you are stepping off of wet grass, much of the heat from
the coals is absorbed by the water and not by your skin. (Firewalking also relies
on the fact that wood is a poor conductor of heat, even when it is in the form of
red-hot coals.)

FIGURE

8.~9

Water extinguishes a flame by wetting but also by
absorbing much of the heat that the fire needs to sustain itself

FIGURE

8.40

Tracy Suchocki walks with wetted bare feet
acrossred-hot wood coalswithout harm.

IN

PERSPECTIVE
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What remarkablepropertiesof
water can you find in this photograph?

• In Perspective
~f

the properties of water we have explored in this chapter at the
level are nicely summarized in the scene shown in Figure
8.41. First, notice that the massive bear is supported by the floating ice. The ice
floats because hydrogen bonds hold the H20 molecules in the ice together in
an open crystalline structure that makes the ice less dense than the liquid water.
Because so much energy is required both to melt ice and to evaporate liquid
water, most of the Arctic ice, which builds up primarily from snowfall, remains
in the solid phase throughout the year. Where the seawater is in contact with
the ice, the temperature is lower than O°C because salts dissolved in the seawater
inhibit the formation of ice crystals and thereby lower the freezing point of the
seawater. The high specific heat capacity of the Arctic ocean beneath the bear
moderates the Arctic climate. It gets cold in the Arctic in winter, yes, but not as
cold as it gets in Antarctica, where the specific heat of the mile-thick ice is only
half as great as that of the liquid water that predominates in the Arctic. Covered by ice with its much lower specific heat capacity, Antarctica experiences
much greater extremes in temperature than the Arctic.
The main focus of this chapter was the physical behavior of water molecules.
In the previous chapter, the focus was on the physical behavior of molecules and
ions in general. For the next several chapters, we shift our attention to the chemical behavior of molecules and ions, which change their fundamental identities
as they chemically react with one another.

J Il::~l:cular
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TERMS

Cohesive force An attractive force between molecules
of the same substance.
Adhesive force An attractive force between molecules
of two different substances.
Surface tension The elastic tendency found at the
surface of a liquid.
Meniscus The curving of the surface of a liquid at the
interface between the liquid surface and its container.
Capillary action The rising of liquid into a small
vertical space due to the interplay of cohesive and
adhesive forces.

Specific heat The quantity of heat required to change
the temperature of 1 gram of a substance by 1 Celsius
degree.
Heat of melting The heat energy absorbed by a
substance as it transforms from solid to liquid.
Heat of freezing The heat energy released by a
substance as it transforms from liquid to solid.
Heat of vaporization The heat energy absorbed by a
substance as it transforms from liquid to gas.
Heat of condensation The energy released by a
substance as it transforms from gas to liquid.

Sublimation The process of a material transforming
from a solid directly to a gas, without passing through
the liquid phase.

I CHAPTER

HIGHLIGHTS

WATER
MOLECULES
FORM
CRYSTALLINE
STRUCTURE

AN OPEN
IN ICE

1. What accounts for the fact that ice is less dense than
water?
2. What is inside one of the open spaces of an ice crystal?
3. What happens to ice when great pressure is applied
to it?
FREEZING
AND MELTING
AT THE SAME
TIME

GO

ON

4. How is it possible for a substance to melt and freeze
at the same time?
5. What is released when a hydrogen bond forms
between two water molecules?
6. Why does extracting heat from a mixture of ice
and liquid water at ODe increase the rate of ice
formation?
7. Why does adding heat to a mixture of ice and liquid
water at O°C increase the rate of water formation?
8. When the temperature of oDe liquid water is
increased slightly, does the water undergo a net expansion or a net contraction?

9. What happens to the amount of molecular motion
in water, no matter what its phase, when its temperature is increased?
10. At what temperature do the competing effects of
contraction and expansion produce the smallest volume
for liquid water?
THE BEHAVIOR
OF LIQUID
WATER
IS THE RESULT
OF THE STICKINESS
OF WATER
MOLECULES

11. What is the difference between cohesive forces and
adhesive forces?
12. In what direction is a water molecule on the surface
not pulled?
13. Does liquid water rise higher in a narrow tube or a
wide tube?
14. What determines the height that liquid water rises
by capillary action?
WATER
MOLECULES
THE LIQUID
AND

MOVE
GASEOUS

FREELY
BETWEEN
PHASES

15. Do all the molecules in a liquid have about the
same speed?

CONCEPT

16. What phases are involved in sublimation?

25. Why is the temperature fairly constant on islands
and peninsulas?

18. Why do we feel uncomfortably warm on a hot,
humid day?

N U

19. Is it the pressure on the food or the higher temperature that cooks food faster in a pressure cooker?
20. What condition permits liquid water to boil at a
temperature below 100°C?

22. Does a substance that heats up quickly have a high
or a low specific heat?
23. How does the specific heat ofliquid water compare
with the specific heats of other common materials?

•

BEGINNER

26. When liquid water freezes, is heat released to the
surroundings or absorbed from the surroundings?
27. Why doesn't the temperature of melting ice rise as
the ice is heated?

21. Is it easy or difficult to change the temperature of a
substance that has a low specific heat?

BUILDING
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24. Northeastern Canada and much of Europe receive
about the same amount of sunlight per unit of surface
area. Why then is Europe generally warmer in winter?

17. Why is a burn from water vapor at] OO°Cmore
damaging than a burn from liquid water at the same
temperature?

CONCEPT

BUILDING

•

28. How much heat is needed to melt 1 gram of ice?
Give your answer in joules.
29. Why is it important that your finger be wet when
you touch it briefly to a hot clothes iron?
30. Why does it take so much more energy to boil
10 grams ofliquid water than to melt 10 grams of ice?

INTERMEDIATE

•

EXPERT

31 .• What happens to a soda can left in the freezer?
Why?

39 .• Why does water not freeze at O°C when either
ions or molecules other than H20 are present?

32 .• Why is it important to protect home water pipes
from freezing?

40 .• Hundreds of ducks are at a pond-about
half of
them on the surrounding shore and the other half in
the water. The ducks are moving about, sometimes
leaving the water and sometimes entering the water.
The rate at which they leave and enter the water, however, is the same. Suddenly, half of the ducks on land
turn into water-fearing chickens. What happens to the
rate of ducks entering the water? What eventually happens to the number of ducks in the water? How is this
analogous to ice melting in saltwater?

33 .• How does the combined volume of the billions
and billions of hexagonal open spaces in the crystals in
a piece of ice compare with the portion of the ice that
Boats above the waterline?
34 .• As an ice cube Boating in a glass of water melts,
what happens to the water level?
35 .• Ice Boats in room-temperature water, but does it
Boat in boiling water? Why or why not?
36 .• Like water, hydrogen fluoride, HP, and ammonia, NH3, have relatively high boiling points. Explain.

41. • Why is calcium chloride, CaCI2, more effective
at melting ice than sodium chloride, NaCI?
42 .• What happens to the freezing temperature of a
solution of table salt in water as the solution becomes
more concentrated?

37 .• Is the density of near-freezing water, which contains microscopic ice crystals, greater or less than the
density ofliquid water containing no microscopic ice
crystals?

43 .• Why does adding heat to an ice-water mixture
decrease the rate of ice formation?

38 .• How is it that pure water at 4°C is not a pure
liquid?

44 .• Suppose liquid water is used in a thermometer
instead of mercury. If the temperature is initially 4°C
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and then changes, why can't the thermometer indicate
whether the temperature is rising or falling?
45 .• Which graph most accurately represents the
density ofliquid water plotted against temperature?

o

o

4
Temperature

(a)

4
Temperature

(OC)

meniscus

Concave

meniscus

56 .• Can a glass be filled to above its brim with water
without the water spilling over the edge? Try it and see.
Explain your observations.

I
I

~~

._
~VI

C

I
II

I

<li

~

I

o

57 .• Would you expect the surface tension of water to
increase or decrease with temperature? Defend your
answer.

I
I
I
I
I

I

o

4
Temperature

(c)

Convex

(0C)

(b)

,

o

55 .• Mercury forms a convex meniscus with glass
rather than the concave meniscus shown in Figure 8.18.
What does this tell you about the cohesive forces
between mercury atoms versus the adhesive forces
between mercury atoms and glass?Which forces are
stronger?

4
Temperature

(OC)

(OC)

(d)

46 .• If cooling occurred at the bottom of a pond
instead of at the surface, would a lake freeze from the
bottom up? Explain.
47 .• Why does ice form at the surface of a body of
fresh water instead of at the bottom?
48 .• A pond that is uniformly + 10°C at all depths is
exposed to frigid -10°C air at the surface. Which cools
down to 4°C first, the surface or the bottom of the
pond?
49 .• Unlike fresh water, ocean water contracts as it
cools to its freezing point, which is abour -18°e. Why?
50 .• The polar ice cap that rests over the Arctic
Ocean gets thicker during the winter. Does it grow
from above or below? Explain.
51. • Consider a lake in which the water is uniformly
lO°e. What happens to the oxygen-rich surface water
as it cools to 4°C? What concurrently happens to the
nutrient-rich deeper water?

58 .• Dip a paper clip into water and then slowly pull
it upward to the point where it is nearly free from the
surface. You'll find that for a short distance, the water is
brought up with the metal. Are these adhesive or cohesive forces at work?
59 .•

Why does water bead on a freshly waxed surface?

60 .• Why do liquids in which the molecular interactions are strong have greater surface tension than those
in which the molecular interactions are weak?
61. • Does soap increase or decrease water's surface
tension?
62 .• A thin film of fresh water can be made to stretch
across a small wire loop with a diameter of about 1 centimeter. At larger diameters, however, the film collapses
into a water drop. If water's surface tension were
greater, might greater diameters of a thin film be
achieved?
63 .• A gold ring cannot sit on the surface of water,
but a thin gold wire loop of the same diameter and density can. Why?
64 .• A duck can come out of the water with its feathers already perfectly dry. How can this be?

52 .• Why are polar oceans far more fertile in
autumn?

65 .• Why are oil spills particularly devastating for sea
birds?

53 .• Nutrient-rich water tends to be murky. Why
does tropical water tend to be so clear?

66 .• Why do bubbles in boiling water get larger as
they rise to the surface?

54 .• Capillary action causes water to climb up the
internal walls of a narrow glass tube. Why does the
water not climb as high when the glass tube is wider?

67 .• Where is the boiling point of water the greatest:
at the bottom of a pot of water or just below the
surface?

CONCEPT

68 .• Water coming out of volcanic sea vents at the
bottom of the ocean can reach temperatures in excess of
300DC without boiling. Explain.

BUILDING
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86 .• Which has a higher specific heat: fresh water or
ocean water? Why?

69 .• You can determine wind direction by wetting
YOutfinger and holding it up in the air. Explain.

87 .• If Earth's oceans were fresh water, would fluctuations in global temperatures be more or less pronounced?

70 .• Why does blowing over hot soup cool the
soup?

88 .• Ifliquid water had a lower specific heat, would
ponds be more likely to freeze or less likely to freeze?

71. • Why does wetting a cloth in a bucket of cold
water and then wrapping the wet cloth around a bottle
produce a cooler bottle than placing the bottle directly
in the bucket of cold water?

89 .• Should the specific heat of your automobile's
radiator liquid be as high as possible or as low as possible? Explain.

72.. Could you cook an egg in water boiling in a vac-

90 .• Would fevers run higher or lower ifliquid
water's specific heat were not so high?

uum? Explain.
73 .• An inventor friend proposes a design of cookware that will allow water to boil at a temperature lower
than 1OODCso that food can be cooked with less
energy. Comment on this idea.
74 .• What is the gas inside a bubble of boiling
water?
75 .• Your instructor hands you a closed glass flask
partly filled with room-temperature water. When you
hold it, the heat from your bare hands causes the water
to boil. Quite impressive! How is this accomplished?
76 .• As an evaporating liquid cools, does something
else get warm? If so, what?
77 .• A lid on a cooking pot filled with water shortens
both the time it takes the water to come to a boil and
the time the food takes to cook in the boiling water.
Explain what is going on in each case.

91 .• Bermuda is close to North Carolina, but unlike
North Carolina it has a tropical climate year-round.
Why?
92 .• If the winds at the latitude of San Francisco and
Washington, D.e., were from the east rather than from
the west, why might San Francisco be able to grow
cherry trees and Washington, D.e., palm trees?
93 .• To impart a hickory flavor to a roasted turkey, a
cook places a pot of water containing hickory chips in
the oven with the turkey. Why does the turkey take
longer than expected to cook?
94 .• Why is it that in cold winters a large tub of liquid water placed in a farmer's canning cellar helps prevent canned food from freezing?
95 .• Why do ice cubes get smaller when left in the
freezer for a long time?

78 .• Why is evaporation a cooling process? What
does evaporation cool?

96 .• Will a snowball keep longer in a frost-free freezer
or in an older non-frost-free freezer?

79 .• Why is condensation a warming process? What
does condensation warm?

97 .• Is the food compartment in a refrigerator cooled
by evaporation or condensation of the refrigerating
coolant?

80 .• Rubbing washless hand sanitizer into your hands
causes your hands to cool down. Why?
81. • Maple syrup is made from the watery sap of the
sugar maple tree. Why does it take so much energy to
make maple syrup?
82 .• Describe the motion of two magnetic marbles as
they roll closer to each other and then come into contact.
83 .• What happens to two water molecules after they
come together to form a hydrogen bond-do they
vibrate more rapidly or less rapidly?
84 .• Why does liquid water have such a high specific
heat?
85 .• What would happen to the oceans if the atmosphere suddenly disappeared?

98 .• The same amount of red-colored Kool-Aid
crystals are added to a still glass of water and a still
glass of gasoline. Both are the same temperature. Neither is stirred. Which should become uniform in color
first?
99 .• A great deal of heat is released when liquid
water freezes. Why doesn't this heat simply rernelt the
ice?
100 .• Suppose 4 grams ofliquid water at lOODCis
spread over a large surface so that 1 gram evaporates
rapidly. If evaporation of the 1 gram takes 2259 joules
from the remaining 3 grams of water and no other heat
transfer takes place, what are the temperature and
phase of the remaining 3 grams once the 1 gram is
evaporated?
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BEGINNER

101 .• A walnut stuck to a pin is burned beneath a can
containing 100.0 grams of water at 21 "C. After the
walnut has completely burned, the water's final temperature is 28°e. How much heat energy came from the
burning walnut?
102 .• How much heat is required to raise the temperature of 100,000 grams of iron by 30°C?

•

INTERMEDIATE

•

EXPERT

105 .• How much heat is required to raise the temperature of 1.00 gram of water from absolute zero,
-273°C, to lOO°C?
106 .• How much energy is required to transform
1.00 gram of water from 100°C liquid to 1aaoc water
vapor?

103 .• By how much will the temperature of5.0
grams ofliquid water increase upon the addition of
230 joules of heat?

1O?.• Why does transforming water from 100°C liquid to 100°C gas require much more energy than raising the temperature of the same amount of water from
absolute zero all the way to 100°C liquid?

104 .• How much heat is required to raise the temperature of 1.00 gram of water from -5.00°C to
+5.00°C?

108 .• To increase the temperature of 575 grams of
ocean water by 5.0°C requires 2674 J. Use this information to calculate ocean water's specific heat.

ANSWERS
CORNER
HOW

HEAT

TO CALCULATION

CHANGES

TEMPERATURE

1. The temperature change is final temperature minus

initial temperature: 55.0°C - 25.0°C = +30.0°e.
Multiply this positive temperature change by the
water's specific heat and mass:
heat

= (4.184 JIg· °C)(lOO,OOO g)(+30.0°C)
= 12,552,000 J

This large number helps to explain how an electric
water heater consumes about 25 percent of all household electricity. With the proper number of significant figures (see Appendix B), this answer should be
expressed as 10,000,000 joules.
2. The temperature change is -30.0°C - (-1 O.O°C) =
-20.0°e. Multiply this negative temperature change
by the ice's specific heat and mass:

heat

=
=

(2.01 JIg· °C)(10.0 g)(-20.0°C)
-402 J

The next time you're near a refrigerator/freezer, place
your hand near its back, and you'll feel the heat that
has been extracted from the food inside.

A SLICE

OF ICE

Liquid water normally contains an appreciable
amount of dissolved air. As the water freezes, this air
comes out of solution and forms bubbles that can
make the ice cloudy. Interestingly, liquid water in an
ice tray begins to freeze along the perimeter of each
cube. The dissolved gases are thus pushed inward
toward the center of each cube, where freezing occurs
last. This is why an ice cube is typically clear on its
perimeter and cloudy in the middle. Water that has
just been boiled contains only small amounts of dissolved air, which is why it can be used to create fairly
clear ice cubes.
It's interesting to consider this activity in light of
Section 8.6. Note that changes in phase are occurring as the ice melts below the wire and as the liquid
water refreezes above. When the liquid water immediately above the wire refreezes, the water gives up
energy. How much? Enough to melt an equal
amount of ice immediately under the wire. This
energy must be conducted through the wire. Hence
this demonstration requires that the wire be an excellent conductor of heat. String is a poor conductor of
heat, which is why it does not work as a substitute for
metal wire.

EXPLORING

Ice-skaters know that the sharper their blades, the
easier it is for them to glide. A sharper blade has a
smaller surface area in contact with the ice and is thus
able to apply a greater pressure. Similarly, a thin wire is
able to slice through a block of ice more quickly than a
thick wire. A thin wire, however, is also weaker and so
might not be able to hold the anchoring weights without breaking.

RACING

TEMPERATURES

The first piece of evidence that the salt has a lower
specific heat is that it has a higher temperature when
you take your samples out of the oven. The second
piece of evidence is that, despite this initially higher
temperature,
the salt cools faster than the rice. One
reason rice has the higher specific heat is that each
grain contains a fair amount of moisture. When you
heat the rice, much of this moisture is released. Moisture continues to be released even after you take the
rice out of the oven, which is why the grains adhere to
the mug.
Some people exploit rice's ability to absorb moisture by placing grains of rice in their salt shakers. The
rice absorbs any moisture that would otherwise cause
the salt crystals to clump together. Most commercial
salt contains water-absorbing
silicates that achieve the
same result. You can see these silicates as you try to
dissolve commercial salt in water-the
cloudiness
you see is not from the salt but from the insoluble
silicates.
You can put the high specific heat of rice to practical
use, either keeping warm on cold evenings or soothing
painful cramps. Fill a clean sock three-quarters
full
with rice. Tie the open end closed with a string (don't
use metal wirel) and cook in a microwave for a couple
of minutes. (Don't use a conventional ovenll) The
moisture in the grains becomes apparent when you
take the sock out of the oven-the
released moisture
has made the sock slightly damp. Wrap the sock
around your neck for instant gratification. Need a
neck cooler? Store the rice-filled sock in the freezer.
The moisture in the rice stays cold for a long time.
These devices make great homemade gifts when a
fancy fabric is used in place of the sock and a mild
fragrance is added.

I EXPLORING

FURTHER
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http:// nssdc.gsfc. nasa.gov/ planetary/ ice/ice_moon.html
www.nrl.navy.mil!clementine
•

Satellites orbiting the moon in the late 1990s found evidence suggesting the presence of water within craters of the
moons south and north poles where the sun never shines.

http:// seawifs.gsfc.nasa.gov/OCEAN_PLANET
/
HTML/ oceanography_recently
_revealedl.html
•

Volcanic vents at the bottom of the ocean spew out water at
temperatures in excess of300°C. In 1977, geologists exploring these vents discovered odd-looking animals surviving on
thesunlerrseajloo~

http://water.
•

usgs.gov/watuse/

This website of the United States Geological Survey provides
a detailed breakdown of water use in the United States
beginning in 1950.

www.cmdl.noaa.gov/gallery/cmdLfigures
•

The Climate Monitoring and Diagnostics Laboratory of the
National Oceanic and Atmospheric Administration provides up-to-date graphs and illustrations on the changes in
various atmospheric components, such as carbon dioxide,
methane, chlorofiuorocarbons, and many more.

www.piercecollege.com/offices/weather
•

/water.h tml

The weather station of Los Angeles Pierce Collegeprovides some
helpfUl descriptions about many of waters unique properties.

www.ConceptChem.com
•

Visit ConceptChem.com to register your Conceptual Chemistry Alive! DVD-ROM.
Registered users receive free technical support as well as access to the authors answers to the
over 600 questions appearing within CCAlive! Behind-thescenes photos as well as interesting information about the
cast, crew, and production of CCAlive! are also available.
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GLOBAL WARMING

AND

THE KYOTO PROTOCOL

T

•

he evidence is clear and reproducible. As is discussed in Chapter
17,over the past 50 years both
Earth's atmosphere and oceans have
warmed by about 0.5°C.This may not
seem like much because local temperature fluctuations are much more
pronounced. When Earth is looked at
as a whole, however, all fluctuations
should balance out. Instead, measurements tell us that, on average,
warming spells have been more frequent than cooling spells. The result
is a gradual increase in Earth's average temperature.
What if we were to simply wait
another 50 years? Might temperatures come back down as part of a
longer-term fluctuation? This is a possibility, but it is most unlikely because
of the answer to an even more fundamental question: what is the cause of
the present global warming? Here the
scientific debates have also settled
into general agreement. As explored
further in Chapter 17,the current
warming trend is the direct result of
increasing amounts of greenhouse
gases placed into the atmosphere by
human activities, in particular, deforestation and the burning offossil
fuels. Byfar, the most significant
greenhouse gas we are responsible
for is carbon dioxide, CO2,
A greenhouse gas is any component of the atmosphere that allows
visible solar radiation to reach the
Earth's surface but prevents invisible
infrared radiation (heat) from escaping back into outer space. This mimics the warming action of a
green house. If it were not for the
atmosphere's greenhouse effect,
Earth's average surface temperature
would be a chillY-18°C.
So greenhouse gases keep us
warm. It stands to reason that more
288

the carbon dioxide you in hale with
each breath comes from the burning
of fossil fuels and deforestation .
Atmospheric concentrations of
carbon dioxide have varied naturally
throughout Earth's history. Present
CO2 concentrations, however, are now
higher than any seen in at least the
past 450,000 years. Recent direct
measurements
combined with sampling of air trapped in polar ice cores
shows that the recent rise in CO2 correlates well with industrialization,
which began in the early 1800s, as
revealed in the followinq graph:

greenhouse gases added to our
atmosphere would keep us even
warmer. Since 1958, the year that
direct measurement of atmospheric
carbon dioxide began, we have added
about 270 billion tons of carbon dioxide to the atmosphere. Of this
amount, about go billion tons have
been absorbed by the oceans and
another 45 billion tons by soils and
plants. The remaining 135billion tons
are still in the atmosphere, which in
total contains about 810 billion tons.
Do the math (135/810 x 100) and
you'll find that about 17percent of
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Although global warming itself is
no longer debated, there is no surefire
way to figure out what the effects
might be. We do find, however, that
growing seasons in northern latitudes are now up to two weeks longer
than they were just several decades
ago. Also, glaciers are receding at
record rates and sea levels are rising
by about 1 cm per decade. A worstcase scenario could be one where the
melting Greenland ice cap adds sufficient fresh water to the northern end
of the Gulf Stream to cause the Gulf
Stream to move southward away
from Europe and towards the Sahara
Desert of Africa. Europe's average
temperatures would drop by some
6°C,while already impoverished subSaharan nations would be devastated
by an ever-expanding Sahara Desert.
Meanwhile, ocean levels around the
world would rise. If all of the Greenland ice cap melted, the ocean would
rise by about 7 meters, enough to
inundate coastal cities, southern
Florida, as well as all of Bangladesh.
On the other hand, a more desirable
scenario might be one in which the
effects of global warming take centuries to develop, which would provide sufficient time for humans to
adapt. The uncertainties are significant. The question of what to do
about global warming, therefore, has
moved beyond science and into the
realm of politics.
After ratification of the 1987 Montreal Protocol limiting the production
of ozone-depleting chlorofluorocarbons (Chapter 9), member.nations
of the United Nations began convening to seek agreement on how to deal
with the implications of global
warming. The aim was to generate
commitments from industrialized
countries to reduce carbon dioxide
emissions, while allowing developing
countries to increase their energy use
(for a limited number of years) so
that their unstable economies could

grow. After many negotiations, initial
agreements were made and brought
together in a document that was
finalized during a 1997 convention
held in Kyoto,Japan. Through this
document, known as the Kyoto Protocol, nations pledged to earn emissions reduction units. The UN would
grant these units for reduction of
emissions by projects involvinq
increased fuel efficiencies or by the
sequestering of atmospheric CO2
through projects such as reforestation. Participating nations can also
trade or purchase credits from other
nations.
Many issues, however, remained
unsettled, foremost among them the
question of how much each nation
would contribute. Under the Clinton
administration, the United States
made it clear that it would not ratify
the Kyoto Protocol unless key developing countries, especially China and
India, made more meaningful cornmitments.ln April 2001, President
Bush pulled the United States out of
the Kyoto agreement, citing the
weakening economy, energy shortages, and a need for more research
and better planning.
Despite the withdrawal of the
United States, the remaining nations
moved forward with the Kyoto Protocol. During the period from 2008 to
2012, participating
nations are formally committed to reducing their
overall emissions to about what they
produced in 1990. For the European
Union, this means reaching emissions
that are 8 percent below 1990 rates.
This balances out less-developed
nations, who are allowed emissions
greater than their 1990 rates. Will the
independent efforts of the United
States or the united efforts of the participants in the Kyoto Protocol have
any significant impact on global
warming? No one knows and it may
be decades or even centuries before
anyone finds out.

l.heR
Why are scientists and politicians so concerned about a
measly o.SoC increase in global
temperature?
Was this your answer? This temperature increase is significant
because it is the average increase
spread over the entire globe.
IN

THE

SPOTLIGHT

DISCUSSION

QUESTIONS

1.

How might U.5.industries be persuaded to take actions towards
reducing greenhouse gas emissions? How about individual U.5.
citizens?

2.

Some people argue that the atmosphere and oceans are simply too big
for humans to have any significant
impact on them. Doyou agree or
disagree? Why?

3. How do you feel about lessdeveloped nations being allowed
to increase their energy consumption while more developed nations
are required to cut back? Should a
nation's birth rate be factored into
its energy allowances?
4. Plants require carbon dioxide to
grow. Increased amounts of carbon
dioxide in the atmosphere have
been shown to help plants grow
more prolifically. What are some
ways in which elevated levels of
atmospheric carbon dioxide could
be detrimental to plants?
5. Weather stations located in the
northern hemisphere show a regular seasonal fluctuation such that
levels in the winter are routinely up
to 15 ppm greater than they are in
the summer. Weather stations
located in the southern hemisphere,
however, show smaller seasonal
fluctuations of only about 2 ppm.
Why?
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Nitrous
acid

-Nitrite
ion

•

an overvleru
of chemical

reaction~

REACTANTS
REACT
TO FORM PRODUCTS

HOW

•

The heat of a lightning bolt causes many chemical reactions
in the atmosphere, inc1udmg one in which nitrogen and oxygen react to form nitrogen monoxide, NO. The nitrogen
monoxide formed in this manner then reacts with atmos-

9.1

9.2

9.3

9.4

9.5

9.6

Chemical Reactions Are
Represented by Chemical
Equations
Chemists Use Relative Masses
to Count Atoms and
Molecules
Reaction Rate Is Influenced by
Concentration and
Temperature

pheric oxygen and water vapor to form nitric acid, HN03, and
nitrous acid, HN0 These acids are carried by rain into the
2.

ground, where they form ions, which plants
growth-a

need for

process that involves further chemical reactions.

Scientists have learned how to control chemical reactions
to produce many useful materials-nitrates

and other nitro-

gen-based fertilizers from atmospheric nitrogen, metals from
rocks, plastics and pharmaceuticals

from petroleum. These

Catalysts Increase the Rate of
Chemical Reactions

materials and the thousands of others produced by chemical

Chemical Reactions Can Be
Either Exothermic or
Endothermic

sil fuels take part in the chemical reaction called com bustion,
have dramatically improved our living conditions.

Entropy Is a Measure of
Dispersed Energy

the basics of chemical reactions, which were introduced in

reactions, as well as the abundant energy released when fos-

The goal of this chapter is to give you a stronger handle on
Chapter

2.

Then in the following chapters we'll look at spe-

cific classes of chemical reactions, such as acid-base reactions, oxidation-reduction

reactions, and reactions involving

organic chemicals.

•
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REACTIONS

Chemical Reactions Are Represented
by Chemical Equations

chemical reaction, one or more new compounds are formed as a
~f the rearrangement of atoms. To represent a chemical reaction, we
can write a chemical equation, which shows the substances about to react,
called reactants, to the left of an arrow that points to the newly formed substances, called products:

U~:::~

reactants

---7

products

Typically, reactants and products are represented by their atomic or molecular
formulas, but molecular structures or simple names may be used instead. Phases
are also often shown: (s) for solid, (.f) for liquid, and (g) for gas. Compounds
dissolved in water are designated (aq) for aqueous. Lastly, numbers are placed in
front of the reactants or products to show the ratio in which they either combine or form. These numbers are called coefficients, and they represent numbers of individual atoms and molecules. For instance, to represent the chemical
reaction in which coal (solid carbon) burns in the presence of oxygen to form
gaseous carbon dioxide, we write the chemical equation

-~)
Reactants

1 CO2(g)

(balanced)

Products

One of the most important principles of chemistry is the law of mass conservation, which states that matter is neither created nor destroyed during a chemical
reaction (Section 3.2). The atoms present at the beginning of a reaction merely
rearrange to form new molecules. This means that no atoms are lost or gained
during any reaction. The chemical equation must therefore be balanced, which
means each atom shown in the equation must appear on both sides of the arrow
the same number of times. The preceding equation for the formation of carbon
dioxide is balanced because each side shows one carbon atom and two oxygen
atoms. You can count the number of atoms in the space-filling models to see this
for yourself.
In another chemical reaction, two hydrogen gas molecules, H2, react with
one oxygen gas molecule, 02' to produce two molecules of water, H20, in the
gaseous phase:

(balanced)

This equation for the formation of water is also balanced-there are four hydrogen and two oxygen atoms before and after the arrow.
A coefficient in front of a chemical formula tells us the number of times that
element or compound must be counted. For example, 2 H20 indicates two
water molecules, which contain a total of four hydrogen atoms and two oxygen

9.1

CHEMICAL

REACTIONS

ARE

REPRESENTED

atoms. By convention, the coefficient 1 is omitted so that the above chemical
equations are typically written
C(s)

+

Oz(g)

2 H2(g)

•

+

---.-,. COz(g)

Oz(g) ~

2 H20(g)

(balanced)
(balanced)

How many oxygen atoms are indicated by the balanced equation

Was this your answer? Six. Before the reaction these six oxygen atoms are
found in three O2 molecules. After the reaction these same six atoms are
found in two 03 molecules.

An unbalanced chemical equation shows the reactants and products without
the correct coefficients. For example, the equation
(not balanced)

is not balanced because there is one nitrogen atom and one oxygen atom before
the arrow but three nitrogen atoms and three oxygen atoms after the arrow.
You can balance unbalanced equations by adding or changing coefficients to
produce correct ratios. (It's important not to change subscripts, however, because
to do so changes the compound's identity-H20
is water, but HzOz is hydrogen
peroxide!) For example, to balance the preceding equation, add a 3 before the NO;
(balanced)

Now there are three nitrogen atoms and three oxygen atoms on each side of the
arrow, and the law of mass conservation is not violated.

Write a balanced equation for the reaction showinq hydrogen gas and
nitrogen gas forming ammonia gas:

+

Was this your answer?

You can see that there are equal num bers of each kind of atom before and
after the arrow. For more practice balancing equations, see the questions at
the end of this chapter.

BY CHEMICAL

EQUATIONS
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explosions typically
involve the transformation of an
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unstable solid or liquid chemical
into more stable gases that
occupy much more volume. Upon
detonation, one mole of nitroglycerin, C3HSNpg, produces
7-25 moles of gases, including earbon dioxide, CO2, nitrogen, N2,
oxygen, 02' and water vapor, H2O.
The volume change is dramaticfrom less than o.j liter to about
170 liters, which is about 600
times greater. Fornitrog lycerin
and similar high explosives, these
gases expand at supersonic
speeds, creating a powerful and
destructive shock wave.
MORE

OF CHEMICAL

TO

EXPLORE.

http://enwikipedia.org/wiki/
Nitrog lycerine

FIGURE

REACTIONS

Practicing chemists develop a skill for balancing equations. This skill involves
creative energy and, like other skills, improves with experience. There are some
useful tricks of the trade for balancing equations, and maybe your instructor will
share some with you. More important than being an expert at balancing equations, however, is knowing why they need to be balanced. And the reason is the
law of mass conservation, which tells us that atoms are neither created nor
destroyed in a chemical reaction-they
are simply rearranged. So every atom
present before the reaction must be present after the reaction, even though the
groupings of atoms are different.

• 9.2

Chemists Use Relative Masses to Count Atoms
and Molecules

n any chemical reaction, a specific number of reactant atoms or molecules
react to form a specific number of product atoms or molecules. For example, when carbon and oxygen combine to form carbon dioxide, they always
combine in the ratio of one carbon atom to one oxygen molecule. A chemist
who wants to carry out this reaction in the laboratory would be wasting chemicals and money if she were to combine, say, four carbon atoms for everyone
oxygen molecule. The excess carbon atoms would have no oxygen molecules to
react with and would remain unchanged.
How is it possible to measure out a specific number of atoms or molecules?
Rather than counting these particles individually, chemists can use a scale that
measures the mass of bulk quantities. Because different atoms and molecules have
different masses, however, a chemist can't simply measure out equal masses of each.
Say, for example, he needs the same number of carbon atoms as oxygen molecules.
Measuring equal masses of the two materials would not provide equal numbers.
You know that 1 kilogram ofPing-Pong balls contains more balls than 1 kilogram of golf balls, as Figure 9.1 illustrates. Likewise, because different atoms
and molecules have different masses, there are different numbers of them in a
I-gram sample of each. Because carbon atoms are less massive than oxygen molecules, there are more carbon atoms in 1 gram of carbon than there are oxygen
molecules in 1 gram of oxygen. So, clearly, equal masses of these two particles
do not yield equal numbers of carbon atoms and oxygen molecules.

9.1

The number of balls in a given
mass ofPing-Pong balls is very
different from the number of
balls in the same mass of golf
balls.

Equal masses

9.2

CHEMISTS

USE

RELATIVE

MASSES

TO

COUNT

o
The mass of one Ping-Pang
ball is 2 grams.

ATOMS

FIGURE

The mass of one golf
ball is 40 grams.

AND

MOLECULES
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9.2

The number of golf ballsin
200 gramsof golfballsequalsthe
number of Ping-Pangballs in
10 gramsafPing-Pong balls.

A Ping-Pang ball is 2/40, or 1120,
as massive as a golf ball.

(

Number of
Ping-Pong balls

Number of
golf balls ").

If we know the relative masses of different materials, we can measure equal
numbers. Golf balls, for example, are about 20 times more massive than PingPong balls, which is to say the relative mass of golf balls to Ping- Pong balls is
20 to 1. Measuring out 20 times as much mass of golf balls as Ping- Pong balls,
therefore, gives equal numbers of each, as is shown in Figure 9.2 .

•

A customer wants to buy a 1:1 mixture of blue and red jelly beans. Each blue
bean is twice as massive as each red bean. If the clerk measures out 5 pounds
of red beans, how many pounds of blue beans must she measure out?
Was this your answer? Because each blue jelly bean has twice the mass of
each red one, the clerk needs to measure out twice as much mass of blues in
order to have the same count, which means 10 pounds of blues. Ifthe clerk
did not know that the blue beans were twice as massive as the red ones, she
would not know what mass of blues was needed for the 1:1 ratio. Likewise, a
chemist would be at a loss in setting up a chemical reaction if she did not
know the relative masses of the reactants.

The periodic table tells us the relative masses of carbon and molecular oxygen; therefore, we can measure out equal numbers of their fundamental particles-atoms for carbon and molecules for oxygen. Figure 9.3 illustrates this
concept. The atomic mass of carbon is 12.011 atomic mass units. (As discussed
in Section 3.6, 1 atomic mass unit (arnu) = 1.661 X 10-24 gram.) The formula
mass of a substance is the sum of the atomic masses of the elements in its
chemical formula. Therefore, the formula mass of an oxygen molecule, 02' is
15.999 atomic mass units + 15.999 atomic mass units> 32 atomic mass units.
A carbon atom, therefore, is about 12/32 = 3/8 as massive as an oxygen molecule. To measure out equal numbers of carbon atoms and oxygen molecules, we
measure out only three-eighths as much carbon. If we started with 8 grams of
oxygen, we need 3 grams of carbon to have the same number of particles
(because 3 is three-eighths of 8). Alternatively, if we started with 32 grams of
oxygen, we need 12 grams of carbon to have the same number of particles
(because 12 is three-eighths of32).

atomic mass of 0= 15.999 amu
+ atomic mass of = 15.999 amu
formula mass of 02 '" 32 amu

°
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112~11'I
The mass of one
carbon atom is
approximately
12amu.

11s~991
The mass of one
oxygen molecule is
approximately 32 amu.

Acarbon atom is 12/32, or 3/8, as
massiveas an oxygen molecule.
Numberof
oxygen molecules

FIGURE

J

9.3

To have equal numbers of carbon atoms and oxygen molecules requires measuring
our three-eighths as much carbon as oxygen.

1. Reacting 3 grams of carbon, C,with 8 grams of molecular

2.

oxygen, 02'
results in 11 grams of carbon dioxide, CO2, Does it follow that 1.5grams of
carbon will react with 4 grams of oxygen to form 5.5 grams of carbon
dioxide?
Would reacting 5 grams of carbon with 8 grams of oxygen also result in
11 grams of carbon dioxide?

Were these your answers?
1. The quantities are only half as much, but their ratio is the same as when
11 grams of carbon dioxide are formed: 1-5:4:5-5= 3:8:11.
2. It is a common error of many students to thin k that no reaction will occur
if the proper ratios of reactants are not provided. You should understand,
however, that in a 5-gram sample of carbon, 3 grams of carbon are available for reacting. This 3 grams will react with the 8 grams of oxygen to
form 11grams of carbon dioxide. There will be 2 grams of carbon unreacted after the reaction. Reacting this remaining 2 grams of carbon
would require more oxygen.

9.2

THE PERIODIC
AND MOLES

TABLE HELPS US CONVERT

CHEMISTS

USE RELATIVE

BETWEEN

MASSES

TO COUNT

GRAMS

Atoms and molecules react in specific ratios. In the laboratory, however,
chemists work with bulk quantities of materials, which are measured by mass.
Chemists therefore need to know the relationship between the mass of a given
sample and the number of atoms or molecules contained in that mass. The key
to this relationship is the mole. Recall from Section 7.2 that the mole is a unit
equal to 6.02 X 1023• This number is known as Avogadro's number, in honor of
Amadeo Avogadro (Section 3.3).
As Figure 9.4 illustrates, if you express the numeric value of the atomic
mass of any element in grams, the number of atoms in a sample of the element having this mass is always 6.02 X 1023, which is 1 mole. For example, a
22.990-gram sample of sodium metal, Na (atomic mass 22.990 atomic mass
units), contains 6.02 X 1023 sodium atoms, and a 207.2-gram sample oflead,
Pb (atomic mass = 207.2 atomic mass units), contains 6.02 X 1023 lead
atoms.
The same concept holds for compounds. Express the numeric value of the
formula mass of any compound in grams, and a sample having that mass contains 6.02 X 1023 molecules of that compound. For example, there are 6.02 X
1023 O2 molecules in 31.998 grams of molecular oxygen, O2 (formula mass
31.998 atomic mass units), and 6.02 X 1023 CO2 molecules in 44.009 grams of
carbon dioxide, CO2 (formula mass 44.009 atomic mass units). An explanation
of this amazing relationship is beyond the scope of this book but well within the
range of questions you might ask your instructor.

22.990 9
6.02 x 1023 atoms,
which is 1 mole

FIGURE

207.2 9
6.02 x 1023 atoms,
which is 1 mole

4.003 9
6.02 x 1023 atoms,
which is 1 mole

9.4

Express the numeric value of the atomic mass of any element in grams, and that
many grams contains 6.02 X 1023 atoms.
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1. How many atoms are there in a 6.941·gram sample of lithium, Li(atomic
mass 6.941 atomic mass units)?
2. How many molecules are there in an 18.015·gram sample of water, H20
(formula mass 18.015 atomic mass units)?
Were these your answers?
1. Because this number of grams of lithium is numerically equal to the
atomic mass, there are 6.02 x 1023 atoms in the sample, which is 1mole of
lithium atoms.
2. Because this number of grams of water is numerically equal to the formula mass, there are 6.02 x 1023 water molecules in the sample, which is
1mole of water molecules.

•
• An Avogadro's number of grains
of sand would fill the United
States to a depth of about 2
meters. There are about 6-4 billion people on Earth. Youwould
need about 94 trillion Earth-size
populations to have an Avo·
qadrc's number of people. Ifyou
were to collect 1million hydrogen
atoms every second, it would take
you about 19billion years to
come up with a whole gram of
hydrogen. The universe itself is
only about 13billion years old. A
stack of an Avogadro's number of
pennies would be about 800,000
trillion kilometers, which is about
the diameter of our galaxy. Placed
side by side, these pennies would
reach to the Andromeda galaxy,
which is about a million liqhtyears away.
MORE

TO

EXPLORE,

www.google.com; keywords
"mole analogies"

The molar mass of any substance, be it element or compound, is defined as
the mass of 1 mole of the substance. Thus the units of molar mass are grams per
mole. For instance, the atomic mass of carbon is 12.011 atomic mass units,
which means that 1 mole of carbon has a mass of 12.011 grams, and we say that
the molar mass of carbon is 12.011 grams per mole. The molar mass of molecular oxygen (02' formula mass 31.998 atomic mass units) is 31.998 grams per
mole. For convenience, values such as these are often rounded off to the nearest
whole number. The molar mass of carbon, therefore, might also be presented as
12 grams per mole, and that of molecular oxygen as 32 grams per mole.

What is the molar mass of water (formula mass

= 18 atomic mass units)?

Was this your answer? From the formula mass, you know that 1mole of
water has a mass of 18 grams. Therefore, the molar mass is 18 grams per mole.

Because 1 mole of any substance always contains 6.02 X 1023 particles, the
mole is an ideal unit for chemical reactions. For example, 1 mole of carbon
(12 grams) reacts with 1 mole of molecular oxygen (32 grams) to give 1 mole of
carbon dioxide (44 grams).
In many instances, the ratio in which chemicals react is not 1:1. As shown in
Figure 9.5, for example, 2 moles (4 grams) of molecular hydrogen react with

(2H

+

2

(10

2

2 moles

1 mole

which is

which is

which is

4 grams

32 grams

36 grams

which is

which is

which is

12.04 X 1023 molecules
FIGURE

6.02 X 1023 molecules

12.04 X 1023 molecules

9.5

Two moles ofH2 react with 1 mole of O2 to give 2 moles of H20. This is the same
as saying 4 grams of H, react with 32 grams of O2 to give 36 grams of H20 or,
equivalently, that 12.04 x 1023 H2 molecules react with 6.02 X 1023 O2 molecules to
give 12.04 X 1023 H20 molecules.

9.3
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FIGURING

RATE

IS INFLUENCED

EXAMPLE
What mass of water is produced when 16 grams of
methane, CH4 (formula mass 16 atomic mass units), burn
in the reaction

1.

Convert the given mass to moles:
Conversion

factor

Step 2. Use the coefficients of the balanced equation to
find out how many moles of H 0 are produced from
this many moles of CH4:
2

Conversion

(1

...-r-

mole-eH4
.:>

)

~

l~f?-e

Conversion

(2 ~gle-5-i'1ft)(

4

=

36 g Hp

20

YOUR TURN
1.

2.

moles H20

Step 3. Now that you know how many moles of H20 are
produced, convert this value to grams of H20:

How many grams of ozone (°3,48 amu) can be produced
from 64 grams of oxygen (°2,32 amu) in the reaction
---+

203

What mass of nitrogen monoxide (NO,30 amu) is
formed when 28 grams of nitrogen (N2, 28 amu) react
with 32 grams of oxygen (02,32 amu) in the reaction
N2+02

---+

2

NO

Answers to Calculation Corners appear at the end of each chapter.

1 mole (32 grams) of molecular oxygen to give 2 moles (36 grams) of water.
Note how the coefficients of the balanced chemical equation can be conveniently interpreted as the number of moles of reactants or products. A chemist
therefore need only convert these numbers of moles to grams in order to know
how much mass of each reactant to measure out to have the proper proportions.
Cooking and chemistry are similar in that both require measuring ingredients.
Just as a cook looks to a recipe to find the necessary quantities measured by the cup
or the tablespoon, a chemist looks to the periodic table to find the necessary quantities measured by the number of grams per mole for each element or compound.

• 9.3

299

This method of converting from grams to moles (step 1),
then from moles to moles (step 2), and then from moles to
grams (step 3) is an important aspect of what is called stoichiometry-the
science of calculating the amount of reactants or products in any chemical reaction. It is a method
that is developed much further in general chemistry
courses. For this course, all you need to do is be familiar
with what stoichiometry is all about, which is keeping tabs
on atoms and molecules as they react to form products.
Nonetheless, for a special assignment,you might try your
analytical thinking skills on the following problems. First
try to deduce the answer based on what you know about
the law of mass conservation, and then follow the steps
given here to check your answers.

302
= 2

TEMPERATURE

factor

18g ~]
1;:!]9J.e

factor

[2 moles HO]

AND

MASSES OF REACTANTS AND PRODUCTS

• Using conversion factors
(Section 1.3) and the relationship
between grams and moles, you can perform some very high powered calculations.

Step

BY CONCENTRATION

Reaction Rate Is Influenced by Concentration
and Temperature

balanced chemical equation helps us determine the amount of products that might be formed from given amounts of reactants. The equation, however, tells us little about what is taking place on the submicroscopic
level during the reaction. In this and the following section, we explore that
level to show how the rate of a reaction can be changed either by changing
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------------Time

Low concentration
of products, high
concentration
of reactants

Reactants

FIGURE

)

Products

High concentration
of products, low
concentration
of reactants

9.6

Over time, the reactants in this reaction flaskmay transform to products. If this
happens quickly, the reaction rate is high. If this happens slowly,the reaction rate is
low.

the concentration
or temperature of the reactants or by adding what is
known as a catalyst.
Some chemical reactions, such as the rusting of iron, are slow, while others,
such as the burning of gasoline, are fast. The speed of any reaction is indicated
by its reaction rate, which is an indicator of how quickly the reactants transform
to products. As shown in Figure 9.6, initially a flask may contain only reactant
molecules. Over time, these reactants form product molecules, and as a result,
the concentration of product molecules increases. The reaction rate, therefore,
can be defined either as how quickly the concentration of products increases or
as how quickly the concentration of reactants decreases.
What determines the rate of a chemical reaction? The answer is complex, bur
one important factor is that reactant molecules must physically come together.
Because molecules move rapidly, this physical contact is appropriately described
as a collision. We can illustrate the relationship between molecular collisions and
reaction rate by considering the reaction of gaseous nitrogen and gaseous oxygen to form gaseous nitrogen monoxide, as shown in Figure 9.7.
Because reactant molecules must collide in order for a reaction to occur, the
rate of a reaction can be increased by increasing the number of collisions. An effective way to increase the number of collisions is to increase the concentration of the
reactants. Figure 9.8 shows that with higher concentrations, there are more molecules in a given volume, which makes collisions between molecules more probable. As an analogy, consider a bunch of people on a dance floor-as the number of
people increases, so does the rate at which they bump into one another. An
increase in the concentration of nitrogen and oxygen molecules, therefore, leads
to a greater number of collisions between these molecules and hence a greater
number of nitrogen monoxide molecules formed in a given period of time.

9.3

FIGURE

RATE

IS INFLUENCED

... coming
together ...

Reactants ...

Nitrogen, N2

REACTION

Oxygen, 02

BY CONCENTRATION

... react upon
colliding, ...

Nitrogen monoxide, NO

9.7

During a reaction, reactant molecules collide with each other.

Not all collisions between reactant molecules lead to products, however,
because the molecules must collide in a certain orientation in order to react.
Nitrogen and oxygen, for example, are much more likely to form nitrogen
monoxide when the molecules collide in the parallel orientation shown in
Figure 9.7. When they collide in the perpendicular orientation shown in
Figure 9.9 on page 302, nitrogen monoxide does not form. For larger molecules, which can have numerous orientations, this orientation requirement is
even more restrictive.
A second reason not all collisions lead to product formation is that the reactant molecules must also collide with enough kinetic energy to break their
bonds. Only then is it possible for the atoms in the reactant molecules to
change bonding partners and form product molecules. The bonds in N2 and
O2 molecules, for example, are quite strong. In order for these bonds to be broken, collisions between the molecules must contain enough energy to break the
bonds. As a result, collisions between slow-moving N2 and O2 molecules, even
those that collide in the proper orientation, may not form NO, as is shown in
Figure 9.10 on page 302.

Less concentrated

FIGURE

More concentrated

9.8

The more concentrated a sample of nitrogen and oxygen, the greater the likelihood
that N2 and O2 molecules will collide and form nitrogen monoxide.
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Reactants coming
together ...
Nitrogen, Nz

REACTIONS

... in the wrong
orientation ...
_

... may collide
with no reaction.

Instead, the reactants
merely bounce off
each other.

Oxyqen.O,

FIGURE

9.9

The orientation
of reactant molecules in a collision can determine whether or not a
reaction takes place. A perpendicular
collision between Nz and Oz does not tend to
result in formation of a product molecule.

The higher the temperature of a material, the faster its molecules are moving
and the more forceful the collisions between them. Higher temperatures, therefore, tend to increase reaction rates. The nitrogen and oxygen molecules that
make up our atmosphere, for example, are always colliding with one another. At
the ambient temperatures of our atmosphere, however, these molecules do not
generally have sufficient kinetic energy to allow for the formation of nitrogen
monoxide. The heat of a lightning bolt, however, dramatically increases the
kinetic energy of these molecules, to the point that a large portion of the collisions in the vicinity of the bolt result in the formation of nitrogen monoxide. As
discussed in the opening of this chapter, the nitrogen monoxide formed in this
manner undergoes further atmospheric reactions to form chemicals known as
nitrates that plants depend on to survive. This is an example of nitrogen fixation,
which we explore in Chapter 15.

Reactants ...

Nitrogen, Nz

... coming
together ...

... slowly ...

. .. tend not
to react ...

Oxyqen.O,

FIGURE

... even after
colliding in
the proper
orientation.

9.10

Slow-moving
molecules may collide without enough
case, they cannot react to form product molecules.

force to break bonds.

In this

9.3
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BY CONCENTRATION

t-krr-K ------------An internal combustion engine works by drawing a mixture of air and gasoline vapors into a chamber. The action of a piston then compresses these
gases into a smaller volume prior to ignition by the spark of a spark plug.
What is the advantage of squeezing the vapors to a smaller volume?
Spark
plug

Piston

Compression

Fuel/air intake

Power stroke

Was this your answer? Squeezing the vapors to a smaller volume effectively
increases their concentration and hence the num ber of collisions between
molecules. This, in turn, promotes the chemical reaction.

The energy required to break bonds can also come from the absorption of
electromagnetic radiation. As the radiation is absorbed by reactant molecules,
the atoms in the molecules may start to vibrate so rapidly that the bonds
between them are easily broken. In many instances, the direct absorption of
electromagnetic radiation is all it takes to break chemical bonds and initiate a
chemical reaction. As we discuss in Chapter 17, for example, the common
atmospheric pollutant nitrogen dioxide, N02, may transform to nitrogen
monoxide and atomic oxygen merely upon exposure to sunlight:
N02 + sunlight

--3>

NO +

°

Whether the result of collisions, absorption of electromagnetic radiation, or
both, broken bonds are a necessary first step in most chemical reactions. The
energy required for this initial breaking of bonds can be viewed as an energy barrier. The minimum energy required to overcome this energy barrier is known as
the activation energy, Ea'
In the reaction between nitrogen and oxygen to form nitrogen monoxide,
the energy barrier is so high (because the bonds in N 2 and O2 are strong) that
only the fastest-moving nitrogen and oxygen molecules possess sufficient
energy to react. Figure 9.11 on page 304 shows the energy barrier in this chemical reaction as a vertical hump. The activation energy of a chemical reaction is
analogous to the energy a car needs to drive over the top of a hill. Without sufficient energy to climb to the top of the hill, there is no way for the car to get to
the other side. Likewise, reactant molecules can transform to product molecules only if the reactant molecules possess an amount of energy equal to or
greater than the activation energy.
At any given temperature, there is a wide distribution of kinetic energies in
reactant molecules. Some are moving slowly and others quickly. As discussed in
Chapter 1, the temperature of a material is simply the average of all these kinetic
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Reactant molecules must gain a
minimum amount of energy,
called the activation energy, Ea'
in order to transform to product
molecules.

Nitrogen monoxide

Reaction progress ---~

energies. The few fast-moving reactant molecules in Figure 9.12 are the first to
transform
to product molecules because these are the molecules that have
enough energy to pass over the energy barrier. When the temperature
of reactants is increased, the number of reactant molecules having sufficient energy to
pass over the barrier also increases, which is why reactions are generally faster at
higher temperatures.
Conversely, at lower temperatures,
there are fewer molecules having sufficient energy to pass over the barrier, which is why reactions are
generally slower at lower temperatures.
Most chemical reactions are influenced
by temperature
in this manner,
including those reactions occurring in living bodies. The body temperature
of
animals that regulate their internal temperature,
such as humans, is fairly constant. However, the body temperature
of some animals, such as the alligator
shown in Figure 9.13, rises and falls with the temperature of the environment.
On a warm day, the chemical reactions occurring in an alligator are "up to
speed," and the animal can be most active. On a chilly day, however, the chemical reactions proceed at a lower rate, and as a consequence, the alligator's movements are unavoidably sluggish.

What kitchen device is used to lower the rate at which microorganisms
grow on food?
Was this your answer? The refrigerator! Microorganisms, such as bread
mold, are everywhere and difficult to avoid. Bylowering the temperature of
microorganism-contaminated
food, the refrigerator decreases the rate of
the chemical reactions that these microorganisms depend on for growth,
thereby increasing the food's shelf life.

FIGURE

9.12

Fast-moving reactant molecules
possess sufficient energy to pass
over the energy barrier and hence
are the first ones to transform to
product molecules.

Kinetic energies
not sufficient to
overcome
energy barrier

•

I Kinetic energies
sufficient to
overcome
energy barrier
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This alligator became immobilized on the pavement after being
caught in the cold night air. By
midmorning, shown here, the
temperature had warmed sufficiently to allow the alligator to
get up and walk away.

• 9-4 Catalysts Increase the Rate of Chemical Reactions
~sed
in the previous section, a chemical reaction can be made to
"~:~~~~r
by increasing the concentration
of the reactants or by increasing
the temperature.
A third way to increase the rate of a reaction is to add a catalyst, which is any substance that increases the rate of a chemical reaction by
lowering its activation energy. The catalyst may participate as a reactant, but it
is then regenerated
as a product and is thus available to catalyze subsequent
reactions.
The conversion of ozone, 03' to oxygen, 02' is normally sluggish because the
reaction has a relatively high energy barrier, as shown in Figure 9 .14a. However,
when chlorine atoms act as a catalyst, the energy barrier is lowered, as shown in
Figure 9 .14b, and the reaction is able to proceed faster.

Ozone,

t

Ozone,

I

0

Oxygen,
O2

3

~A
c

w

---Reaction
(a) Without catalyst

FIGURE

progress

)

(b)

Reactionprogress
Withchlorine catalyst

9.14

(a) The relatively high energy barrier indicates that only the most energetic ozone
molecules can react to form oxygen molecules. (b) Chlorine atoms lower the energy
barrier, which means more reactant molecules have sufficient energy to form product. The chlorine allows the reaction to proceed in two steps, and the two smaller
energy barriers correspond to these steps. (Note that the convention is to write the
catalyst above the reaction arrow.)

)
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Atomic chlorine lowers the energy barrier of this reaction by providing an
alternate pathway involving intermediate reactions, each having a lower activation energy than the uncatalyzed reaction. This alternate pathway involves two
steps. Initially, the chlorine reacts with the ozone to form chlorine monoxide
and oxygen:

Chlorine

Ozone

Chlorine
monoxide

Oxygen

The chlorine monoxide then reacts with another ozone molecule to re-form the
chlorine atom as well as produce two additional oxygen molecules:

Chlorine
monoxide

•

-i-- ---.---• Throughout the history of life on
Earth there have been at least
six major mass extinctions. The
one that killed off the dinosaurs
occuned about 65 million years
ago and it is thought to have
been the result of the impact of
a large asteroid. The largest
mass extinction of them all,
however, was the Ordovician
mass extinction, which occuned
about 450 million years ago_The
cause of this mass extinction is
uncertain, but scientists have
recently demonstrated how this
extinction may have been initio
ated by an intense burst of
gamma rays produced by the
explosion of a nearby star. A
burst as short as 10 seconds
could have led to the loss of the
Earth's protective ozone layer,
thereby exposing life on Earth
to dangerous ultraviolets rays
from our sun. The probability of
another nearby star exploding
soon are quite small. Take a
look around you, however. The
sixth mass extinction is occurring right now and the cause is
the rapid rise of the human
population.
MORE

TO

EXPLORE,

www.universetodaycom/am/
publish/grb _extinctions.htm 1

Ozone

Chlorine

Oxygen

Although chlorine is used up in the first reaction, it is regenerated in the second
reaction. As a result, there is no net consumption of chlorine. At the same time,
however, a total of two ozone molecules are rapidly converted to three oxygen
molecules. The chlorine is therefore a catalyst for the conversion of ozone to
oxygen because the chlorine increases the speed of the reaction but is not consumed by the reaction.
Chlorine atoms in the stratosphere catalyze the destruction of Earth's ozone
layer. As we explore further in Chapter 17, evidence tells us that chlorine atoms
are generated in the stratosphere as a by-product of human-made chlorotluorocarbons (CFCs), once widely produced as the cooling fluid of refrigerators and
air conditioners. Destruction of the ozone layer is a serious concern because of
the role this layer plays in protecting us from the sun's harmful ultraviolet rays.
One chlorine atom in the ozone layer, it is estimated, can catalyze the transformation of 100,000 ozone molecules to oxygen molecules in the 1 or 2 years
before the chlorine atom is removed by natural processes.
Chemists have been able to harness the power of catalysts for numerous beneficial purposes. The exhaust that comes from an automobile engine, for example, contains a wide assortment of pollutants, such as nitrogen monoxide,
carbon monoxide, and uncombusted fuel vapors (hydrocarbons). To reduce the
amount of these pollutants entering the atmosphere, most automobiles are
equipped with a catalytic converter, shown in Figure 9.15. Metal catalysts in a
converter speed up reactions that convert exhaust pollutants to less toxic substances. Nitrogen monoxide -is transformed to nitrogen and oxygen, carbon
monoxide is transformed to carbon dioxide, and unburned fuel is converted to
carbon dioxide and water vapor. Because catalysts are not consumed by the reactions they facilitate, a single catalytic converter may continue to operate effectively for the lifetime of the car.
Catalytic converters, along with microchip-controlled fuel-air ratios, have
led to a significant drop in the per-vehicle emission of pollutants. A typical
car in 1960 emitted about 11 grams of uncombusted fuel, 4 grams of nitrogen oxide, and 84 grams of carbon monoxide per mile traveled. An improved
vehicle in 2000 emitted less than 0.5 gram of uncombusted fuel, less than
0.5 gram of nitrogen oxide, and only about 3 grams of carbon monoxide per
mile traveled. This improvement, however, has been offset by an increase in
the number of cars being driven, exemplified by the traffic jam shown in
Figure 9.16.
The chemical industry depends on catalysts because they lower manufacturing costs by lowering required temperatures and providing greater prod-
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9.15

Tail pipe

A catalytic converter reduces the
pollution caused by automobile
exhaust by converting such
harmful combustion products as
NO, CO, and hydrocarbons to
harmless N2, 02' and CO2' The
catalyst is typically platinum, Pt,
palladium, Pd, or rhodium, Rd.

Before it reaches the catalytic converter,
the exhaust contains such pollutants
as NO, CO, and hydrocarbons.

After it has passed through the
catalytic converter, the exhaust
contains water vapor, N2, O2, and CO2,

uct yields without being consumed. Indeed, more than 90 percent of all manufactured
goods are produced with the assistance
of catalysts. Without catalysts, the price of gasoline would be
much higher, as would be the price of such consumer goods as
rubber, plastics, pharmaceuticals,
automobile
parts, clothing,
and food grown with chemical fertilizers.
Living organisms rely on special types of catalysts known as
enzymes, which allow exceedingly complex biochemical reactions to occur with ease. The nature and behavior of enzymes
are discussed in Chapter 13.

•

FIGURE

How does a catalyst lower the energy barrier of a chemical reaction?

Was this your answer? The catalyst provides an alternative and easier-toachieve pathway along which the chemical reaction can proceed.

• 9.5

Chemical Reactions Can Be Either Exothermic
or Endothermic

s the preceding two sections have discussed, reactants must have a certain
amount of energy in order to overcome the energy barrier so that a chemical reaction can proceed. Once a reaction is complete, however, there may be
either a net release or a net absorption of energy. Reactions in which there is a

9.16

The exhaust from automobiles
today is much cleaner than
before the advent of the catalytic
converter, but there are many
more cars on the road. In 1960,
there were 70 million registered
motor vehicles in the United
States. In 2000, there were more
than 200 million.

308

CHAPTER

FIGURE

9

AN

OVERVIEW

9.17

For the chemicalreactionstaking
placein burning wood, there is a
net releaseof energy.For those
taking placein a photosynthetic
plant, there is a net absorption of
energy.
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net release of energy are called exothermic. Rocket ships lift off into space and
campfires glow red hot as a result of exothermic reactions. Reactions in which
there is a net absorption of energy are called endothermic. Photosynthesis, for
example, involves a series of endothermic reactions that are driven by the energy
of sunlight. Both exothermic and endothermic reactions, illustrated in Figure
9.17, can be understood through the concept of bond energy.
During a chemical reaction, chemical bonds are broken and atoms rearrange
to form new chemical bonds. Such breaking and forming of chemical bonds
involves changes in energy. As an analogy, consider a pair of magnets. To separate them requires an input of "muscle energy." Conversely, when the two separated magnets collide, they become slightly warmer than they were, and this
warmth is evidence of energy released. Energy must be absorbed by the magnets
if they are to break apart, and energy is released as they come together. The same
principle applies to atoms. To pull bonded atoms apart requires an energy input.
When atoms combine, there is an energy output, usually in the form of fastermoving atoms and molecules, electromagnetic radiation, or both.
The amount of energy required to pull two bonded atoms apart is the same as
the amount released when they are brought together. This energy absorbed as a
bond breaks or released as one forms is called bond energy. Each chemical bond
has its own characteristic bond energy. The hydrogen-hydrogen bond energy,
for example, is 436 kilojoules per mole. This means that 436 kilojoules of energy
is absorbed as 1 mole of hydrogen-hydrogen bonds break apart, and 436 kilojoules of energy is released upon the formation of 1 mole of hydrogen-hydrogen
bonds. Different bonds involving different elements have different bond energies, as Table 9.1 shows. You can refer to the table as you study this section, but
please do not memorize these bond energies. Instead, focus on understanding
what they mean.
By convention, a positive bond energy represents the amount of energy
absorbed as a bond breaks, and a negative bond energy represents the amount
of energy released as a bond forms. Thus, when you are calculating the net
energy released or absorbed during a reaction, you'll need to be careful about
plus and minus signs. It is standard practice when doing such calculations to
assign a plus sign to energy absorbed and a minus sign to energy released. For
instance, when dealing with a reaction in which 1 mole of H-H bonds are
broken, you'll write +436 kilojoules to indicate energy absorbed, and when
dealing with the formation of 1 mole of H-H bonds, you'll write -436 kilojoules to indicate energy released. We'll do some sample calculations in a
moment.

TABI,E

Bond

H-H
H-C
H-N
H-O
H-F
H-Cl
H-S
c-c

9.1

SELECTED

BOND

Bond Energy
(kJ/mole)

436
414
389
464
569
431
339
347

ENERGIES

Bond

0-0
Cl-Cl
N-N
N=O
0=0
o=c
N=N
c=c

Bond Energy
(kJ/mole)

138
243
159
631
498
803
946
837
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Do all covalent single bonds have the same bond energy?
Was this your answer? Bond energy depends on the types of atoms bonding. The H- H single bond, for example, has a bond energy of 436 kilojoules
per mole, but the H- 0 sing le bond has a bond energy of 464 kilojoules per
mole. All covalent single bonds do not have the same bond energy.
AN EXOTHERMIC

REACTION

INVOLVES

A NET RELEASE OF ENERGY

For any chemical reaction, the total amount of energy absorbed in breaking
bonds in reactants is always different from the total amount of the energy
released as bonds form in the products. Consider the reaction in which hydrogen and oxygen react to form water:

H-H+H-H+O=O

~

H-O "-....H +

H"-..../H
0

In the reactants, hydrogen atoms are bonded to hydrogen atoms and oxygen
atoms are double-bonded to oxygen atoms. The total amount of energy
absorbed as these bonds break is

Type of bond

Number of moles

Bond energy

Total energy

2
1

+436 k]/mole
+498 k]/mole
Total energy absorbed

+872 k]
+498 k]
+1370k]

H-H
0=0

In the products there are four hydrogen-oxygen bonds. The total amount of
energy released as these bonds form is
Type of bond

Number of moles

Bond energy

Total energy

4

-464 k]/mole
Total energy released

-1856 k]
-1856k]

H-O

For this reaction, the amount of energy released exceeds the amount of energy
absorbed. The net energy of the reaction is found by adding the two quantities:
net energy of reaction

=
=
=

energy absorbed + energy released
+1370 k] + (-1856 kJ)
-486 k]

The negative sign on the net energy indicates that there is a net release of energy,
and so the reaction is exothermic. For any exothermic reaction, energy can be
considered a product and is thus sometimes included after the arrow of the
chemical equation:

In an exothermic reaction, the potential energy of atoms in the product molecules is lower than their potential energy in the reactant molecules. This is illustrated in the reaction profile shown in Figure 9.18 on page 310. The potential
energy of the atoms is lower in the product molecules because they are held
more tightly together. This is analogous to two attracting magnets, whose
potential energy decreases as they come closer together. The loss of potential
energy is balanced by a gain in kinetic energy. As two free-floating magnets

OR ENDOTHERMIC

309

310

CHAPTER

FIGURE

9

AN

OVERVIEW

OF

CHEMICAL

REACTIONS

9.18

In an exotherrnic reaction, the
product molecules are at a lower
potential energy than the reactant molecules.The net amount
of energy releasedby the reaction
is equal to the difference in
potential energies of the reactants
and products.

Hydrogen,
H2

...........................
t...
.;::;
'"

-486 kJ/mole

c
(j)

...J

"0
o,

----Reaction

.

progress

)

come together, they accelerate to higher speeds. Similarly, as reactants react to
form products, the potential energy of the reactants is converted to kinetic
energy, which can take the form of faster-moving atoms and molecules, electromagnetic radiation, or both. This kinetic energy is the energy released by the
reaction, and it is equal to the difference between the potential energy of the
reactants and the potential energy of the products, as is indicated in Figure 9.18.
It is important to understand that the energy released by an exothermic reaction is not created by the reaction. This is in accord with the law of conservation
of energy, which states that energy is neither created nor destroyed in a chemical
reaction. Instead, it is merely converted from one form to another. During an
exothermic reaction, energy that was once in the form of the potential energy of
chemical bonds is released as the kinetic energy of fast-moving molecules and/or
as electromagnetic radiation.
The amount of energy released in an exothermic reaction depends on the
amount of reactants. The reaction of large amounts of hydrogen and oxygen,
for example, provides the energy to lift the space shuttle shown in Figure 9.19
into orbit. There are two compartments in the large central tank to which the
orbiter is attached-one
filled with liquid hydrogen and the other with liquid
oxygen. Upon ignition, these two liquids mix and react chemically to form
water vapor, which produces the needed thrust as it is expelled out the rocket
cones. Additional thrust is obtained by a pair of solid-fuel rocket boosters containing a mixture of ammonium perchlorate, NH4Cl04,
and powdered aluminum. Upon ignition, these chemicals react to form products that are expelled
out the back of the rocket. The balanced equation representing this reaction is
3 NH4Cl04

+

3 Al

----';>

Al203

+

AlC13

+

3 NO

+

6 H20

+

energy

Where does the net energy released in an exothermic reaction go?

Was this your answer? This energy goes into making atoms and molecules
move faster and/or into the formation

FIGURE

9.19

space shuttle uses exotherrnic
chemical reactions to lift offfrom
Earth's surface.
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OF ENERGY
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of electromagnetic
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radiation.

A NET ABSORPTION

Many chemical reactions are endothermic, such that the amount of energy
released as products form is less than the amount of energy absorbed in the
breaking of bonds in the reactants. An example is the reaction of atmospheric
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nitrogen and oxygen to form nitrogen monoxide, which is the same reaction
used for many of the discussions earlier in this chapter:
N-N+O=O

----7

N=O+N=O

The amount of energy absorbed as the chemical bonds in the reactants break is
Type of bond

N

Number of moles

Bond energy

Total energy

1
1

+946 k]/mole
+498 k]/mole
Total energy absorbed

+946 k]
+498 k]
+1444 k]

N

0=0

The amount of energy released upon the formation of bonds in the products is
Type of bond

Number of moles

Bond energy

Total energy

N=O

2

-631 k] / mole
Total energy released

-1262 k]
-1262 k]

As before, the net energy of the reaction is found by adding the two quantities:
net energy of reaction = energy absorbed + energy released
= + 1444 k] + (-1262 k])
=+182k]
The positive sign indicates that there is a net absorption of energy, meaning the
reaction is endothermic. For any endothermic reaction, energy can be considered a reactant and is thus sometimes included before the arrow of the chemical
equation:
energy + N2 + O2

----7

2 NO

In an endothermic reaction, the potential energy of atoms in the product
molecules is higher than their potential energy in the reactant molecules. This is
illustrated in the reaction profile shown in Figure 9.20. Raising the potential
energy of the atoms in the product molecules requires a net input of energy,
which must come from some external source, such as electromagnetic radiation,
electricity, or heat. Thus, nitrogen and oxygen react to form nitrogen monoxide
only with the application of much heat, as occurs adjacent to a lightning bolt or
in an internal combustion engine.

FIGURE

>-

en
Qj
c
GJ

re

';:;
C
GJ

<5
c,

,

..

Nitrogen, Oxygen,
N2
O2

v

+ 182 kJ/mole

.............................
1..
Reactionprogress-----'>

Nitrogenmonoxide,
NO

.

9.20

In an endothermic reaction, the
product molecules are at a higher
potential energy than the reactant molecules.The net amount
of energy absorbed by the reaction is equal to the difference in
potential energies of the reactants
and products.
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1.

Hold some room-temperature
water in the cupped palm of your
hand over a sink. Pour an equal
amount of room-temperature
rubbing alcohol into the water. Is
this mixing an exothermic or
endothermic process? What's
going on at the molecular level?

2.

Add lukewarm water to two plastic cups. (Donot use insulating
Styrofoam cups.) Transfer the liquid back and forth between cups
to ensure equal temperatures,
ending up with the same amount

• 9.6

whether the
reaction leads
to an overall

tendency for energy to
disperse, a reaction that

increase or

leads to an increase in
entropy will likely occur,

decrease in
entropy.

while a reaction the leads
to a decrease in entropy
will not likely occur

WATER

MIXTURES

of water in each cup. Add several
tablespoons of table salt to one
cup and stir. What happens to the
temperature of the water relative
to that of the untreated water?
(Hold the cups up to your cheeks
to tell.) Isthis an exothermic or
endothermic process? What's
going on at the molecular level?

Entropy Is a Measure of Dispersed Energy

necgy tends to disperse, It Ho,", trom where it is concentrated to where it is
spread out. The energy of a hot iron pan, for example, does not stay concentrated in the pan once the pan is taken off the stove. Instead, the energy disperses away from the pan and into the cooler surroundings.
Similarly, the
concentrated
chemical energy found in gasoline disperses into the heat of many
smaller lower-energy molecules upon combustion.
Some of this heat is used by
the engine to get the car moving. The rest spreads into the engine block, radiator
fluid, or out the exhaust pipe.
Scientists consider this tendency of energy to disperse as one of the central
reasons for physical and chemical processes. In other words, processes that result
in the dispersion of energy are self-sustaining-they
are favored. This includes
the cooling down of a hot pan and the burning of gasoline. The opposite holds
true, too. Processes that result in the concentration
of energy are going against
nature's tendency to disperse energy and they are not favored. Heat from the
room, for example, will not spontaneously
move back into the pan to heat it up.
Likewise, the lower-energy
molecules in the car's exhaust won't on their own
come back together to re-form the higher-energy gasoline molecules. The natural flow of energy is always a one-way trip from where it is concentrated
to
where it is less concentrated
or "spread out."
Entropy is the term we use to describe this natural spreading of energy. Applied
to chemistry, entropy helps us to answer a most fundamental question: If you take
two materials and put them together, will they react to form new materials? If the
reaction results in an overall increase in entropy, then the answer is yes. Conversely,
if the reaction results in an overall decrease in entropy, then the reaction will not
occur by itself-energy
must be supplied to allow the formation of products.
-{

A quick way to

COOLING

a Hands-On Chemistry activity. Experience the exothermic and endothermic nature of physical changes for
yourself by performing the following
two activities.

ecall from Section ].1 that chemical bonds and intermolecular
attractions are both consequences of the electric force, the difference being that chemical bonds
are generally many times stronger
than molecule-to-molecule attractions. So.just as the formation and
breaking of chemical bonds involves
energy, so does the formation and
breaking of molecular attractions. For
molecule-to-molecule attractions,
the amount of energy absorbed or
released per gram of material is relatively small. Physical changes involving the formation or breaking of
molecule-to-molecule attractions,
therefore, are much safer to perform,
which makes them more suitable for

determine whether or
not a reaction might
be favorable is
Because it is the natural
to assess

AND

9.6

ENTROPY

IS A MEASURE

OF DISPERSED

ENERGY

313

How then do we figure out whether a chemical reaction results in an increase
or decrease in entropy? There are two main considerations. First, we must consider the energy contained within the reacting substances. Second, we need to
look at whether the reaction itself is exo- or endothermic. After these two considerations, we are empowered to assess entropy changes, which helps us to
determine the likelihood of the reaction.
SUBSTANCES

CONTAIN

DISPERSED

ENERGY

When energy disperses it always moves from a substance of higher temperature
to one of lower temperature. Think carefully and you'll realize that the energy
contained within any substance was at some point dispersed into it. Measure the
total amount of energy in this substance and you have an inventory of how
much energy was dispersed (measured by entropy) to bring this substance from
absolute zero to its present temperature. Scientists standardize the entropy of a
substance by measuring the energy within the substance and dividing by its
absolute temperature. The absolute temperature scale is used because, as discussed in Section 1.6, it is directly related to the motions of atoms and molecules. The standard temperature used is 298 K, which is 25°C.
standard entropy = energy dispersed into a substance from 0 K to
298 K divided by 298 K = energy/temperature = ]/K
For the same temperature, different substances have differing entropies, as is
shown in Table 9.2. Note that entropy is commonly represented by the letter 5
and is given in units of energy (joules) divided by absolute temperature (kelvins).

TABLE

• Standard entropy and specific
heat decribe the same thing,
which is the ability of a substance to absorb heat. It should
come as no surprise, therefore,
that they are both expressed in
units of energy divided by mass
times temperature.
The main difference is that standard entropy
measures the heat absorbed
from absolute zero to 2g8 K,
whereas specific heat measures
the heat absorbed over a single
degree. Also, standard entropy
includes heat gained during
changes in phase whereas specific heat assumes no change in
phase.
MORE

9.2

PER MOLE
STANDARD
AT 298 K (25°C)

ENTROPIES

OF

SELECTED

Entropy,S (J/K)

Substance

Propane, C3Hg(g)
Ammonium
Nitrogen

•

nitrate,

269.9
NH4N03(aq)

dioxide, N02(g)

Ethane, C2H6(g)

259.8
240.1

229.6

Carbon dioxide, CO2(g)

213-7

Oxygen,02(g)

205.1

Ammonia,

192.5

NH3(g)

Nitrogen, N2(g)

191.6

Water, H20(g)
Methane, CH4(g)

188.8
186-3

Argon, Ar(g)
Ammonium

nitrate,

NH4N03(s)

154·7
151.1

Hydrogen, H2(g)

130.7

Methanol,

126.8

CHPH(f)

Sodium chloride, NaCl(aq)

115·5

Hydrogen,

114-7

H(g)

Sodium chloride, NaCl(s)

72-4

Water, H20(f)

69·9
44.6

Water, H20 (s)
Carbon, C(s, graphite)
Carbon, C(s, diamond)

5·7
2-4

SUBSTANCES

TO

EXPLORE,

Section 8.5 ofthis
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314

CHAPTER

FIGURE

9

AN

OVERVIEW

9.21

The 12.0 grams of graphite
(l mole) and 58.5 grams of
sodium chloride (l mole) shown
here are at the same temperature,
298 K (25.0°C). The total
amount of energy they have
absorbed to get from 0 K to this
temperature, however,is much
greater for the sodium chloride
(S", 72.4 ]IK) than for the
graphite (S", 5.7 ]IK).

•
- .-j~----------

• In 19°7, Einstein showed that at
extremely low temperatures, the
atoms of a solid don't have sufficient energy to jump to the first
quanti zed energy level, which is a
relatively large jump. The solid,
therefore, may be exposed to
small increments of heat without
any increase in thermal motion.
This lowers the ability of the solid
to absorb heat, which means that
its entropy is also lower. For practically all materials, this quantum
effect only occurs at extremely
low temperature. A dramatic
exception is diamond, which
because of this quantum effect
resists the absorption of energy
even at room temperature (Table
9.2). Diamond is special for many
reasons, including its status as a
room-temperature "quantum
solid."
MORE

TO

EXPLORE,

A.Einstein, Ann. Phys. (Leipziq) 22
(180),190T
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In general, the higher the entropy value of a substance, the more energy the substance contains for a
given temperature, as illustrated in Figure 9.2l.
Some useful generalizations can be drawn from
the data given in Table 9.2. Notice, for example, that
gases tend to have more entropy than liquids, which
tend to have more entropy than solids. The atoms (or
molecules) in solids only need enough energy to
vibrate in their crystals at 298 K. More energy must
be dispersed into a solid in order to break the attractions between the particles to create a liquid in which
the particles are free to move about. Similarly, liquid
molecules still have attractions for one another, and
so additional energy must be dispersed into a liquid
to break those attractions to form a gas.
Also discernable from Table 9.2 is that entropy
increases with increasing molecular complexity.
Consider, for example, the entropies of methane, CH4 (186.3 ]IK), ethane,
C2H6 (229.6 ]IK), and propane, C3Hs (269.9 ]IK). With a more complex molecule there are a greater number of ways in which the molecule can twist and
turn, which means a greater number of ways to absorb energy.
Lastly, mixtures tend to have greater entropies than pure materials. The
entropy ofliquid water, for example, is 69.9 ]IK and that of sodium chloride is
72.4 ]IK. Initially, you might think that the entropy of a water and sodium
chloride mixture might be the average of their two entropies. As the sodium
chloride dissolves, however, it moves from a solid to an aqueous phase, which
allows for a much greater freedom of movement, hence greater dispersal of
energy. Sure enough, on a per-mole basis, the entropy of a sodium chloride
aqueous solution is a much greater 115.5 ]IK.
In summary, entropy can be related to how well the atoms and molecules
within a substance are able to move. With a greater freedom of movement, more
energy must be dispersed into the substance to achieve a given temperature.
When we talk about the entropy of a substance, therefore, we are merely referring to how much energy it must contain in order to exist at a particular temperature. Substances with higher entropies are those that require more energy
per mole.

•

Why does one mole of molecular hydrogen, Ho, have more entropy than one
mole of atomic hydrogen, H, at the same temperature.
Was this your answer? Molecular hydrogen, H2, is more complex than
atomic hydrogen, which means that it has a greater number of ways it can
move. As a diatomic molecule, it can twirl like a baton, vibrate like a spring,
and bounce around from one location to the next. Atomic hydrogen consisting of only a single atom, by contrast, can only bounce around. To getto the
same temperature, the molecular hydrogen must absorb more energy so as
to allow for the additional types of movement.

During a chemical reaction there is a change in the identity of substances as
reactants transform to products. If the sum of the standard entropies of the
products is greater than the sum of the standard entropies of the reactants, then
there is a net increase in entropy and the reaction is favored. The difference in
entropies can be calculated using data such as is given in Table 9.2 by the same

9.6

ENTROPY

IS A MEASURE

sort of method developed in Section 9.5 for calculating whether a reaction is
exo- or endothermic. A few such entropy calculations are included at the end of
this chapter. However, for the goals of this textbook, it suffices to assess entropy
changes qualitatively using the three generalizations provided earlier: (1) gases
have more entropy than liquids, which have more entropy than solids; (2)
entropy increases with molecular complexity; and (3) mixtures have more
entropy than pure materials. Consider the following examples, which discuss
the reasoning behind predicting whether there is more entropy present within
the products or reactants:
EXAMPLE

H(g)

1
+

H(g)

~

H2(g)

Three molecules in the gaseous phase are transforming to two molecules in the
liquid phase. There is less freedom of motion (less motional energy) within the
products for at least two reasons: (1) there are fewer molecules among which
the energy can be spread out and (2) these product molecules are in the liquid
phase compared to the gaseous phase of the reactants. The reactants, therefore,
have a greater total entropy value than the products. According to these ideas,
this reaction should not be favorable.
EXAMPLE

H2(g)

2
+

H2(g)

+

02(g)

~

H20(€)

+

H20(€)

Molecular hydrogen, H2, is more complex than atomic hydrogen, H, and so it
probably should have a greater standard entropy and it does (130.7 ]/K versus
114.7 ] /K, respectively). Notice, however, that there are two atomic hydrogen
reactants, so the total entropy for the reactants is actually greater (114.7 ]/K X
2 = 229.4 ] /K) than that of a single mole of H2. Think of it this way: the two
separate hydrogen atoms of the reactants are more free to move around than
they are when bound together within a single molecule of the product. The
reactants, therefore, have a greater total entropy value than the products.
According to these ideas, this reaction should not be favorable.
EXAMPLE

3

This equation represents the formation of an aqueous solution of the salt ammonium nitrate, NH4N03, a widely used fertilizer. The product ions have much more
freedom of movement when dissolved in water than they do when bound together
within the pure solid. With this greater freedom of movement they are able to
absorb more dispersed energy. The products, therefore, have larger entropy totals
than the reactants. According to these ideas, this reaction should be favorable.
HEATS OF REACTION

AFFECT ENTROPY

According to Example 1, hydrogen atoms should not join to become hydrogen
molecules on their own. We do not yet, however, have the whole story. Although
we have considered the quantities of energies products and reactants have within
them, we have yet to consider the energy released or absorbed as bonds break or
form during the reaction. This is the heat of reaction that in Section 9.5 you
learned to calculate by comparing the bond energies of the reactants and products.
The formation of molecular hydrogen, H2, involves the formation of chemical
bonds. It is exothermic, releasing 436,000 J per mole of H, formed.* Divide this
*When considered from the point of view of the chemical reaction, this is -436,000], where the
minus sign indicates energy is lost by the reaction. Here we are looking at the energy gained by the surroundings, which we specifYas +436,000].
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These are heavy, but ultimately
important

concepts because

they describe whether or not
a chemical reaction

will occur!
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PREDICTING
ARE

WHETHER

THE

PRODUCTS

Entropy of Products
(compared to reactants)

Product Favored?

Greater

Exothermic

Yes

Case 11

Less

Exothermic

Depends, but product is generally
favored at lower temperatures

Case III

Greater

Endothermic

Depends, but product is generally
favored at hig her temperatures

Case IV

Less

Endothermic

No

•

2.

A REACTION

Heat of Reaction

Case I

• An interesting example of Case 11
is the transformation of atomic
hydrogen, 2 H, into molecular
hydrogen, H2, discussed in
Example 1.This reaction can be
sustained on ly when its surroundinqs are less than about
4100TAt higher temperatures,
the greater entropy of the reactants predominates and the reaction is not favorable. So although
the sun contains massive
amounts of hydrogen, very little
of it is in the molecular form, H
Why? Because at sun-hot temperatures energy is better dispersed when the hydrogen
remains in its atomic form, 2 H.

OF

FAVORED

energy by a temperature
of 298 K and you have an entropy increase of + 1463
]/K, which far exceeds the entropy decrease (130.7 ]/K - 229.4 ]/K = -98.7 ]/K)
resulting from the change in how atoms are organized. In being exotherrnic, this
reaction spreads energy out to the environment.
This fact indicates to us that
hydrogen atoms should react to form hydrogen molecules. So we have rwo competing entropies: one in which less energy is dispersed to the product hydrogen
molecules and one involving much energy dispersed to the surroundings. Which
dominates? As illustrated here, the only surefire way to predict is through calculations. Nonetheless, by now you should be able to qualitatively weigh the various
factors as shown in Table 9.3.
Most exothermic reactions are generally favored because they disperse relatively large amounts of energy into the environment.
When the entropy of the
products is greater than the reactants (as determined from data as in Table 9.2),
then we have a reaction in which the products are definitely favored (Case I).
The reaction works! If the products, however, have less entropy (Case H), then
the trick to favoring product formation is to run the reaction at a relatively low
temperature as shown in Figure 9.22. This maximizes the entropy from the heat
of reaction because entropy is equal to the heat divided by the temperature.
If
you divide the heat by a lower temperature,
then the resulting entropy change
(energy dispersion) is maximized, as depicted in Figure 9.23.

A fresh ly baked pie is pulled out of a hot oven. Where do you place this pie to
maximize the dispersal of its energy?
a. Back into the oven
b. On the kitchen countertop
c. Outside on a cold winter's day

FIGURE

9.22

Cooling the reaction vessel of an
exothermic reaction favors the
dispersal of the reaction's energy,
which, in turn, favors the formation of products. This technique
is particularly important when
the products of the exothermic
reaction have less entropy than
the reactants.

Was this your answer? Put the pie back into the oven and none of the
motional energy of its molecules will be transferred to its hotter surroundings. To maximize the dispersal of its energy, you place the pie outside where
the temperature is the lowest. The greater the temperature difference, the
greater will be the change in entropy.
Endothermic
processes are common in our everyday experience. Examples
include the melting of ice cubes in a glass of water, or the evaporation of sweat
from our skin. In these cases, the greater entropy of the products favors the utilization of energy to allow these processes to occur (Case IH). A dramatic example is a chemical cooling pack that contains a salt (usually ammonium
nitrate,
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9.23

There is a greater change in entropy, L'1S, when heat is released to a region
oflower temperature (represented by smaller letters) than when the same
amount of heat is releasedto a region of higher temperature.

NH4N03). These packs are activated by a quick punch, which breaks an inner
seal allowing the salt to mix with fresh water. As the salt dissolves, energy is
absorbed in a number of ways, including the breaking apart of the ionic bonds
of the salt. You should understand that the energy-absorbing bond breaking
occurs only because the resulting new arrangment of ammonium and nitrate
ions in solution has a greater entropy-a greater dispersion of energy. The result
is a rather pronounced cooling effect, sufficient enough to alleviate the swelling
of an injured ankle.
Perhaps most interesting are endothermic reactions that result in products of
less entropy (Case IV). What is notable about these reactions is that they will
not occur on their own without the continued input of energy. Also, the products of these reactions can be complex molecules. The classic example is photosynthesis, which is the biochemical reaction by which plants use solar energy to
create carbohydrates and oxygen from carbon dioxide and water, as represented
by the following equation:
sunlight

+

6 CO2 (g)

+

6 H20(g)

----0>

C6H1206(s)

+

602(g)

Through photosynthesis, energy dispersed from the sun becomes contained
within the carbohydrate and oxygen products, which, of course, are the primary
fuels of living organisms. Likewise, most modern materials-such
as plastics,
synthetic fibers, pharmaceuticals, fertilizers, and metals, including elemental
iron, aluminum, and silicon-are
created using endotherrnic reactions that
require a continued source of energy. Our ability to create these new and useful
materials has been the hallmark of chemistry.
THE LAWS OF THERMODYNAMICS

In this and the previous section, we have focused on the role energy plays in
chemical reactions. This is an area of science known as thermodynamics, which
stems from Greek words meaning "movement of heat." The concepts we
addressed, such as exothermic and endothermic reactions and entropy, fit neatly
in the laws of thermodynamics, which are paraphrased as follows:
1. Energy is conserved.

It may be converted from one form to another, say
from potential to kinetic energy, but the total amount of energy in the universe is constant. The energy that an exothermic reaction releases always
goes somewhere in the environment, usually in the form of thermal energy
(heat).

2. Any process that happens by itself results in the net dispersal of energy. The

degree of energy dispersal is measured by entropy, which continuously
increases because the universe is full of processes that continue to occur all on
their own.
Students often state the laws of thermodynamics this way. You can't win
because you can't get any more energy out of a system than you put into it. You
can't break even because no matter what you do, some of your energy will be lost
as ambient heat. Lastly, you can't get out of the game because you depend on
entropy-increasing processes, such as solar nuclear fusion or cellular respiration,
to remain alive.

FIGURE

9.24

Some of the sun's dispersed
energy is used to drive endothermic reactions that allow for the
functioning of living organisms.
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The life of a photosynthetic plant involves numerous energy-dependent
steps. Decide whether each of the steps shown here results in a net increase
or decrease in entropy.
1. Solar thermonuclear
fusion transforms hydrogen into helium.
2. Sunlight strikes a growing plant surrounded by carbon dioxide, water,
and other necessary nutrients.
3. The mature plant dies within a brush fire.
Was this your answer?
Solar thermonuclear fusion is very exotherrnic. resulting in astronomically large increases in entropy.
2. The chemical products of photosynthesis
have less entropy than do the
reactants. Photosynthesis itself, therefore, results in a decrease in entropy.
This decrease, however, is localized to the chemical products (carbohydrates and oxygen).
3- The decrease in entropy produced by photosynthesis
is on ly temporary.
Sooner or later, the carbohydrates and oxygen will react exothermically
(by a brush fire or by slow decomposition), thereby dispersing the solar
energy (chemically captured upon their formation) back into the environment ultimately as heat.
1.

• In Perspective
hemical reactions are truly the heart of chemistry, and their applications
abound. For instance, the magician in Figure 9.25 has just ignited a sheet
of nitrocellulose, also known as flash paper. In a moment, it will appear to have
vanished. You know from the law of mass conservation, however, that materials
don't simply vanish. Rather, they are transformed
into new materials. Sometimes we can't see the new materials, but that doesn't mean they don't exist. One
of the reactions that occur as flash paper burns is

A component of
ni trocellulose

FIGURE

9.25

Magic is in the eye of the
beholder.

Oxygen

Carbon
dioxide

Nitrogen
dioxide

Water

The equation shows 24 carbon, 28 hydrogen, 20 nitrogen, and 102 oxygen
atoms before and after the reaction. The difference is in how these atoms are
grouped together. The products formed in this case are all gaseous materials that
quickly mix into the atmosphere, escaping our notice.
To make the flash paper, the magician would have had to mix the starting materials cellulose and nitric acid. He could determine the proper proportions by knowing the formula masses of these two substances. And although the flash paper may
be bathed in an atmosphere of oxygen, it will not react with the oxygen until an initial amount of energy (from the spark of the magician's lighter) is provided to overcome the energy barrier. We know the burning of flash paper is exotherrnic because
the amount of energy released as product bonds form is greater than the amount
absorbed as reactant bonds break. Also, because this reaction, once ignited, proceeds on its own, we know this reaction results in a dispersal of energy, which
means an increase in entropy. The energy released is in the form oflight and fastermoving molecules, which is why the air where the flash paper once was is now
appreciably warmer. No true magic is involved, but it is enchanting all the same.
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KEY TERMS

Chemical
reaction.

equation

A representation

of a chemical

Exothermic A term that describes a chemical reaction
in which there is a net release of energy.

Reactant A starting material in a chemical reaction,
appearing before the arrow in a chemical equation.

Endothermic
A term that describes a chemical
reaction in which there is a net absorption of energy.

Product A new material formed in a chemical
reaction, appearing after the arrow in a chemical
equation.

Bond energy The amount of energy either absorbed
as a chemical bond breaks or released as a bond
forms.

Coefficient A number used in a chemical equation to
indicate either the number of atoms/molecules or the
number of moles of a reactant or product.

Entropy The term used to describe the idea that
energy has a natural tendency to disperse. It is the
total amount of energy in a given amount of
substance divided by the substance's absolute
temperature.

Formula mass The sum of the atomic masses of the
atoms in a chemical compound or element.
Avogadro's number The number of particles6.02 X 1023-contained
in 1 mole of anything.
Molar mass The mass of 1 mole of a substance.
Reaction rate A measure of how quickly the
concentration of products in a chemical reaction
increases or the concentration of reactants decreases.
Activation energy The minimum energy required in
order for a chemical reaction to proceed.

Standard entropy The total amount of energy in a
given amount of substance at 298 K divided by the
substance's absolute temperature, also 298 K. Note
carefully that an object may "contain" energy, but not
entropy. Standard entropy is the description ofhow
much energy has been dispersed into a substance in
order for it to have a temperature of298 K.
Thermodynamics
An area of science concerned with
the role energy plays in chemical reactions and other
energy-dependent processes.

Catalyst Any substance that increases the rate of a
chemical reaction without itself being consumed by
the reaction.
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HIGHLIGHTS

CH EMICAL
REACTIONS
ARE
BY CHEMICAL
EQUATIONS

REPRESENTED

CHEMISTS
USE RELATIVE
ATOMS
AND MOLECULES

MASSES

TO COUNT

1. What is the purpose of coefficients in a chemical
equation?

6. Why don't equal masses of golf balls and Ping-Pong
balls contain the same number of balls?

2. How many chromium atoms and how many oxygen
atoms are indicated on the right side of this balanced
chemical equation:

7. Why don't equal masses of carbon atoms and oxygen
molecules contain the same number of particles?

4 Cr(s) + 3 Oz(g)

~

2 CrZ03(g)

3. What do the letters (s), (f),
a chemical equation?
4. Why is it important
balanced?

(g), and (aq) stand for in

that a chemical equation be

5. Why is it important never to change a subscript in a
chemical formula when balancing a chemical equation?

8. What is the mass of a sodium atom in atomic mass
units?
9. What is the formula mass of nitrogen monoxide,
NO, in atomic mass units?
10. If you had 1 mole of marbles, how many marbles
would you have?
11. If you had 2 moles of pennies, how many pennies
would you have?
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12. How many moles of water are there in 18 grams of
water?

21. What does a catalyst do to the energy barrier of a
reaction?

13. How many molecules of water are there in 18
grams of water?

22. What net effect does a chemical reaction have on a
catalyst?

14. Why is saying you have 1 mole of water molecules
the same as saying you have 6.02 x 1023water molecules?

23. Why are catalysts so important to our economy?
CHEMICAL
EXOTHERMIC

REACTION
RATE IS INflUENCED
BY CONCENTRATION
AND TEMPERATURE

REACTIONS
CAN BE EITHER
OR ENDOTHERMIC

15. Why don't all collisions between reactant molecules
lead to product formation?

24. Ifit takes 436 kilojoules to break a bond, how
many kilojoules are released when the same bond is
formed?

16. What generally happens to the rate of a chemical
reaction with increasing temperature?

25. Is there any energy consumed at any time during an
exothermic reaction?

17. Which reactant molecules are the first to pass over
the energy barrier?

26. What is released by an exotherrnic reaction?

18. What term is used to describe the minimum
amount of energy required in order for a reaction to
proceed?

27. What is absorbed by an endothermic reaction?
ENTROPY

IS A MEASURE

OF

DISPERSED

ENERGY

28. As energy disperses, where does it go?
CATALYSTS
REACTIONS

INCREASE

THE

RATE

OF CHEMICAL

29. What are the units of entropy?
30. Which is usually greater, the entropy change that
arises from the heat of the reaction or the entropy
change that occurs as reactant molecules transform into
product molecules?

19. What catalyst is effective in the destruction of
atmospheric ozone, 03?
20. What is the purpose of a catalytic converter?

CONCEPT

31 .•

2

34 .•

BEGINNER

•

INTERMEDIATE

35 .•

Fe(s) + __
02(g) ----0> __
H2(g) + __
N2(g) ----0> __
Cl2(g) + __
KBr(aq) ----0>
Br2(-t')+ __
KCl(aq)
CH4(g) + __
02(g) ----0>
CO2(g) + __
HzO(-t')

Fe203(s)
NH3(g)

•

EXPERT

Which equations are balanced?

a. Mg(s) + 2 HCl(aq) ----0> MgC12(aq)
b. 3 Al(s) + 3 Br2(-t') ----0> AlzBr3(s)
c. 2 HgO(s) ----0> 2 Hg(-t') + 02(g)

+

H2(g)

Use the fOllowing illustration to answer exercises 30-39.

Balance these equations:

a. __
b. __
c. __
d. __
__
33 .•

•

Balance these equations:

a. __
b. __
c. __
__
d. __
__
32 .•

BUILDING

Fe(s) + __
5(s) ----0> __
Fez53(s)
P4(s) + __
Hz(g) ----0> __
PH3(g)
NO (g) + __
Clz(g) ----0> __
NOCl(g)
5iCl4(-t') + __
Mg(s) ----0>
5i(s) + __
MgClz(s)

-

I

Is the following chemical equation balanced?
C4H10(g)

Oz(g)

+ 13

----0>

8 CO2(g)

+ 10

HzO(-t')

Is the following chemical equation balanced?

4 C6H7Ns016(S)
+ 20

NOz(g)

+

19 02(g)
14 HzO(g)

+

----0>

24 COz(g)

36 .•

37.•

Is this reaction balanced?

How many diatomic molecules are
represented?

CONCEPT

38. 4) There is an excess of at least one of the reactant
molecules. Which one?

1,-1
a.

39 .•

d.

e.

Which equation best describes this reaction?

a. 2 AB2 + 2 DCB3
b. 2 AB2 + 2 CDA3
c. 2 AB2 + 2 CDA3
d. 2 BA2 + 2 DCA3

+ B2
+ B2
+ A2
+ A2

45 .• Which has more atoms: 17.031 grams of ammonia, NH3, or 72.922 grams of hydrogen chloride, HCl?

47 .•

c.

b.
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46 .• Which has more atoms; 64.058 grams of sulfur
dioxide, 502' or 72.922 grams of hydrogen chloride,
HCl?

EJ

~

BUILDING

----,»
----,»
----,»
----,»

2 DBA4 + 2 CA2
2 C2A4 + 2 DBA
2 DBA4 + 2 CA2
2 DBA4 + 2 CA2

40. 4) The reactants shown schematically on the left
represent methane, CH4, and water, H20. Write out
the full balanced chemical equation that is depicted.

-

Which has the greatest number of molecules:

a. 28 grams of nitrogen, N2
b. 32 grams of oxygen, O2
c. 32 grams of methane, CH4
d. 38 grams of fluorine, F2
48 .•

Which has the greatest number of atoms:

a. 28 grams of nitrogen, N2
b. 32 grams of oxygen, O2
c. 16 grams of methane, CH4
d. 38 grams of fluorine, F2
49 .• Hydrogen and oxygen always react in a 1:8 ratio
by mass to form water. Early investigators took this to
mean that oxygen was eight times more massive than
hydrogen. What did these investigators assume about
water's chemical formula?
50. 4) Two atomic mass units equal how many
grams?
51. 4) What is the mass of an oxygen atom in atomic
mass units?

41. 4) The reactants shown schematically on the left
represent iron oxide, Fe203, and carbon monoxide,
CO. Write out the full balanced chemical equation that
is depicted.

52. 4) What is the mass of a water molecule in atomic
mass units?
53 .•

What is the mass of an oxygen atom in grams?

54 .•

What is the mass of a water molecule in grams?

55 .• Is it possible to have a sample of oxygen that has
a mass of 14 atomic mass units? Explain.

-

56.4) Which is greater; 1.01 atomic mass units of
hydrogen or 1.01 grams of hydrogen?
57.4) Which has the greater mass, 1.204 X 1024 molecules of molecular hydrogen or 1.204 X 1024 molecules
of water?

42 .• One trick-of-the-trade to balancing chemical
equations is to use a fraction as a coefficient so long as
you get rid of this fraction in your final step by multiplying the entire equation by the denominator of the
fraction. You might use 1/2°2, for example, to indicate a single oxygen atom. To get rid of this fraction,
you would need to multiply each coefficient (including
the 1/2) by two. Use this technique to balance the following chemical reaction:
~~_

Na2503

+ ~~_

58

----,» ~~_

Na25203

43 .• What are the formula masses of water, H20,
propene, C3H6, and 2-propanol, C3H80?
44 .•

What is the formula mass of sulfur dioxide, S02?

58 .• You are given two samples of elements, and each
sample has a mass of 10 grams. If the two samples contain the same number of atoms, what must be true of
the two samples?
59 .• How many grams of gallium are there in a
145-gram sample of gallium arsenide, GaAs?
60 .• How many atoms of arsenic are there in a
145-gram sample of gallium arsenide, GaAs?
61. 4) How does formula mass differ from atomic
mass?
62 .• How is it possible for a jet airplane carrying
110 tons of jet fuel to emit 340 tons of carbon dioxide?
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63 .• Three identical candles are placed in the jars
shown and lit at the same time. Jar x is left open while
jars y and z are sealed with lids. The candle in which jar
goes out first? Why?

74 .• What can you deduce about the activation
energy of a reaction that takes billions of years to go to
completion? How about a reaction that takes only fractions of a second?

d

d

o

o

x

y

73 .• An Alka-Seltzer antacid tablet bubbles vigorously in room-temperature water but only slowly in a
50:50 mix of alcohol and water also at room temperature. Propose an explanation involving the relationship
between reaction speed and frequency of molecular
collisions.

z

64 .• Two candles of the same mass, one wide and
short and the other thin and tall, are placed in identical
jars as shown and lit at the same time. Lids are then
placed on each jar. Which candle goes our first? Why?

75 .• In the following reaction sequence for the catalytic formation of ozone from molecular oxygen,
which chemical compound is the catalyst: nitrogen
monoxide or nitrogen dioxide?
Oz + 2 NO
2 N02
20+202

~

2 NOz

2 NO + 2

~
~

°

203

76 .• What role do chlorofluorocarbons play in the
catalytic destruction of ozone?
77 .• Many people hear about atmospheric ozone
depletion and wonder why we don't simply replace that
which has been destroyed. Knowing abour chlorolluorocarbons and knowing how catalysts work, explain
how this would not be a lasting solution.

d

D
65 .• Why doesn't the warm air from a lit birthday
candle rise within an orbiting space station? Why does
the candle burn for only a few moments before it extinguishes itself?
66 .• What two aspects of a collision between two
reactant molecules determine whether or not the collision results in the formation of product molecules?
67 .•

Can a catalyst react with a reactant?

68 .• Why does food take longer to spoil when it is
placed in the refrigerator?
69 .• Does a refrigerator prevent or delay the spoilage
of food? Explain.

78 .• Hydrogenation is a type of reaction in which
hydrogen gas, H2, is mixed within a solution of a compound containing multiple bonds, such as an unsaturated fat (see the Chapter 7 In the Spotlight). The
hydrogens add to the multiple bonds, creating single
bonds. A catalyst of either nickel, Ni, or rhodium, Rh,
metal is required. Which works better: when this metal
catalyst is finely powdered, or provided in BB-sized
small spheres? Why?
79 .• Which is higher in an endorherrnic reaction: the
potential energy of the reactants or the potential energy
of the products?
80 .• Note in Table 9.1 that bond energy increases
going from C-N to
to C-F. Explain this trend
based on the sizes of these atoms as deduced from their
positions in the periodic table.

c-o

produce carbon dioxide gas, which causes the dough to
rise. Why is bread dough commonly left to rise in a
warm area rather than in the refrigerator?

81 .• Are the chemical reactions that take place in a
disposable battery exothermic or endothermic? What
evidence supports your answer? Is the reaction going on
in a rechargeable battery while it is recharging exothermic or endothermic?

71 .• Why does a glowing splint of wood burn only
slowly in air but bursts into flames when placed in pure
oxygen?

82 .• Is the synthesis of ozone from oxygen exothermic or endothermic? How about the synthesis of oxygen from ozone?

72 .• Why is heat often added to chemical reactions
performed in the laboratory?

83 .• What role does entropy play in chemical
reactions?

70.• The yeast used in bread dough feeds on sugar to

SUPPORTING

84 .• Why do exotherrnic reactions typically favor the
formation of products?

93 .• Estimate whether entropy increases or deceases
with the following reaction. Use data from Tables 9.1
and 9.2 to confirm your estimation.

85 .• What happens to the entropy of a system as the
components of the system are introduced to a larger
number of possible arrangments, such as when liquid
water transforms into water vapor?

2 C(s)

C2H6(g)

97 .• Wild plants readily grow "all by themselves" yet
the molecules of the growing plant have less entropy
than the materials used to make the plant. How is it
possible for there to be this decrease in entropy for a
process that occurs all by itself?

a. Chlorine liquid, Cl2 (f), or chlorine gas, Cl2 (g)?
b. Methane, CH4(g), or propane, C3Hs(g)?
c. Sodium chloride solution, NaCI(aq), or sodium
chloride solid, NaCI(s)?

98 .• Combustible fuels, such as methane, CH4,
methanol, CH30H, and propane, C3Hs, have relatively large entropy values, as shown in Table 9.2. How
is this related to the fact that they also generate large
amounts of entropy as they combust with oxgyen?

89 .• Why does iodine, 12(s), spontaneously sublime
at room temperature?
90 .• There is an increase in entropy as solid iodine,
12(s), sublimes into iodine vapor, 12(g). Is this increase
in entropy necessarily balanced out by an increase in
entropy elsewhere?
91 .• At room temperature ammonia nitrate,
NH4N03, is a solid while water, H20, is a liquid. The
ammonium nitrate, however, has a larger entropy value.
Why?
92 .• As the sun shines on a snow-capped mountain,
much of the snow sublimes instead of melts. How is
this favored by entropy?

•

~

96 .• Why is the entropy of water vapor so much
higher than that ofliquid water?

88 .• For each of the following, specify which has
more entropy per mole:

CALCULATIONS

3 H2(g)

95 .• True or False?The change in entropy of a substance as its temperature increases depends upon the
specific heat of the substance. Explain.

87 .• Which has more entropy: a shuffled deck of
playing cards or an unshuffled deck of the same make
and brand?

SUPPORTING

+

94 .• Entropy increases markedly as an exothermic
reaction releases heat. How can this entropy increase be
minimized?

86 .• Under what conditions will a hot pie not lose
heat to its surroundings?

I
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CALCULATIONS

99 .• In the laboratory, endothermic reactions are usually performed at elevated temperatures, and exothermic reactions are usually performed at lower temperatures. What are some possible reasons for this?
100 .• How is it possible to cause an endothermic
reaction, such as the one shown here, to proceed when
the reaction causes energy to become less dispersed?
6 CO2(g)

BEGINNER

•

+

6 H20(f)

INTERMEDIATE

~

•

C6H1206(s)

+

602(g)

EXPERT

10l. • A l.OO-carat pure diamond has a mass of
0.20 grams. How many carbon atoms are there within
this diamond?

104 .• How many grams of water, H20, and propene,
C3H6, can be formed from the reaction of 6.0 grams of
2-propanol, C3HsO?

102.• How many molecules of aspirin (formula mass
180 atomic mass units) are there in a 0.250-gram sample?

105 .• How many moles of water, H20, can be produced from the reaction of 16 grams of methane, CH4,
with an unlimited supply of oxygen, 02? How many
grams of water is this? The reaction is

103 .• Small samples of oxygen gas needed in the laboratory can be generated by any number of simple
chemical reactions, such as

What mass of oxygen (in grams) is produced when
122.55 grams ofKCI03 (formula mass 122.55 atomic
mass units) take part in this reaction?

CH4

+

2 O2 ~

CO2

+

2 H20

106 .• How much energy, in kilojoules, is released or
absorbed during the reaction of 1 mole of nitrogen, N 2'
with 3 moles of molecular hydrogen, H2, to form 2
moles of ammonia, NH3? Consult Table 9.1 for bond
energIes.

324

CHAPTER

9

AN

OVERVIEW

OF CHEMICAL

REACTIONS

+

107.
Use the bond energies in Table 9.1 and the
accounting format shown in Section 9.5 to determine
whether these reactions are exotherrnic or endothermic:
H2

Cl2

+

2 HC

2 HCl

~

CH

+

+

5 O2 ~

4 CO2

+

2 H20

108.
Use the bond energies in Table 9.1 and the
accounting format shown in Section 9.5 to determine
whether these reactions are exothermic or endotherrnic:

H

H

\

N-N

/

/
-----;>

H-H

+

H-H

+ N2

+

109.
The reaction of 1 mole of nitrogen, N2, with
3 moles of molecular hydrogen, H2, to form 2 moles of
ammonia, NH3, is exothermic, resulting in the release
of about 80,000 joules. Use Table 9.2 to calculate
whether or not this reaction should proceed on its own
at 298 K (25°C).

+

110.
Assume that the entropy values given in Table
9.2 are good not just for 298 K but for any temperature. Does the reaction of 1 mole of nitrogen, N2, with
3 moles of molecular hydrogen, H2, to form 2 moles of
ammonia, NH3, become more or less favored when the
temperature is increased from 298 K (25°C) to 723 K
(450°C)?

\

H

H
H

H

\

\

0-0
\

+

0-0
\
H

H

O=O+H-O+H-O
\

H

\

H

Step 2. Convert moles of O2 to moles of 03:
ANSWERS
CORNER
FIGURING
MASSES
AN
P ODUCTS

°J=

TO CALCULATION

(2 ~1es-(2) --- [ 2 moles ~
3 ~OO/02

OF REACTANTS

1. According to the law of mass conservation,
the amount of mass in the products must equal
the amount of mass in the reactants. Given that
this reaction involves only one reactant and one
product, you should not be surprised to learn that
64 grams of reactant produce 64 grams of
product:

Step 1. Convert grams of 02 to moles of 02:

° J = 2 moles 02
z:2

(64 y02)/' [1 mole
32,g 2

1.33 moles 03

Step 3. Convert moles of 03 to grams of 03:
(1.33 ~es-(3)

___[ 48

go]

/~
1;;1-0Ie--O 3

=

64 g 03

There are several ways to answer this problem.
One way would be to recognize that 28 grams of N,
is 1 mole ofN2 and 32 grams of O2 is 1 mole of 02'
According to the balanced equation, combining
1 mole of N, with 1 mole of02 yields 2 moles of
NO. The mass of2 moles of NO is
2.

»>:

(2JJl&les-NO)

(

30 g NO )

N6 =

1JJl&!e-'

°

60 g NO

EXPLORING

which is the sum of the masses of the reactants, as it
must be because of the law of mass conservation.

HANDS-ON

CHEMISTRY

IN

INSIGHTS

UIH

AN

1. The mixing of rubbing alcohol and water is an
exothermic process, as evidenced by the warmth you
feel upon combining the two. At the molecular level,
hydrogen bonds are being formed between alcohol
molecules and water molecules. Recall from Section 7.1
that the hydrogen "bond" is a molecule-to-molecule
attraction. It is the formation of these intermolecular
attractions between alcohol and water molecules that
results in the release of heat.

H:,~,

Water

11

Nitrogen monoxide, also known as nitric oxide, NO, is a
precursor to nitrate fertilizers and a common atmospheric
pollutant, but it alsoplays a multitude of vital roles in our
human biology. Use nitric oxide as a keyword in your
Internet search engine tofind a plethora of websites devoted
to the many roles this small but important molecule plays in
our physiology and in various diseases,such as Alzheimer's,
Parkinson's, asthma, heart disease, and infections.

Isopropyl alcohol
(rubbing alcohol)

Y((H

.:

o .

www.secondlaw.com
www.entropysimple.com
11

2. You should have been able to feel that the salted
water was cooler than the unsalted water, meaning the
mixing of sodium chloride and water is an endothermic
process. At the molecular level, two things are going on.
First the ionic bonds between Na" and 0- in the solid
salt break, a process that absorbs energy. Then the ions
form ion-dipole attractions with water molecules, a
process that releases energy. The amount of energy
absorbed in the first step is greater than the amount
released in the second step.
Commercial "cold packs" work by the same principle.
Instead of sodium chloride, however, these packs are
made with ammonium nitrate, which absorbs much
more energy as it dissolves in water. In order for the
pack to be activated, it must be punched. As discussed
in Section 9.6, this breaks an inner seal and allows the
ammonium nitrate to mix with water. As the ammo-

An excellent collection of tutorials developed byJohn Park
of the The Chem Team of Diamond Bar High School, California. Tutorials applicable to this chapter include Chemical Reactions, Kinetic-Molecular Theory, The Mole, Kinetics, Stoichiometry, and Thermochemistry.

www.wxumac.demon.co.uk

Hydrogen bond

~/ !j/f

FURTHER

http://dbhs.wvusd.k12.ca. us/webdocs/
Chem TeamIndex.html

H

("Q/~
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nium nitrate dissolves, heat is absorbed and the temperature of anything in contact with the pack-including
a sprained ankle-decreases.

EXPLORING
R

FURTHER

These sites emphasize the "bigpicture " of how the second
law of thermodynamics applies to our everyday experiences,
including our sense of time. Many practical and down-toearth applications areprovided. A greatfollow-up to Section 9.6, these sites will help you to see this law as one of the
simplest yet most profound laws of nature.

www.ConceptChem.com
Visit ConceptChem.com to registeryour Conceptual Chemistry Alive! DVD-ROM. Registered users receivefree technical support as well as accessto the author's answers to the
over 600 questions appearing within CCAlive! Behind-thescenephotos as well as interesting information about the
cast, crew, and production of ccAlive! are also available.
.~

~~

the
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place

AN OVERVIEW OF CHEMICAL REACTIONS
VisitThe Chemistry Place at:
www.aw-bc.com/chemp lace

DOUBLING TIME

•

ne of the most important things
we have trouble perceiving are
the amazing effects of consistent
doubling. In two doublings, a quantity
will double twice (22 = 4), or quadruple
in size; in three doublings, its size will
increase eightfold (23 = 8); in four doublings, it will increase sixteenfold (24 =
16); and so on. Continued doubling
leads to enormous numbers.
Consider the story of the court
mathematician
in India who years
ago invented the game of chess for
his king. The king was so pleased with
the game that he offered to repay the
mathematician, whose request
seemed modest enough. The mathematician requested a single grain of
wheat on the first square of the
chessboard, two grains on the second
square, four on the third square, and
50 on, doubling the number of grains
on each succeeding square until all
squares had been used. At this rate
there would be 263 grains of wheat
(about 18 million trillion) on the
sixty-fourth square alone. The king
soon saw that he could not fill this
"modest" request, which amounted
to more wheat than had been harvested in the entire history of Earth!
Steady growth in a steadily
expanding environment is one thing,
but what happens when steady
growth occurs in a finite environment? Consider the growth ofbacteria that grow by division, so that one

O

bacterium becomes two, the two
divide to become four, the four divide
to become eight, and so on. Suppose
the number of bacteria grows exponentially with a doubling time of
1 minute (the time it takes for each
doubling to occur). Further, suppose
that one bacterium is put in a bottle
at 11:00 A.M. and that growth continues steadily until the bottle becomes
full of bacteria at 12 noon.

When was the bottle half full?
Was this your answer? At 11:59
since the bacteria will double
in num ber every minute!
A.M.,

It is startling to note that at 2 minutes before noon the bottle was only
1/4 full, and at 3 minutes before noon on ly
1/8 full.lfbacteria
could think, and if
they were concerned
about their future, at
what time do you suppose they would sense
they were running out
of space? Would a serious problem have been evident at,
say, 11:55 A.M., when the bottle was
only 3 percent full (1/32) and had
97 percent open space (just yearning
for development)? The point here is
that there isn't much time between
the moment the effects of growth
become noticeable and the time
when they become overwhelming.
Pretend that at 11:58 A.M. some farsighted bacteria see that they are
running out of space and launch a
full-scale search for new bottles for
the thriving population. And further
imagine their sense of accomplishment upon finding three new empty
bottles. This is three times as much
space as they have ever known. It
may seem to the bacteria that their

problems are solved-and just in
time. If the bacteria are able to
migrate to the new bottles and their
growth continues at the same rate,
what time will it be when the three
new bottles are filled to capacity? The
disconcerting answer is that all four
bottles will be filled to capacity by
12:02 P.M.! The discovery of the new
bottles extends the resource by only
two doubling times. In this example
the resource is space-such
as land
area for a growing population. But it
could be coal, oil, uranium, or any
nonrenewable resource.
Although bacteria and other
organisms have the potential to multiply exponentially, limiting factors
usually restrict the growth. The number of mice in a field, for example,
depends not only on birthrate and
food supply but on the number of
hawks and other predators in the
vicinity. A"natural balance" of competing factors is struck. Ifthe predators are removed, exponential growth
of the mice population can proceed
for a while. Remove certain plants
from a region and others tend to
exponential growth. Allplants, animals, and creatures that inhabit Earth
are in dynamic states of balancestates that change with changing
conditions. Hence the environmental
adage, "You never change on ly one
thing."
The consumption of nonrenewable resources cannot grow exponentially for an indefinite period because
the resource is finite and its supply
finally expires. This is shown in Figure
la, where the rate of consumption,
such as barrels of oil produced per
year, is plotted against time, say in
years. In such a graph the shaded
area under the curve represents the
supply of the resource. When the
supply is exhausted, consumption
ceases altogether. This sudden
change is rarely the case, for the rate
of extracting the supply falls as it

becomes more scarce. Furthermore,
consumption diminishes as prices
escalate. This is shown in Figure lb.
Note the area under the curve is
equal to the area under the curve in
Figure la. Why? Because the total
supply is the same in both cases. The
difference is the time taken to extract
that supply. History shows that the
rate of production of a nomenewable
resource rises and falls in a nearly
symmetric manner, as shown in
Figure le. The time during which production rates rise is approximately
equal to the time during which these
rates fall to zero or near zero.
The consequences of unchecked
exponential growth are staggering.
It is very important to ask: Is growth
really good? Our bodies arise from
the doubling of a sing le fertilized
egg,yet we stop growing once we
reach adulthood. Continued growth
means obesity-or
worse, cancer.
Mig ht there ever come a day when
we value politicians, economists, and
businesspeople not for their ability to
stimulate growth but for their ability
to diminish growth to rates of zero or
less? Is it in us to demand not more,
but the same?

If world population doubles in
40 years and world food production also doubles in 40 years, how
many people then will be starving
each year compared to now?

Was this your answer? All things
being equal, doubling of food for
twice the number of people simply means that twice as many people will be eating, and twice as
many will be starving as are starving now. As you'll learn in Chapter
15,however, world food production
is already great enough to ensure
healthy diets for all humans. The
chief causes of starvation are
political and economical.
IN THE SPOTLIGHT
DISCUSSION
QUESTIONS

1. Doubling time approximately equals
70 percent divided by the percent
growth rate. For example, if money
in the bank grows at a rate of7 percent per year, then the doubling time
equals about 70%/7% = 10years. In
other words, at a rate of 7 percent, a
$50 investment will double into $100
in 10years. Calculate the population
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(a) If the exponential rate of consumption for a non-renewable resource continues
until it is depleted, consumption falls abruptly to zero. (b) In practice the rate of
consumption levels off and then falls less abruptly to zero. Note that the crosshatched area A is equal to the crosshatched area B. Why? (c) At lower consumption
rates, the same resource lasts a longer time. Relative to world oil production, the
general consensus among geologists is that we will have reached the peak, also
known as "Hubberr's Peak," by 2010. Given this trend, today's "outrageous" gasoline prices will eventually be perceived as outrageously cheap.

doubling times for the following
regions (current population in
parentheses). Discuss potential reasons for the vast differences in doubling times in these countries and
how standards of living might be
affected. (See www.prb.org)
World 13% (6-4 billion)
United States: 0.6% (298 million)
Japan: 0.1%(128million)
India: 1.7%(1billion)
Latin America: 1.6% (549 million)
Europe: -0.2% (728 million)
Nigeria: 2.9% (137million)
China: 0.6% (1.3billion)
2. In the u.s. House of Representatives,
states are represented according to
population-the
larger the population of the state, the more representatives the state is allowed to send to
Congress to vote on various laws and
issues. Should a similar system be
set up within the United Nations?
How might Europeans feel about
such an initiative?
3. The Flu Epidemic of 1918killed over
50 million people worldwide, which is
far more than all the wars in the
zoth century put together. Similarly,
historians estimate that about
90 percent of Native Americans
were killed not by invading Europeans, but rather by the diseases the
Europeans carried with them. Why
have pathogens been so much more
effective at killing us than we have
been at killing each other? Why do
some consider bioterrortsm a greater
threat than nuclear terrorism? How
might some "farsighted" pathogens,
such as H5N1,feelabout jettravel?
4. In all certainty, the human population growth rate on Earth will eventually reach 0 percent. How soon
might this occur? How might this
rate be achieved in a worst-case scenario? In a best-case scenario? In a
science-fictional sort of scenario?
5. The worldwide trend is that as a
country gets wealthier, its rate of
population growth declines or even
reverses. But which comes first: the
wealth or the declining rate?
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As rainwater falls, it absorbs atmospheric

acids and bases

carbon dioxide.

Once in the rainwater, the carbon dioxide reacts with water
to form an acid known as carbonic acid, H C03, which, as we
2

discuss in this chapter, makes rainwater naturally acidic. As
the rainwater passes through the ground, the carbonic acid

10.1

Acids Donate and Bases
Accept Positive Charge

reacts with various basic minerals, such as limestone, to form
products that are water soluble and thus carried away by the

10.2

Some Acids and Bases
Are Stronger Than Others

underground

flow of water. This washing-away action over

the course of millions of years creates caves. The world's most
10.3

Solutions

Can Be Acidic, Basic,

or Neutral
10.4

Rainwater

Is Acidic and Ocean

Buffer Solutions
Changes in pH

Cave National Park,where more than

300

miles of networked

caves have been mapped.

Water Is Basic
10.5

extensive cave system is in western Kentucky in Mammoth

Resist

Althoug h Mammoth

Cave National Park has the most

extensive network of caves, its cave chambers

are much

smaller than those in Carlsbad Caverns National Park in
southeastern

New Mexico. This chapter's opening photo-

graph shows the largest chamber at Carlsbad, which measures 25 stories high and half a kilorneter wide. The great size
of the cham bers at Carlsbad is due to the "limestone-eating"
action of an acid known as sulfuric acid, H 504, which is
2

much stronger than carbonic acid. This sulfuric acid forms
from gaseous hydrogen sulfide, H 5,and gaseous sulfur diox2

ide, 502' both of which rise up from oil and gas deposits
buried deep in Earth.
In this chapter, we explore acids and bases and the chemical reactions they undergo. We begin with a definition of
these two important substances and then explore how some
acids and bases are stronger than others. After learning
about the pH scale, we close by looking at some environmental and physiological applications of acid-base concepts .

•
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Acids Donate and Bases Accept Positive Charge

he term acid comes from the Latin acidus, which means "sour." The sour
taste of vinegar and citrus fruits is due ro the presence of acids. Food is
digested in the stomach with the help of acids, and acids are also essential in the
chemical industry. Today, for instance, more than 85 billion pounds of sulfuric
acid is produced annually in the United States, making this the number-one
manufactured chemical. About 65 percent of rhis sulfuric acid is used to produce fertilizers. Sulfuric acid is also used to produce detergents, paint dyes, plastics, pharmaceuticals, storage batteries, iron, and steel. It is so important in the
manufacturing of goods that its production is considered a standard measure of
a nation's industrial strength. Figure 10.1 shows only a very few of the acids we
commonly encounter.
Bases are characterized by their bitter taste and slippery feel. Interestingly,
bases themselves are not slippery. Rather, they cause skin oils to transform into
slippery solutions of soap. Most commercial preparations for unclogging drains
are composed of sodium hydroxide, NaOH (also known as lye), which is
extremely basic and hazardous when concentrated. Bases are also heavily used in
industry. Each year in the United States about 25 billion pounds of sodium
hydroxide is manufactured for use in the production of various chemicals and in
the pulp and paper industry. Solutions containing bases are often called alkaline,
a term derived from the Arabic word for ashes (al-qalz), a term we met in Section

FIGURE

10.1

Examples of acids. (a) Citrus fruits contain many types
of acids, including ascorbic acid, C6HsOs, which is vitamin C. (b) Vinegar contains acetic acid, C2H402, and
can be used to preserve foods. (c) Many toilet bowl
cleaners are formulated with hydrochloric acid, HCl.
(d) All carbonated beveragescontain carbonic acid,
H2C03, and many also contain phosphoric acid,
H3P04·

(b)

(d)
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(c)

FIGURE

2.6. Ashes are slippery when wet because of the presence of the base potassium
carbonate, K2C03• Figure 10.2 shows some common bases with which you are
probably familiar.
THE BR0NSTED-LOWRV

DEFINITION

FOCUSES

ON PROTONS

Acids and bases may be defined in several ways. One of the more popular definitions is that suggested in 1923 by the Danish chemist Johannes Br0nsted
(1879-1947) and the English chemist Thomas Lowry (1874-1936). In the
Bf0nsted-Lowry
definition,
an acid is any chemical that donates a hydrogen
ion, H+, and a base is any chemical that accepts a hydrogen ion. Recall from
Chapter 2 that because a hydrogen atom consists of one electron surrounding
a one-proton
nucleus, a hydrogen ion formed from the loss of an electron is
nothing more than a lone proton. Thus, it is also sometimes said that an acid
is a chemical that donates a proton and a base is a chemical that accepts a
proton.

Here's a BAAD acronym for
remembering how acids and
bases handle protons'
~ases 6ccept, 6cids Qonate.

Proton
donor

Proton
acceptor

10.2

Examples of bases. (a) Reactions
involving sodium bicarbonate,
NaHC03, make baked goods rise.
(b) Ashes contain potassium carbonate, K2C03• (c) Soap is made
by reacting bases with animal or
vegetable oils. The soap itself,
then, is slightly alkaline, (d) Powerful bases, such as sodium
hydroxide, NaOH, are used in
drain cleaners.
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Consider what happens when hydrogen chloride is mixed into water:

H3 0+
H -1- acceptor

H+ donor
(acid)

(base)

Hydrogen chloride donates a hydrogen ion to one of the nonbonding electron
pairs on a water molecule, resulting in a third hydrogen bonded to the oxygen.
In this case, hydrogen chloride behaves as an acid (proton donor) and water
behaves as a base (proton acceptor). The products of this reaction are a chloride
ion and a hydronium ion, H30\ which, as Figure 10.3 shows, is a water molecule with an extra proton.
When added to water, ammonia behaves as a base, as its nonbonding electrons (see Figure 6.16) accept a hydrogen ion from water, which, in this case,
behaves as an acid:

H+ donor
(acid)

FIGURE

H+ acceptor
(base)

10.3

The hydronium ion's positive
charge is a consequence of the
extra proton this molecule has
acquired. Hydronium ions,
which play a part in many acidbase reactions, are polyatomic
ions, which, as mentioned in
Chapter 6, are molecules that
carry a net electric charge.

+

H 0+
3

Space-filling model
of hydronium ion

Electron-dot structure
of hydronium ion
Total protons
11 +
Total electrons 10Net charge

1+
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10.4

Hydroxide ions have a net negative charge, which is a consequence of having lost a prawn.
Like hydronium ions, they play a
part in many acid-base reactions.

ow
Space-filling model
of hydroxide ion

Electron dot structure
of hydroxide ion
Total protons
9+
Total electrons 10Net charge

1-

This reaction results in the formation of an ammonium ion and a hydroxide
ion, which, as shown in Figure 10.4, is a water molecule without the nucleus of
one of the hydrogen atoms.
It is important to recognize acid-base as a behavior. We say, for example, that
hydrogen chloride behaves as an acid when mixed with water, which behaves as a
base. Similarly, ammonia behaves as a base when mixed with water, which under
this circumstance behaves as an acid. Because acid-base is seen as a behavior,
there is really no contradiction when a chemical like water behaves as a base in
one instance but as an acid in another instance. By analogy, consider yourself.
You are who you are, but your behavior changes depending on whom you are
with. Likewise, it is a chemical property of water to behave as a base (accept H+)
when mixed with hydrogen chloride and as an acid (donate H+) when mixed
with ammonia.
The products of an acid-base reaction can also behave as acids or bases. An
ammonium ion, for example, may donate a hydrogen ion back to a hydroxide
ion to re-form ammonia and water:
+

+

+
H+ acceptor
(base)

H+ donor
(acid)

Forward and reverse acid-base reactions proceed simultaneously and can therefore be represented as occurring at the same time by using two oppositely facing
arrows:
+

H+donor
(acid)

H+acceptor

(base)

H+ acceptor

(base)
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When the equation is viewed from left to right, the ammonia behaves as a base
because it accepts a hydrogen ion from the water, which therefore acts as an acid.
Viewed in the reverse direction, the equation shows that the ammonium ion
behaves as an acid because it donates a hydrogen ion to the hydroxide ion,
which therefore behaves as a base.

Identify the acid or base behavior of each participant
Hl04 -

+ Hp+

~

in the reaction

+ Hp

Hl04

Was this your answer? In the forward reaction (left to right), H2P04- gains a
hydrogen ion to become H/04.ln accepting the hydrogen ion, H2P04- is
behaving as a base. It gets the hydrogen ion from the Hp+, which is behaving as an acid. In the reverse direction, H/0410ses a hydrogen ion to become
H2P04- and is thus behaving as an acid. The recipient of the hydrogen ion is
the H20, which is behaving as a base as it transforms to Hp+.
THE

LEWIS

DEFINITION

FOCUSES

ON

LONE

PAIRS

The Bronsted- Lowry definition of acids and bases is restricted to molecules that can
donate or accept protons. A more general definition of acids and bases was proposed
in the 1930s by Gilbert Lewis, the same chemist who introduced the idea of shells to
explain the organization of the periodic table as well as chemical bonding (Chapters
5 and 6). According to the Lewis definition, a molecule with a lone pair of electrons
can behave as a base when its lone pair accepts a positive charge, which mayor may
not be a proton. Conversely, a molecule behaves as an acid when it donates a positive charge to a lone pair. So, while the Brensred-Lowry definition focuses on the
action of protons, the Lewis definition focuses on the action of lone-pair electrons.
Looking back to the previous examples of bases, we see that a lone pair of
these bases is accepting the positively charged proton, as illustrated here. Note
how the curved arrows indicate the movement of electrons:
New bond formed

H"'-

·o~~
\

'-.- H-

H

8+

t>Cl

t

8-

•• ~H
H-O+

\

Cl

H

Bond breaking

In this case, the water is behaving as a base because its lone pair seeks out and
accepts a positive charge (the proton) while the hydrochloric acid, HCl, behaves
as an acid because it donates a positive charge to the lone pair.
An example of an acid-base reaction that doesn't involve the transfer of a
proton is the formation of carbonic acid from water and carbon dioxide as
shown here:

Carbonic acid
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Although carbon dioxide is nonpolar, the central carbon can bear a slight positive charge due to the strong electronegativities
of the adjacent oxygens. In this
reaction, the lone pair of the water molecule attacks the slightly positive carbon
of the carbon dioxide. As this carbon gains the two electrons of the lone pair
from the water's oxygen, it loses a bonding pair of electrons to an adjacent oxygen (so that it never has more than four bonds, which is a property of carbon).
The result is a molecule with both a positive and negative charge (shown on
page 334 in brackets). This molecule, however, exists only briefly before transforming into the more stable noncharged product, carbonic acid, which, as discussed later, is responsible for the natural acidity of rainwater.

How is it possible for carbon dioxide, CO2, to behave as an acid when it has
no hydrogen ions to donate?
Was this your answer? A molecule behaves as an acid when it donates a
positive charge, which is usually a proton, but not always. Carbon dioxide
behaves as an acid when it donates the slightly positive charge of its carbon
atom to the lone pair on the oxygen of a water molecule.
A SALT IS THE IONIC

PRODUCT

OF AN ACID-BASE

REACTION

In everyday language, the word salt implies sodium chloride, NaCl, table salt. In
the language of chemistry, however, salt is a general term meaning any ionic
compound
formed from the reaction between an acid and a base. Hydrogen
chloride and sodium hydroxide, for example, react to produce the salt sodium
chloride and water:
HCI
Hydrogen
chloride

(acid)

+

NaOH

~

Sodium
hydroxide
(base)

NaCl
Sodium
chloride
(salt)

+

H20
Water

Similarly, the reaction between hydrogen chloride
yields the salt potassium chloride and water:
HCI
Hydrogen
chloride

(acid)

+ KOH
Potassium
hydroxide
(base)

-7

KCI

and potassium

hydroxide

+

Potassium
chloride
(salt)

Potassium chloride is the main ingredient in "salt-free" table salt, as noted in
Figure 10.5.
Salts are generally far less corrosive than the acids and bases from which they
are formed. A corrosive chemical has the power to disintegrate
a material or
wear away its surface. Hydrogen chloride is a remarkably corrosive acid, which
makes it useful for cleaning toilet bowls and etching metal surfaces. Sodium
hydroxide is a very corrosive base used for unclogging drains. Mixing hydrogen
chloride and sodium hydroxide together in equal portions, however, produces
an aqueous solution of sodium chloride-saltwater,
which is nowhere near as
destructive as either starting material.
There are as many salts as there are acids and bases. Sodium cyanide, NaCN,
is a deadly poison. "Saltperer," which is potassium nitrate, KN03, is useful as a
fertilizer and in the formulation
of gunpowder.
Calcium chloride, CaCI2, is
used to deice roads, and sodium fluoride, NaF in toothpaste,
prevents tooth
decay. The acid-base reactions forming these salts are shown in Table 10.1.

FIGURE

10.5

"Salt-free" table-salt substitutes
contain potassium chloride in
place of sodium chloride. Caution is advised in using these
products, however, because
excessive quantities of potassium
salts can lead to serious illness.
Furthermore, sodium ions are a
vital component of our diet and
should never be totally excluded.
For a good balance of these two
important ions, you might
inquire about commercially
available half-and-half mixtures
of sodium chloride and potassium chloride, such as the one
shown here.
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TABLE

10.1

ACID-BASE

Acid

REACTIONS

AND

+

HN03

~

NaOH
Sodium
hydroxide

Hydro~en
cyam e

Nitric
acid

~

Potassium
hydroxide

2 HCl

+

HF

+

Hldrogen
uoride

Water

+

H2O

KN03

+

H2O

+

2 H2O

+

H2O

Potassium
nitrate

~

Ca(OH)2
Calcium
hydroxide

Hhdrogen
c Ioride

NaCN

FORMED

Sodium
cyanide

KOH

+

SALTS

Salt

Base

HCN

THE

CaCl2
Calcium
chloride

~

NaOH

NaP
Calcium
t1uoride

Sodium
hydroxide

The reaction between an acid and a base is called a neutralization reaction.
As can be seen in the color-coding of the neutralization
reactions in Table 10.1,
the positive ion of a salt comes from the base and the negative ion comes from
the acid. The remaining hydrogen and hydroxide ions join to form water.
Not all neutralization
reactions result in the formation of water. In the presence of hydrogen chloride, for example, the drug pseudoephedrine
behaves as a
base by accepting a hydrogen ion, H+. The negative Cl- then joins the pseudoephedrino-Fl"
ion to form the salt pseudoephrine
hydrochloride,
which is a
common nasal decongestant,
shown in Figure 10.6. This salt is soluble in water
and can be absorbed through the digestive system. We shall return to the action
of various drugs in Chapter 14.

Is a neutralization
cal change?

reaction best described as a physical change or a chemi-

Was this your answer? New chemicals are formed during a neutralization
reaction, meaning the reaction is a chemical change.

FIGURE

10.6

Hydrogen chloride and
pseudophedrine react to form the
salt pseudophedrine hydrochloride, which, because of its solubility in water, is readily absorbed
into the body.

~
Hydrogen
chloride
(acid)

H -

N/ CH3
\

\
a

H
-: CH3
\ /C

C

.-, I

Pseudoephedrine
(base)

\

H

OH
Pseudoephedrine
(salt)

hydrochloride
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• 10.2

SOME

ACIDS

AND

BASES

ARE

STRONGER

genml, the stronger an acid, the more readily it donate, a positive charge,
usually a hydrogen ion. Likewise, the stronger a base, the more readily it
accepts a positive charge, also usually a hydrogen ion. An example of a strong acid
is hydrogen chloride, HCI, and an example of a strong base is sodium hydroxide,
NaOH. The corrosiveness of these materials is a result of their strength.
One way to assess the strength of an acid or base is to measure how much of it
remains after it has been added to water. If little remains, the acid or base is
strong. If a lot remains, the acid or base is weak. To illustrate this concept, consider what happens when the strong acid hydrogen chloride is added to water
and what happens when the weak acid acetic acid, C2H402 (the active ingredient of vinegar), is added to water. Being an acid, hydrogen chloride donates
hydrogen ions to water, forming chloride ions and hydronium ions. Because
HCI is such a strong acid, nearly all of it is converted to these ions, as shown in
Figure 10.7. Because acetic acid is a weak acid, it has much less tendency to
donate hydrogen ions to water. When this acid is dissolved in water, only a small
portion of the acetic acid molecules are converted to ions, which occurs as the
polar O-H bonds are broken (the C-H bonds of acetic acid are unaffected

ro

EXPLORE,

Aspirin Foundation of America
www.aspirin.org

Hydrogen
chloride

FIGURE

+

Hydrogen
chloride
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• Aspirin is an acidic molecule, but
not nearly as acidic as the
hydrochloric acid, Hel, found in
your stomach and used to digest
food. So how is it that aspirin can
cause damage to your stomach?
Stomach acid is so strong that
within this environment aspirin
is unable to donate its hydrogen
ion, which means that it remains
"un-ionized/This un-ionized
aspirin is nonpolar and water
insoluble. It is, however, able to
penetrate throug h the largely
nonpolar, HC1-containing mucus
membrane that lines the stomach. After passing throug h this
mucus, the aspirin finds itself in
a less acidic environment where
it can finally donate its hydrogen
ion. This lowers the pH of the
submucus inner wall of the
stomach, which can damage the
tissues and even cause bleeding.
The remedy, of course, is to swallow specially coated aspirin
tablets, which delay the release of
the aspirin until after passing
through the stomach.
MORE

HCI

OTHERS

•

Some Acids and Bases Are Stronger Than Others

in

THAN

+

H20
Water

~

ClChloride
ion

+

H30+
Hydronium
ion

10.7

Immediately after hydrogen
chloride, which is a gaseoussubstance, is added to water, it reacts
with the water to form hydronium ions and chloride ions.
That very little HCl remains
(none shown here) tells us that
HCl is a strong acid.
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by the water because of their nonpolariry). The majority of acetic acid molecules
remain intact in their original, nonionized form, as shown in Figure 10.8.
Figures 10.7 and 10.8 show the submicroscopic behavior of strong and weak
acids in water. However, molecules and ions are too small to see. How then does
a chemist measure the strength of an acid? One way is by measuring a solution's
ability to conduct an electric current, as Figure 10.9 illustrates. In pure water
there are practically no ions to conduct electricity. When a strong acid is dissolved in water many ions are generated, as indicated in Figure 10.7. The presence of these ions allows for the flow of a large electric current. A weak acid
dissolved in water generates only a few ions, as indicated in Figure 10.8. The
presence of fewer ions means there can be only a small electric current.
This same trend is seen with strong and weak bases. Strong bases, for example, tend to accept hydrogen ions more readily than weak bases. In solution, a
strong base allows the flow of a large electric current and a weak base allows the
flow of a small electric current.

+

C2H402
Acetic acid

FIGURE

+

+
Water

Acetate ion

H30+
Hydronium

ion

10.8

When liquid acetic acid is added to water, only a few acetic acid molecules react
with water to form ions. The majority of the acetic acid molecules remain in their
nonionized form, which tells us that acetic acid is a weak acid.

10.2

(a)

SOME

ACIDS

AND

BASES

(b)

FIC;URE

(c)

10.9

(a) The pure water in this circuit is unable to conduct electricity because it contains
practically no ions. The lightbulb in the circuit therefore remains unlit. (b) Because
HCI is a strong acid, nearly all of its molecules break apart in water, giving a high
concentration of ions, which are able to conduct an electric current that lights the
bulb. (c) Acetic acid, C2H402, is a weak acid, and in water only a small portion of
its molecules break up into ions. Because fewer ions are generated, only a weak current exists and the bulb is dimmer.

According to the aqueous solutions illustrated
base, NH3 or NaOH?

Aqueous solution of NH3

here, which is the stronger

Aqueous solution of NaOH

Was this your answer? The solution on the right contains the greater number of ions, meaning sodium hydroxide, NaOH, is the stronger base. Ammonia, NH3, is the weaker base, indicated by the relatively few ions in the
solution on the left.
Just because an acid or base is strong doesn't mean a solution of that acid or
base is corrosive. The corrosive action of an acidic solution is caused by the
hydronium
ions rather than by the acid that generated those hydronium
ions.
Similarly, the corrosive action of a basic solution results from the hydroxide
ions it contains, regardless of the base that generated those hydroxide ions. A
very dilute solution of a strong acid or a strong base may have little corrosive
action because in such solutions there are only a few hydronium
or hydroxide
ions. (Almost all the molecules of the strong acid or base break up into ions,

ARE STRONGER

THAN

OTHERS
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but, because the solution is dilute, there are only a few acid or base molecules
to begin with. As a result, there are only a few hydronium or hydroxide ions.)
You shouldn't be too alarmed, therefore, when you discover that some toothpastes are formulated with small amounts of sodium hydroxide, one of the
strongest bases known.
On the other hand, a concentrated solution of a weak acid, such as acetic
acid, may be just as corrosive or even more corrosive than a dilute solution of
a strong acid, such as hydrogen chloride. The relative strengths of two acids
in solution or two bases in solution, therefore, can be compared only when
the two solutions have the same concentration.

• 10.3

Solutions Can Be Acidic, Basic, or Neutral

~ce
whose ability to behave as an acid is about the same as its abil"i~~~t~rehave
as a base is said to be amphoteric. Water is a good example.
Because it is amphoteric, water has the ability to react with itself. In behaving as
an acid, a water molecule donates a hydrogen ion to a neighboring water molecule, which in accepting the hydrogen ion is behaving as a base. This reaction
produces a hydroxide ion and a hydronium ion, which react together to re-form
the water:

~

+

H3 0+
Water

Water

Hydroxide
ion

Hydronium
ion

From this reaction we can see that, in order for a water molecule to gain a
hydrogen ion, a second water molecule must lose a hydrogen ion. This means
that for everyone hydronium ion formed, there is also one hydroxide ion
formed. In pure water, therefore, the total number of hydronium ions must be
the same as the total number of hydroxide ions. Experiments reveal that the
concentration of hydronium and hydroxide ions in pure water is extremely
low-about
0.0000001 M for each, where M stands for molarity or moles per
liter (Section 7.2). Water by itself, therefore, is a very weak acid as well as a very
weak base, as evidenced by the unlit lightbulb in Figure 10.9a.

Dowater molecules react with one another?
Was this your answer? Yes,but not to any large extent. When they do react,

they form hydronium and hydroxide ions. (Note: Make sure you understand
this point because it serves as a basis for most of the rest of the chapter.)
Further experiments reveal an interesting rule pertaining to the concentrations of hydronium and hydroxide ions in any solution that contains water. The
concentration of hydronium ions in any aqueous solution multiplied by the
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concentration of the hydroxide ions in the solution always equals the constant
~o,
which is a very, very small number:
concentration H30+

X

concentration OH- = Kw = 0.00000000000001

Concentration is usually given as molarity, which is indicated by abbreviating
this equation using brackets:
[H30+J

X

[OH-J = Kw

=

0.00000000000001

The brackets mean this equation is read "the molarity ofH30+ times the molarity of OH- equals ~,,,." Writing in scientific notation (seeAppendix A), we have
[H30+][OH-J

= K; = 1.0 X 10-14

For pure water, the value of Kw is the concentration of hydronium ions,
0.0000001 M, multiplied by the concentration of hydroxide ions, 0.0000001 M,
which can be written in scientific notation as
[1.0 X 10-7][1.0

X

1O-7J = Kw = 1.0 X 10-14

The constant value of Kw is quite significant because it means that, no matter
what is dissolved in the uiater, the product of the hydronium ion and hydroxide
ion concentrations always equals 1.0 X 10-14. This means that if the concentration of H30+ goes up, the concentration of OH- must go down so that the
product of the two remains 1.0 X 10-14.
Suppose, for example, that a small amount ofHCl is added to pure water to
increase the concentration of hydronium ions to 1.0 X 10-5 M (Be sure to see
Appendix A if you're confused as to how 10-5 is larger than 10-7.) The hydroxide ion concentration decreases to 1.0 X 10-9 M so that the product of the two
remains equal to Kw = 1.0 X 10-14:
[H30+][OH-J

= Kw = 1.0

X

10-14

pure water

[1.0

X

10-7][1.0

X

10-7J = Kw = 1.0

X

10-14

HCl added

[1.0

X

10-5][1.0

X

10-9J = Kw = 1.0

X

10-14

The hydroxide ion concentration goes down because some of the hydroxide ions
from the water are neutralized by the added hydronium ions from the HCl, as
shown in Figure 10.1Ob. In a similar manner, adding a base to water increases
the hydroxide ion concentration. The response is a decrease in the hydronium
ion concentration as hydroniurn ions from the water become neutralized by the
added hydroxide ions from the base, as shown in Figure 10.1Oc.The net result is
that the product of the hydronium and hydroxide ion concentrations is always
equal to the constant Kw = 1.0 X 10-14•

1.

2.

In pUTe water, the hydroxide ion concentration is 1.0 X 10-7 M. What is the
hydronium ion concentration?
What is the concentration ofhydronium ions in a solution if the concentration of hydroxide ions is 1.0 X 10-3 M?

Were these your answers?
1. 1.0 X 10-7 M, because in pure water [Hp+] = rOW].
2. 1.0 X 10- M, because [H30+][OH-J must equal 1.0 x
11

10-14

=

KW'

An aqueous solution can be described as acidic, basic, or neutral, as Figure
10.11 summarizes. An acidic solution is one in which the hydronium ion

•
• The outer surface of hair is made
of microscopic scalelike structures called cuticles that, like
window shutters, are able to
open and close. Alkaline solutions
cause the cuticles to open up,
which makes the hair "porous."
Acidic solutions cause the cuticles to close down, which makes
the hair "resistant." Abeautician
can control how long hair retains
artificial coloring by modifying
the pH of the hair-colorinq solution. With an acidic solution, the
cuticles close shut so that the dye
binds only to the outside of each
shaft of hair, This results in a temporary hair coloring, which may
come off with the next hair
washing. Using an alkaline solution, the dye is able to penetrate
throug h the cuticles into the hair
for a more permanent effect.
MORE

TO

EXPLORE.

http://pubs.acs.org/cen/
wh atstuff/stuff/Sotysci 3-htm1
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Concentrated
HCI(aq)

Concentrated
NaOH(aq)

+

+

More OH- than H30+
after NaOH addition
(c)

More H30+ than OHafter HCI addition
(b)

Equal numbers
of HP+ and OH(a)

FIGURE

10.10

(a) Neutral water contains as many hydronium ions as hydroxide ions. (b) When the
acid HCl is added to water, hydronium ions from the added Hel neutralize hydroxide
ions from the water, thereby decreasing the hydroxide ion concentration. (c) When the
base NaOH is added to water, the added hydroxide ions neutralize hydronium ions
from the water, thereby decreasing the hydronium ion concentration.

FIGURE

10.11

The relative concentrations of
hydronium and hydroxide ions
determine whether a solution is
acidic, basic, or neutral.

pH
In a neutral solution
[H30+]

=

rOW]

basic 14~
neutral

7

acidic

0

H O+

OH

3

1

pH
OW

In an acidic solution

[H30+] > rOW]

basic 14~
neutral

7

acidic

0
pH

In a basic solution
[Hp+]

< [OH-]

basic 14~
neutral

7

acidic

0

HM
~H

-
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concentration
is higher than the hydroxide ion concentration.
An acidic solution is made by adding an acid to water. The effect of this addition
is to
increase the concentration
ofhydronium
ions, which necessarily decreases the
concentration
of hydroxide ions. A basic solution is one in which the hydroxide ion concentration
is higher than the hydronium
ion concentration.
A basic
solution is made by adding a base to water. This addition increases the concentration of hydroxide ions, which necessarily decreases the concentration
of
hydronium
ions. A neutral solution is one in which the hydronium
ion concentration
equals the hydroxide ion concentration.
Pure water is an example
of a neutral solution-not
because it contains so few hydronium
and hydroxide ions, but because it contains equal numbers of them. A neutral solution is
also obtained when equal quantities of acid and base are combined, which is
why acids and bases are said to neutralize each other .

•

How does adding ammonia, NH3, to water make a basic solution when there
are no hydroxide ions in the formula for ammonia?
Was this your answer? Ammonia indirectly increases the hydroxide ion
concentration by reacting with water:

[H3O+] pH

This reaction raises the hydroxide ion concentration, which has the effect of
lowering the hydronium ion concentration. With the hydroxide ion concentration now higher than the hydronium ion concentration, the solution is
basic.

101

-1

10°

0

Concentrated HCI
Batteryacid

10-1

THE pH

SCALE

IS USED

TO DESCRIBE

Lemonjuice

ACIDITY

The pH scale is a numeric scale used to express the acidity of a solution. Mathematically, pH is equal to the negative of the base-I 0 logarithm of the hydronium ion concentration:

Note again that brackets are used to represent molar concentrations,
meaning
[H30+] is read "the molar concentration
of hydronium
ions." For understanding the logarithm function, see the Calculation Corner on page 344.
Consider a neutral solution that has a hydronium
ion concentration
of
1.0 X 10-7 M. To find the pH of this solution, we first take the logarithm of
this value, which is -7 (see the Calculation Corner on logarithms). The pH is,
by definition, the negative of this value, which means -(-7) = +7. Hence, in a
neutral solution, where the hydronium
ion concentration
equals 1.0 X 10-7 M,
the pH is 7.
Acidic solutions
have pH values less than 7. For an acidic solution in
which the hydronium
ion concentration
is 1.0 X 10-4 M, for example, pH =
-log(l.O X 10-4) = 4. The more acidic a solution is, the greater its hydronium
ion concentration
and the lower its pH.
Basic solutions
have pH values greater than 7. For a basic solution
in
which the hydronium
ion concentration
is 1.0 X 10-8 M, for example, pH =
-log(l.O X 10-8) = 8. The more basic a solution is, the smaller irs hydronium
ion concentration
and the higher its pH.
Figure 10.12 shows typical pH values of some familiar solutions, and Figure
10.13 shows two common ways of determining pH values.
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10-3
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10-4
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10-5
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6
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'is
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«

10-10

10

10-11

11

10-12

12

10-13

13

10-14
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u
'v;
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Vinegar
Softdrink
Beer
Tomato
Coffee
Urine
Rainwater
Milk
Saliva
Purewater
Blood
Seawater
Bakingsoda
Soap
Ammonia
Hairremover
Oven cleaner

1 0 .12

The pH values of some common
solutions.
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(a)
10.13

FIGURE

(a) The pH of a solution can be measured electronically using a pH meter. (b) A
rough estimate of the pH of a solution can be obtained with litmus paper, which is
coated with a dye that changes calor with pH.

LOGARITHMS

• The logarithm of a number can be found on any scientific calculator by typing in the number and pressing
the [log] button. What the calculator does is find the
power to which 10 is raised to give the number. The logarithm of 10\ for example, is 2 because that is the power
to which 10 is raised to give the number 10 Ifyou know
that 10 is equal to lOO, then you'll understand that the
logarithm of 100 also is 2. Check this out on your calculator. Similarly, the logarithm of 1000 is 3 because 10
raised to the third power, 103, equals 1000.
2

•

AND

pH

The definition of pH includes the minus sign so as to
transform the logarithm of the hydronium ion concentration to a positive number.
When a solution has a hydronium ion concentration of
1 M, the pH is 0 because 1 M = 10° M. A la M solution has a
pH Of-1 because 10 M = 10' M.

2

EXAMPLE

What is the pH of a solution that has a hydronium ion concentration of 0.001 M?
ANSWER

ny positive number, including a very small one, has a
logarithm. The logarithm of 0.0001 = 10-4, for example,
is -4 (the power to which la is raised to equal this
number).

H

The number 0.001 is 10-3, and so
pH = -10g[H30+]
-10glO-3
=-(-3)=3
=

EXAMPLE

What is the logarithm of 0.01?
YOUR
ANSWER

TURN

1. What is the logarithm of 105?

The number 0.01 is 10- (see Appendix A),the logarithm of
which is -2 (the power to which la is raised).
The concentration ofhydronium ions in most solutions
is typically much less than 1 M. Recall,for example, that in
neutral water the hydronium ion concentration is
0.0000001 M (10-7 M). The logarithm of any number
smaller than 1(but greater than 0) is a negative number.
2

2.

What is the logarithm of 100,000?

3. What is the pH of a solution having a hydronium ion
concentration of 10-9 M? Is this solution acidic, basic, or
neutral?
Answers to Calculation Corners appear at the end of each chapter ..
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he pH of a solution can be
approximated with a pH
indicator, which is any chemical
whose color changes with pH. Many
pH indicators are found in plants;
the pigment ofred cabbage is a good
example. This pigment is red at low
pH values (1 to 5),light purple around
neutral pH values (6 to 7),light green
at moderately alkaline pH values
(8 to 11), and dark green at very alkaline pH values (12 to 14).

T

SAFETY

WHAT

YOU

NEED

Head of red cabbage, small pot,
water, four colorless plastic cups or
drinking glasses, toilet bowl cleaner,
vinegar, baking soda, ammonia
cleanser.
PROCEDURE
1.

Shred about a quarter of the head
of red cabbage and boil the shredded cabbage in 2 cups of water for
about 5 minutes. Strain and collect the broth, which contains the
pH-indicating pigment.

2.

Pour one-fourth of the broth into
each cup. (Ifthe cups are plastic,
either allow the broth to cool before
pouring or dilute with cold water.)

NOTE

Wear safety glasses. Do not use
bleach products because they will
oxidize the pigment, rendering it
insensitive to any changes in pH. You
also do not want to run the risk of
accidentally mixing a bleach solution
with the toilet bowl cleaner because

• 10.4

the resulting solution would generate harmful chlorine gas.

15 BA51C

CAB BAG E

4. Use the different colors to estimate the pH of each solution.
5. Mix some of the acidic and basic
solutions together and note the
rapid change in pH (indicated by
the change in color).

Rainwater Is Acidic and Ocean Water Is Basic

is naturally acidic. One source of this acidity is carbon dioxide,
gas that gives fizz to soda drinks. There are about 810 billion
tons of CO2 in the atmosphere, most of it (about 675 billion tons) from natural
sources such as volcanoes and decaying organic matter but a growing amount
(about 135 billion tons) from human activities.
Water in the atmosphere reacts with carbon dioxide to form carbonic acid

K~~~~::e

Water

WATER

3. Add a small amount of toilet bowl
cleaner to the first cup, a small
amount of vinegar to the second
cup, baking soda to the third, and
ammonia solution to the fourth.

~r

Carbon
dioxide

OCEAN

Carbonic
acid

Carbonic acid, as its name implies, behaves as an acid and lowers the pH of
water. The CO2 in the atmosphere brings the pH of rainwater to about 5.6noticeably below the neutral pH value of 7. Because oflocal fluctuations, the
normal pH of rainwater varies between 5 and 7. This natural acidity of rainwater may accelerate the erosion of land and, under the right circumstances, can
lead to the formation of underground caves, as was discussed in this chapter's
introduction.
By convention, acid rain is a term used for rain having a pH lower than 5.
Acid rain is created when airborne pollutants such as sulfur dioxide are absorbed
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by atmospheric moisture. 5ulfur dioxide is readily converted to sulfur trioxide,
which reacts with water to form sulfuric acid
2 502 (g)

+ °2(g)

Sulfur
dioxide

5°3 (g)

----?>

Sulfur
trioxide

Oxygen

+ H2O(f)

Sulfur
trioxide

Oxygen

2 503 (g)

----?>

H2504(aq)
Sulfuric
acid

As noted at the beginning of the chapter, the sulfuric acid that helped create
the great chambers of Carlsbad Caverns was generated from sulfur dioxide
(and hydrogen sulfide) from subterranean fossil fuel deposits. When we burn
these fossil fuels, the reactants that produce sulfuric acid are emitted into the
atmosphere. Each year, for example, about 20 million tons of S02 is released
into the atmosphere by the combustion of sulfur-containing
coal and oil.
Sulfuric acid is much stronger than carbonic acid, and as a result rain laced
with sulfuric acid eventually corrodes metal, paint, and other exposed substances. Each year the damage costs billions of dollars. The cost to the environment is also high (Figure 10.14). Many rivers and lakes receiving acid
rain become less capable of sustaining life. Much vegetation that receives acid
rain doesn't survive. This is particularly evident in heavily industrialized
regiOns.

(a)
FIGURE

10.14

The two photographs in (a) show the same obelisk before and after the effectsof
acid rain. (b) Many forests downwind from heavily industrialized areas, such as in
the northeastern United States and in Europe, have been noticeably hard-hit by acid
ram.

10.4

RAINWATER

IS ACIDIC

AND

When sulfuric acid, H2S04, is added to water, what makes the resulting
aqueous solution corrosive?
Was this your answer? Because H2S04 is a strong acid, it readily forms
hydronium ions when dissolved in water. Hydronium ions are responsible
for the corrosive action.
The environmental
impact of acid rain depends on local geology, as Figure
10.15 illustrates. In certain regions, such as the rnidwestern United States, the
ground contains significant quantities of the alkaline compound
calcium carbonate (limestone), deposited when these lands were submerged under oceans

CD

o
'.'

®

Rainis acidifiedas it
fallsthrough the air.

Acidenters lakefrom rain,

Hydroniumions are neutralized
by calciumcarbonate released
from limestone.

Limestone

(a)

G)

o
®

FIGURE

Rainis acidifiedas it
fallsthrough the air.

Acidenters lakefrom rain,

Hydroniumion concentration
increases,with potential
harm to the ecosystem.

10.15

(a) The damaging effects of acid rain do not appear in bodies of fresh water lined
with calcium carbonate, which neutralizes any acidity. (b) Lakes and rivers lined
with inert materials are not protected.

OCEAN

WATER

IS

BASIC
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10.16

Most chalks are made from calcium carbonate, which is the
same chemical found in limestone. The addition of even a
weak acid, such as the acetic acid
of vinegar, produces hydronium
ions that react with the calcium
carbonate to form severalproducts, the most notable being carbon dioxide, which rapidly
bubbles out of solution. Try this
for yourself! If the bubbling is
not as vigorous as shown here,
then the chalk is made of other
mineral components.

•
• Acid rain remains a serious problem in many regions of the world.
Significant progress, however,
has been made towards fixing
the problem. In the United States,
for example, sulfur dioxide and
nitrogen oxide emissions have
been reduced by nearly half since
1980. Also,in 2005, the EPAimplemented the Clean Air Interstate
Rule (CAIR),which is designed to
reduce levels ofthese pollutants
even further especially for areas
downwind of heavily industrialized regions.
MORE

TO EXPLORL

www.epa.gov/airmarkets/arp/
overview.html

200 million years ago. Acid rain pouring into these regions is often neutralized
by the calcium carbonate before any damage is done. (Figure 10.16 shows calcium carbonate neutralizing an acid.) In the northeastern United States and
many other regions, however, the ground contains very little calcium carbonate and is composed primarily of chemically less reactive materials, such as
granite. In these regions, the effect of acid rain on lakes and rivers accumulates.
One demonstrated solution to this problem is to raise the pH of acidified
lakes and rivers by adding calcium carbonate-a
process known as timing. The
cost of transporting the calcium carbonate coupled with the need to monitor
treated water systems closely limits liming to only a small fraction of the vast
number of water systems already affected. Furthermore, as acid rain continues
to pour into these regions, the need to lime also continues.
A longer-term solution to acid rain is to prevent most of the generated sulfur
dioxide and other pollutants from entering the atmosphere in the first place.
Toward this end, smokestacks have been designed or retrofitted to minimize the
quantities of pollutants released. Though costly, the positive effects of these
adjustments have been demonstrated, as we discuss in Section 17.2. An ultimate
long-term solution, however, would be a shift from fossil fuels to cleaner energy
sources, such as nuclear and solar energy, as we discuss in Chapter 19.

•

What kind of lakes are protected

against the negative effects of acid rain?

Was this your answer? Lakes that have a floor consisting of basic minerals, such as limestone, are more resistant to acid rain because the chemicals of the limestone (mostly calcium carbonate, CaC03) neutralize any
incoming acid.

It should come as no surprise that the amount of carbon dioxide put into the
atmosphere by human activities is growing. What is surprising, however, is that
studies indicate that the atmospheric concentration of CO2 is not increasing
proportionately. A likely explanation has to do with the oceans and is illustrated
in Figure 10.17. When atmospheric CO2 dissolves in any body of water-a
raindrop, a lake, or the ocean-it forms carbonic acid. In fresh water, this carbonic acid transforms back to water and carbon dioxide, which is released back
into the atmosphere. Carbonic acid in the ocean, however, is quickly neutralized by dissolved alkaline substances such as calcium carbonate (the ocean is
alkaline, pH "" 8.2). The products of this neutralization eventually end up on
the ocean floor as insoluble solids. Thus carbonic acid neutralization in the
ocean prevents CO2 from being released back into the atmosphere. The ocean
therefore is a carbon dioxide sink-most
of the CO2 that goes in doesn't come
out. So, pushing more CO2 into our atmosphere means pushing more of it into
our vast oceans. This is another of the many ways in which the oceans regulate
our global environment.
Nevertheless, as Figure 10.18 shows, the concentration of atmospheric CO2 is
increasing. Carbon dioxide is being produced faster than the ocean can absorb it,
and this may alter Earth's environment. Carbon dioxide is a greenhousegas, which
means it helps keep the surface of Earth warm by preventing infrared radiation from
escaping into outer space. Without greenhouse gases in the atmosphere, Earth's surface would average a frigid -lS°C. However, with increasing concentration of CO2
in the atmosphere, we might experience higher average temperatures. Higher temperatures may significantly alter global weather patterns as well as raise the average
sea level as the polar ice caps melt and the volume of seawater increases because of
thermal expansion. Global warming is explored in more detail in Section 17.4.

10.4

Carbon dioxide
is absorbed
and released.

IS ACIDIC

AND

OCEAN

Carbon dioxide
is absorbed.

+ H20 ---0>
H2C03 + CaC03

CO2

RAINWATER

H2C03
---0>

Ca(HC03h

Deposits on ocean floor

FIGURE

10.17

Carbon dioxide forms carbonic acid upon entering any body of water. In fresh
water, this reaction is reversible, and the carbon dioxide is released back into the
atmosphere. In the alkaline ocean, the carbonic acid is neutralized to compounds
such as calcium bicarbonate, Ca(HC03) 2' which precipitate to the ocean Roor. As a
result, most of the atmospheric carbon dioxide that enters our oceans stays there.
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10.18

Researchers at the Mauna Loa Weather Observatory in Hawaii have recorded
increasing concentrations of atmospheric carbon dioxide since they began collecting
data in the 1950s. This famous graph is known as the Keeling curve, after the scientist, Charles Keeling, who initiated this project and first noted the trends. Interestingly, the oscillations within the Keeling curve reflect seasonal changes in CO2
levels.
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So we find that the pH of rain depends, in great part, on the concentration of
atmospheric CO2, which depends on the pH of the oceans. These systems are
interconnected with global temperatures, which naturally connect to the countless living systems on Earth. How true it is-all the parts are intricately connected, down to the level of atoms and molecules!

Buffer Solutions Resist Changes in pH

• 10.5

buffer solution is any solution that resists large changes in pH. Buffer
solutions work by containing two components. One component neutralizes any added base, and the other neutralizes any added acid. Effective
buffer solutions can be prepared by mixing a weak acid with a salt of the weak
acid. An example would be a mixture of acetic acid, C2H402, and sodium
acetate, NaC2H402• This salt can be made by reacting acetic acid with sodium
hydroxide.

HI

°
11

C-C

H/I
H

""'O-H

Acetic acid
(weak acid)

+

NaOH

-----0>

Sodium acetate
(salt of weak acid)

To make the buffer solution, a solution of acetic acid and a solution of
sodium acetate are combined. To understand how this buffer solution resists
changes in pH, first recall what happens when a strong acid is added to plain
water, as in Figure 10.1Ob.The pH of the solution quickly decreases because the
concentration of hydronium ions increases. Add a strong base to plain water,
and you quickly increase the pH by decreasing the relative concentration of
hydronium ions, as in Figure 10.10c.
Add the strong acid HCl to an acetic acid-sodium acetate buffer solution,
however, and the H+ ions produced by the HCl do not stay in solution to
lower the pH because they react with the acetate ions, C2H302-, of sodium
acetate to form acetic acid, as shown in Figure 10.19. (Remember that acetic
acid, being a weak acid, stays mostly in its molecular form, HC2H302, and
so does not contribute hydronium ions to the solution.) Add the strong
base NaOH to the acetic acid-sodium acetate buffer solution, and the OHions produced by the NaOH do not stay in solution to raise the pH because
they combine with H+ ions from the acetic acid to form water, as shown in
Figure 10.20.
So, strong bases and acids are neutralized by the components of a buffer
solution. This does not mean that the pH remains unchanged, however.
When NaOH is added to the buffer system we are using as our example,
sodium acetate is produced. Because sodium acetate behaves as a weak base (it
accepts hydrogen ions but not very well), there is a slight increase in pH.
When HCl is added, acetic acid is produced. Because acetic acid behaves as a
weak acid, there is a slight decrease in pH. Buffer solutions therefore resist
only large changes in pH.

10.5

BUFFER

SOLUTIONS

H

RESIST

CHANGES

IN pH
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HjC-C----.O-H
H

o

Sodium

FIGURE

Sodium
chloride

Acetic acid

acetate

10.19

Hydrochloric acid added to a solution containing acetic acid and sodium acetate is
neutralized by the sodium acetate to form additional acetic acid.
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acetate

10.20

Sodium hydroxide added to a solution containing acetic acid and sodium acetate is
neutralized by the acetic acid to form additional sodium acetate and water.
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10.21

o

Carbonic acid and sodium bicarbonate.

11

C

H-O/ ~O-H
Sodium bicarbonate
(salt)

Carbonic acid
(weak acid)

•

cihcK
Why must a buffer solution consist of at least two dissolved components?
Was this your answer? One component is needed to neutralize any incoming
acid, and the second component is needed to neutralize any incoming base.

There are many different buffer systems useful for maintaining particular pH
values. The acetic acid-sodium
acetate system is good for maintaining
a pH
around 4.8. Buffer solutions containing equal mixtures of a weak base and a salt
of that weak base maintain alkaline pH values. For example, a buffer solution of
the weak base ammonia, NH3, and ammonium
chloride, NH4Cl, is useful for
maintaining a pH about 9.3.
Blood has several buffer systems that work together to maintain a narrow pH
range between 7.35 and 7.45. A pH value above or below these levels can be
lethal, primarily because cellular proteins become denatured, which is what happens to milk when vinegar is added to it. The primary buffer system of the blood
is a combination
of carbonic acid and its salt, sodium bicarbonate,
shown in
Figure 10.21. Any acid that builds up in the bloodstream
is neutralized by the
basic action of sodium bicarbonate, and any base that builds up is neutralized by
the carbonic acid.
The carbonic acid in your blood is formed as the carbon dioxide produced by
your cells enters the bloodstream
and reacts with water-this
is the same reaction that occurs in a raindrop, as we discussed earlier. You fine-tune the levels of
blood carbonic acid, and hence your blood pH, by your breathing rate, as Figure
10.22 illustrates. Breathe too slowly or hold your breath and the amount of carbon dioxide (and hence carbonic acid) builds up, causing a slight but significant

FIGURE

10.22

(a) Hold your breath, and CO2
builds up in your bloodstream.
This increases the amount of carbonic acid, which lowers your
blood pH. (b) Hyperventilate
and the amount of CO2 in your
bloodstream decreases. This
decreases the amount of carbonic
acid, which raises your blood

pH.

(a)

(b)

KEY TERMS
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drop in pH. Hyperventilate and the carbonic acid level decreases, causing a
slight but significant increase in pH. Your body uses this mechanism to protect
itself from changes in blood pH. One of the symptoms of a severe overdose of
aspirin, for example, is hyperventilation. Aspirin, also known as acetylsalicylic
acid, is an acidic chemical that when taken in large amounts can overwhelm the
blood buffering system, causing a dangerous drop in blood pH. As you hyperventilate, however, your body loses carbonic acid, which helps to maintain the
proper blood pH despite the overabundance of the acidic aspirin.

• In Perspective
o summarize the concepts of this chapter, consider the gardener shown in
Figure 10.23. Using a pH-measuring kit, the gardener has found that the soil
pH is unacceptably low, perhaps because oflocal atmospheric pollutants, which
may arise from natural or human-made sources. At this low pH, the soil contains
an overabundance ofhydronium ions, which react with many of the basic nutrients
of the soil, such as ammonia, to form water-soluble salts. Because of their water solubility, these nutrients in their salt form are readily washed away with the rainwater,
and as a result the soil becomes nutrient-poor. The mechanism by which plants
absorb whatever nutrients do remain in the soil is also disturbed by the soil's low
pH. As a result of all this, most plants do not grow well in acidic soil. To remedy
this, the gardener spreads powdered limestone, a form of calcium carbonate,
CaC03, which neutralizes the hydronium ions, thus raising the pH toward neutral.
Interestingly, the calcium carbonate reacts with the acidic soil to form carbon
dioxide gas, which in the atmosphere helps to keep rainwater slightly acidic.
This is the same gas that is generated by the cells of our bodies and tends to acidify our blood. The blood pH, however, is kept fairly constant at around 7.4
because it is buffered.

I

FIGURE

i

10.23

Raising the pH of garden soil by
the addition of an alkaline mineral is known as liming.

KEY TERMS

Acid A substance that donates hydrogen ions.
Base A substance that accepts hydrogen ions.
Hydronium ion A water molecule after accepting a
hydrogen ion.
Hydroxide ion A water molecule after losing a
hydrogen ion.
Salt An ionic compound formed from the reaction
between an acid and a base.
Neutralization A reaction in which an acid and base
combine to form a salt.
Amphoteric A description of a substance that can
behave as either an acid or a base.
Acidic solution A solution in which the hydronium
ion concentration is higher than the hydroxide ion
concentration.

Basic solution A solution in which the hydroxide ion
concentration is higher than the hydronium ion
concentration.
Neutral solution A solution in which the hydronium
ion concentration is equal to the hydroxide ion
concentration.

pH A measure of the acidity of a solution, equal to the
negative of the base-I 0 logarithm of the hydronium ion
concentration.
Buffer solution A solution that resists large changes in
pH, made from either a weak acid and one of its salts or
a weak base and one of its salts.
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ACCEPT

16. As the concentration ofH30+ ions in an aqueous
solution increases, what happens to the concentration
of OH- ions?

CHARGE

1. What are the Bronsted-Lowry definitions of acid
and base?

17. What is true about the relative concentrations of
hydronium and hydroxide ions in an acidic solution?
How about a neutral solution? A basic solution?

2. When an acid is dissolved in water, what ion does
the water form?
3. When a chemical loses a hydrogen ion, is it behaving
as an acid or a base?
4. What is the Lewis definition of an acid and base?
5. Which definition of acids and bases is more universal:
the Brensted-Lowry definition or the Lewis definition?

18. What does the pH of a solution indicate?
19. As the hydronium ion concentration of a solution
increases, does the pH of the solution increase or
decrease?
RAINWATER

IS ACIDIC

AND

OCEAN

WATER

6. Does a salt always contain sodium ions?

IS

7. What two classes of chemicals are involved in a neutralization reaction?

20. What is the product of the reaction between carbon
dioxide and water?

SOME

ACIDS

THAN

OTH ERS

21. How can rain be acidic and yet not quality as acid
rain?

AND

BASES

ARE

STRONGER

BASIC

22. What does sulfur dioxide have to do with acid rain?

8. What does it mean to say that an acid is strong in
aqueous solution?

23. How do humans generate the air pollutant sulfur
dioxide?

9. What happens to most of the molecules of a strong
acid when the acid is mixed with water?

24. How does one lime a lake?

10. Why does a solution of a strong acid conduct electricity better than a solution of a weak acid having the
same concentration?

25. Why aren't atmospheric levels of carbon dioxide rising
as rapidly as might be expected based on the increased
output of carbon dioxide resulting from human activities?

11. Which has a greater ability to accept hydrogen ions:
a strong base or a weak base?

BUFFER

12. When can a solution of a weak base be more corrosive than a solution of a strong base?
SOLUTIONS
OR

CAN

BE ACIDIC,

BASIC,

SOLUTIONS

RESIST

CHANGES

IN

pH

26. What is a buffer solution?
27. A strong acid quickly drops the pH when added to
water. Not so when added to a buffer solution. Why?
28. Do buffer solutions prevent or inhibit changes in pH?

NEUTRAL

13. Is it possible for a chemical to behave as an acid in
one instance and as a base in another instance?
14. Is water a strong acid or a weak acid?

29. Why is it so important that the pH of our blood be
maintained within a narrow range of values?
30. Holding your breath causes the pH of your blood
to decrease. Why?

15. Is Kw a very large or a very small number?

I CONCEPT

BUILDING

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

I
31 .• Suggest an explanation for why people once
washed their hands with ashes.
32 .• What is the relationship between a hydroxide
ion and a water molecule?

33 .• An acid and a base react to form a salt, which
consists of positive and negative ions. Which forms the
positive ions: the acid or the base? Which forms the
negative ions?

CONCEPT

34 .• Water is formed from the reaction between an
acid and a base. Why is water not classified as a salt?
35 .• What atom in the hydronium ion, H30+, bears
the positive charge?
36 .• What atom in the hydroxide ion, OH-, bears
the negative charge?
37 .• What atom in the ammonium ion, NH4+, bears
the positive charge?
38 .• What atom in the bicarbonate ion, HC03-,
bears the negative charge?
39 .• Identify the acid or base behavior of each substance in these reactions:

BUILDING

355

46 .• The pOH scale indicates the "basicity" of a solution, where pOH = -log[OH-J. For any solution, what
is the sum pH + pOH always equal to?
47 .• When the hydronium ion concentration of a
solution equals 1 mole per liter, what is the pH of the
solution? Is the solution acidic or basic?
48 .• When the hydronium ion concentration of a
solution equals 10 moles per liter, what is the pH of the
solution? Is the solution acidic or basic?
49 .• What is the concentration ofhydronium ions in
a solution that has a pH of -3? Why is such a solution
impossible to prepare?
50 .• What happens to the pH of an acidic solution as
pure water is added?
51 .• A weak acid is added to a concentrated solution
of hydrochloric acid. Does the solution become more
or less acidic?

40 .• Identify the acid or base behavior of each substance in these reactions:

52 .• Can an acidic solution be made less acidic by
adding an acidic solution?
53 .•

41 .• Sodium hydroxide, NaOH, is a strong base,
which means it readily accepts hydrogen ions. What
products are formed when sodium hydroxide accepts a
hydrogen ion from a water molecule?
42 .• What happens to the corrosive properties of an
acid and a base after they neutralize each other? Why?

54 .• Many of the smelly molecules of cooked fish are
alkaline compounds. How might these smelly molecules be conveniently transformed into less smelly salts
just prior to eating the fish?
55 .• Acetic acid, shown here, has four hydrogen
atoms-one bonded to an oxygen and three bonded to
a carbon. When this molecule behaves as an acid, it
donates only the hydrogen bonded to the oxygen. The
hydrogens bonded to the carbon remain intact. Why?

43 .• What does the value of Kw say about the extent
to which water molecules react with one another?
44 .• Why do we use the pH scale to indicate the acidity of a solution rather than simply stating the concentration ofhydronium ions?
45 .• The amphoteric reaction between two water
molecules is endothermic, which means the reaction
requires the input of heat energy in order to proceed:

The warmer the water, the more heat energy is available
for this reaction, and the more hydronium and hydroxide ions are formed.
a. Does the value of Kw increase, decrease, or stay the
same with increasing temperature?
b. Which has a lower pH: pure water that is hot or
pure water that is cold?
c. Is it possible for water to be neutral but have a pH
less than or greater than 7.0?

Can an acid and a base react to form an acid?

o
H

H
~

0
H

11

\
H

C'O/H
bond ~

11

-----;. ~""""C,OH
\
g

H

Acetic acid

56 .• How readily an acid donates a hydrogen ion is a
function of how well the acid is able to accommodate
the resulting negative charge it gains after donating.
Which should be the stronger acid: methanol or trifluoromethanol? Explain.

Methanol

Trifluoromethanol
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57 .• How readily an acid donates a hydrogen ion is a
function of how well the acid is able to accommodate
the resulting negative charge it gains after donating.
Which should be the stronger acid: water or hypochlorous acid? Explain.

61 .• Why is phosphoric acid, H3P04, a stronger acid
than disodium hydrogen phosphate, Na2HP04? (Hint:
See exercise 59.)

o

o

11

11

HO-P-OH
1

OH
Water

Hypochlorous

acid

58 .• Does the phosphate ion, a common additive to
automatic dishwasher detergent, tend to behave as an
acid or a base? Explain?

Phosphoric acid

Na+-O-P-OH

I

Na+0Sodium hydrophosphoric

62 .• Why is the carbonate ion, CO/-,
than the bicarbonate ion, HC03-?

Carbonate ion

Bicarbonate

acid

a stronger base

ion

Phosphate ion

59 .• Some molecules are able to stabilize a negative
charge by passing it from one atom to the next by a
flip-flopping of double bonds. This occurs when the
negative charge is one atom away from an oxygen double bond, as follows. Note that the curved arrows indicate the movement of electrons:

63 .• Soaps are generally alkaline. Also, the more alkaline the soap, the greater its cleaning power. Why do
strong soaps tend to leave the skin feeling dry?
64 .• Sodium hydroxide, NaOH, is a very strong base,
commonly used as a drain cleaner. Why is this chemical
only helpful in unclogging natural materials, such as
hair or grease, and not synthetic materials, such as plastic, or inorganic materials, such as sand?
65 .• Sodium hydroxide, NaOH, is a very strong base.
If a concentrated solution of this base were to spill on a
latex glove you were wearing, it would feel like regular
water. If the solution were to land directly on your skin,
however, it would feel very slippery. Why?

Why, then, is sulfuric acid so much stronger an acid
than carbonic acid?

o
11

HO-S-OH
11

Carbonic acid

o
Sulfuric acid

60 .• Which salt, Na3P04, Na2HP04, or NaH2P04,
should form a solution with the highest pH for a given
concentration?

66 .• Why is vinegar so good at removing water spots
from your bathroom faucet?
67 .• Pour vinegar onto beach sand from the Carribean and the result is a lot of froth and bubbles. Pour
vinegar onto beach sand from California, however, and
nothing happens. Why?
68 .• How can the dissolving of table salt, NaCl, in
water be viewed as an acid-base reaction?
69 .• Would it be easier or harder for a water molecule
to donate a hydrogen ion if its polar H-O bond were
even more polar? Explain.
70 .• A water molecule, H20, becomes strongly held
to a dissolved aluminum ion, Al3+. According to the
Lewis definition of acids and bases, which is behaving

CONCEPT

as an acid: the water or the aluminum ion? Which is
behaving as a base?
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80 .• Which reactant behaves as an acid and which
behaves as a base in the following reaction:

:0·•
~

S:

/j

:0·

F

I

B-F

I

:0.•

F

Sulfur dioxide

Trifluoroborane

~

~

F

I
I

S-B-F

/j

:Q.

F

71. • Does a water molecule become more or less
polar when bound to a metal ion, such as AP+? (Hint:
How might the electrons of the O-H covalent bonds
in water "feel" about the highly charged aluminum
ion?)

81. • The main component of bleach is sodium
hypochlorite, NaOCl, which consists of sodium ions,
Na", and hypochlorite ions, -OCl. What products are
formed when this compound is reacted with the
hydrochloric acid, HCl, of toilet bowl cleaner?

72 .• How do aluminum ions, AP\ help water molecules to lose hydrogen ions?

82 .• List the following compounds in order of
increasing acidity: BH3, BCI3, BF3.

73 .• Why are aqueous solutions of highly charged
metal ions, such as AP\ usually acidic?

83 .• Does the hydride ion, H-, tend to behave as an
acid or a base?

74 .• Which salt, NaCl, BaCl2, or AlCl3, should form
a solution of the lowest pH for a given concentration?

84 .• Which atom in sulfur dioxide, 502' is most positively charged?

75 .• Which should be a stronger base: ammonia,
NH3, or trifluoronitrogen, NF3?

••
H-N-H

I

H
Ammonia

••
F-N-F

••
• ~S~ ....0••
·0.....
••
••
Sulfur dioxide

I

F
85 .• What molecule results when water, H20, reacts
with sulfur dioxide, SO/ Draw a sketch showing how
this reaction occurs. (See the formation of carbonic acid
given in Section 10.1.)

Trifl uoron itrogen

76 .• Which should be a stronger acid: acetic acid or
trifluoroacetic acid?

86 .• What happens to the pH of soda water as it loses
its carbonation?
87 .• Why might a small piece of chalk be useful for
alleviating acid indigestion?
88 .• How might you tell whether or not your toothpaste contained calcium carbonate, CaC03, or perhaps
baking soda, NaHC03, without looking at the ingredients label?

Acetic acid

Trifluoroacetic

acid

77 .• Why is the H-F bond so much stronger than the
H-I bond? (Hint: Think atomic size.)
78 .•

Which bond is easier to break: H-F or H-I?

79 .•

Which is the stronger acid: H-F or H-I?

89 .• Why do lakes lying in granite basins tend to
become acidified by acid rain more readily than lakes
lying in limestone basins?
90 .• Cutting back on the pollutants that cause acid
rain is one solution to the problem of acidified lakes.
Suggest another.
91 .• How might warmer oceans accelerate global
warming?
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92 .• What happens to the pH of water as you blow
bubbles into it through a drinking straw?

is the active ingredient of baking soda. Compare this
structure with those of the weak acids and weak bases
presented in this chapter and explain how this compound by itself in solution moderates changes in pH.

93 .• What happens to the pH of a I-M solution of
hydrochloric acid, HC!, as carbon dioxide gas is bubbled into it?

97 .• Hydrogen chloride is added to a buffer solution
of ammonia, NH3, and ammonium chloride, NH4Cl.
What is the effect on the concentration of ammonia?
On the concentration of ammonium chloride?

94 .• Why are atmospheric CO2 levels routinely up to
15 ppm higher in the spring than in the fall?
95 .• Why are seasonal fluctuations in atmospheric
CO2 much more pronounced in the northern hemisphere compared to the southern hemisphere?
96 .•

98 .• Sodium hydroxide is added to a buffer solution
of ammonia, NH3, and ammonium chloride, NH4Cl.
What is the effect on the concentration of ammonia?
On the concentration of ammonium chloride?

Sodium bicarbonate, NaHC03,

99 .• At what point will a buffer solution cease to
resist changes in pH?

Sodium

100 .• Sometimes an individual going through a traumatic experience cannot stop hyperventilating. In such
a circumstance, it is recommended that the individual
breathe into a paper bag or cupped hands as a useful
way to avoid an increase in blood pH, which can cause
the person to pass out. Explain how this works.

bicarbonate
(salt)

I SUPPORTING

CALCULATIONS

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

I

101. • What is the hydroxide ion concentration in an
aqueous solution when the hydroniurn ion concentration is 1 X 10-10 mole per liter?
102 .• When the hydronium ion concentration of a
solution is 1 X 10-10 mole per [iter, what is the pH of
the solution? Is the solution acidic or basic?
103 .• When the hydronium ion concentration of a
solution is 1 X 10-4 mole per liter, what is the pH of the
solution? Is the solution acidic or basic?

104 .• What is the hydroxide ion concentration in an
aqueous solution having a pH of 5?
105 .• When the pH of a solution is 1, the concentration ofhydronium ions is 10-1 M = 0.1 M Assume that
the volume of this solution is 500 mL and that the
solution is not buffered. What is the pH after 500 mL
of pure water is added? You will need a calculator with a
logarithm function to answer this question.

2. You should know that 100,000 is the same as 105.
Thus the logarithm of 100,000 is 5.
ANSWERS
TO
CALCULATION
LOGARITHMS

AND

CORNER

pH

"What is the logarithm of 105?" can be rephrased
as "To what power is 10 raised to give the number
105?'' The answer is 5.
1.

3. The pH is 9, which means this is a basic
solution:
pH

=
=
=
=

-log[H30+]
-log 10-9
-(-9)
9

EXPLORING

FURTHER
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www.epa.gov

FNDS-ON CH;MISTRY

RAINBOW

INSIGHTS

•

http://mlso.hao.ucar.edu/cgi-bin/mlso_homepage.cgi

CABBAGE

The change in calor of a pH indicator is not permanent. Red cabbage juice brought to a pH of 4 turns red.
This same solution brought to a pH of 8 turns green
and then red again as it is brought back to a pH of 4.
To demonstrate this, add a teaspoon of baking soda to
the glass/cup to which you originally added the vinegar.
The solution should turn green. (Why does this addition of baking soda also result in bubbling?) Add vinegar again to bring the color back to red.
Here is another interesting experiment. Boil a whole
head of red cabbage for about 20 minutes to obtain a
concentrated solution. Place several tablespoons of the
concentrated broth in a large, colorless, glass container.
Note the calor of the broth and estimate the pH (the
extract is acidic). Then quickly pour water into the container, carefully watching for any change in color. What
does the changing color tell you about change in pH as
you add the water? Does the pH go up or down? How
can adding pure water change the pH of a solution?

•

EXPLORING

FURTHER

I

www.nps.gov/cave
www.carlsbad.caverns.national-park.com/info.htm
www.nps.gov/maca
www.mammoth.cave.national-park.com/info.htm
•

Check these official and unofficial sites fOr Carlsbad Caverns National Park and Mammoth Cave National Park [or
details on how these underground landmarks fOrmed.
Ample travel infOrmation is included.

This address itemizes the atmospheric projects of the Climate Monitoring and Diagnostic Laboratory of the Mauna
Loa Weather Observatory. Links to the Network [or the
Detection of Stratospheric Changes are included.

http://householdproducts.nlm.nih.gov/
•

products.htrn

Use this website of the National Library of Medicine to
learn more about the chemical nature of various household
chemicals such as personal care products, arts and crafts, pet
care products, pesticides, yard care products, auto products,
and more.

www.chemindustry.com/apps/ chemicals
This database website allows you to search fOr technical
information on most chemical compounds used commercially. This includes the compounds chemical structure as
well as references to where more infOrmation may be
available.

www.ConceptChem.com
•

I

Go to this home page fOr the Environmental Protection
Agency and use acid rain as a keyword in the agencys search
engine to find numerous articles on this subject.

Visit ConceptChem.com to register your Conceptual Chemistry Alive! DVD-ROM
Registered users receive fiee technical support as well as access to the authors answers to the
over 600 questions appearing within CCAlive! Behind-thescene photos as well as interesting injormation about the
cast, crew, and production of CCAlive! are also available.
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SKIN CARE

•

hroU9 h our modern lifestyles we
have become accustomed to
chemical-based products that
clean and protect our hair and skin.
These include soaps, shampoos, conditioners, moisturizers, sunscreens,
and many other products formulated
to help us maintain a healthy look.
The essential ingredients of all
these hair and skin products are part
of a broad class of compounds called
surfacianis, which is short for "surface
active agents." All surfactant molecules are polar on one end and nonpolar on the other. Because of their
nonpolar ends, they resist dissolving
in water and instead cling to water's
surface where their nonpolar ends
stick up out of the water. Pour some
oil onto the surfactant containing
water and the nonpolar tails will cling
to the oil's surface. In this way, surfactants bind together the surfaces of
water and a nonpolar material.
oil

--e
surfactant
water

With a little agitation, the surfactant's surface-seeking behavior
causes the formation of high- surface-area suds. With such an
increased surface area, significant
amounts of the oil are able to mix
in with the water, forming a single
phase known as an emulsion. So,
surfactants don't help nonpolar
materials to "dissolve in water."
Instead, they just help these two
materials to become very mixed.
The prototypical shampoo surfactant is the detergent sodium
lauryl sulfate. (see Section 74) A
big advantage of detergents is
that in hard water they don't form

scum. For a shampoo this is particularly important because otherwise
the scum would adhere to the hair.
Rinsing hair first allows for the
removal of polar materials, such as
salts, dirt, or any loose debris. Wetted
hair also swells and this opens up the
hair cuticles, which are scalelike
structures lining the outside of the
hair. The main action of the detergent is to remove sebum, a skin oil
that migrates up the hair and into
the cuticles. Shampoo formulas vary
in their cleansing strength. Those formulated for "oily'Tiair are generally
stronger than those formulated for
"normal"hair.
~OSO;Na+
Sodium lauryl sulfate

Follovvinq the shampoo, many
people apply a hair conditioner,
which helps to make the hair feel soft
and also helps to minimize frizz due
to the buildup of static charge.
Notably, the polar end of a shampoo's
surfactant is a negatively charged
ion. Such a surfactant is called an
anionic surfactant. The polar end of a
hair conditioner's surfactant, however, is a positively charged ion. Such
a surfactant is called a cationic surfactant. Shampoos and conditioners
are generally not combined into a
single formula because the attraction these oppositely charged surfactants have for each other would
defeat their functions. Products that
are "all-in-one" have the cationic surfactants microencapsulated.
The prototypical hair conditioning
surfactant is cetyl trim ethyl ammonium chloride, also known as cetrimonium chloride. It's positive charge
helps it to bind with the hair so that
much of it remains on the hair even
after rinsing. The result is hair that
feels smoother and is easier to manage. Laundry fabric softeners work by
the same principle.

~

yH

3

~N+Cl
H3CI
Cetyl trim ethyl ammonium

"

CH3

chloride

The trick to having comfortably
moist skin is to maintain the moisture
already found within the skin. The
deeper parts of your skin are up to 80
percent water. Because skin has so
much more water than the surrounding air, the general movement of
moisture is from the skin outward.
Skin oils help the outer layers of skin
to retain much of this moisture. Your
skin, however, will begin to feel dry
when there is an increase in the rate
at which your skin's moisture evaporates. This happens when the air itself
is very dry or when your skin oils are
removed by strong soaps or detergents. Rather than splashing water on
your dry skin, a more practical solution is to coat your skin with a moisture-protecting nonpolar material
that can enhance or mimic the action
of skin oils. Commonly used materials
include compounds such as propylene
glycol, glycerin, and dimethicone. The
best way to apply these compounds to
the skin is with an emulsion made
using nonionic surfactants, such as
polyethylene glycol stearate, also
known as PEG-lOO.Nonionic surfactants are used for moisturizers
because they tend to be less irritating
and less likely to remove skin oils.

a lotion, but it quickly
loses
potency if not
I
CH
HO,
C
IH
0,
IC~
properly formulated
C/"C
Si/
Si
H--,
H I 'H
with stabilizers. The
H C-I 'CH
H
H
3
'CH, HC
3
3
other two UV-Ablockers
are titanium dioxide
Propylene glycol
Dimethicone
and zinc oxide, both
opaque minerals that
o
are impractical to apply
11
C
over large body-surface
~
areas. The lists of
HO
approved UV-Band UV-A
Polyethyleneglycolstearate
sunscreens in other
countries such as AusAdd UV-absorbing compounds to
tralia, Canada, and European nations
a skin moisturizer and you have sunare much longer. These countries treat
block lotion. Making a sun block
sun screens as cosmetics, while the
lotion water resistant, however, is
US treats them as drugs, which are
problematic. Upon exposure to
subject to more rigorous regulations.
water, the surfactants within the
Since 1978 only two additional sunlotion help to remove the lotion.
screen agents, Avobenzone and zinc
Manufacturers generally recommend
oxide, have been approved by the FOA.
that you reapply the lotion after
swimming. Lotions that minimize
the use of surfactants have increased
water resistance, but they tend to be
oily or greasy. For these reasons,
many water-resistant formulas
Avobenzone
include compounds that polymerize
into a nonpolar, water-resistant film
Another way to help skin maintain
that helps to hold the sunscreen
a youthful look is to apply alpha
hydroxy acids, such as glycolic acid.
agent on the skin when wet.
A special consideration for sunThese compounds serve as exfoliants,
which means they help in the
screens is the portion of the UVspectrum they are able to block. Nearly all
removal of dead outer skin. This stimulates the skin to generate new cells
sun screens effectively block the
that help to hide thin-line wrinkles.
region from 290 to 320 nm, known as
UV-B.The current Sun Protection FacDiscussed here are on ly the main
tor (SPF)rating system indicates the
chemicals used to formulate haireffectiveness of a sunscreen lotion at
and skin-care products. As any casual
blocking UV-B,which causes sunburn.
look at an ingredients list tells you,
Scientists, however, are finding that
there are many other chemicals that
serve other purposes.
the range from 320 to 400 nm, known
as UV-A,is more responsible for skin
Looking to the immediate future,
there are some areas where skin care
wrinkling as well as skin cancer. As of
may soon make some significant
2006, the US Food and Drug Adminisadvances. As we grow older, our skin
tration (FOA)has approved only 16
wrin kles because it has lost much of
compounds for use as sun screens. Of
its elasticity. One of the reasons for
these, only three are broad-spectrum
this loss of elasticity is because of the
UV-Ablockers. One of these three,
formation of chemical bonds, called
Avobenzone, is easily formulated into
OH

,3

.J

crosslinks, between adjacent strands
of collagen, which is the fundamentalfiber skin cells create to form skin.
Numerous agents that effectively
inhibit and even reverse these collagen crosslinks have been discovered
and are currently undergoing clinical
trials in order to obtain FOAapproval.

o1

t"CK
What do shampoos, hair conditioners, moisturizers, and sunscreen lotions all have in common?
Was this your answer? They all
contain surfactants, which are
molecules that have both polar
and nonpolar ends and permit the
formation of emulsions.
IN

THE

SPOTLIGHT

DISCUSSION

QUESTIONS

1.

In an effort to speed up the drug
approval process, the u.s. FDAcreated a special "fast-track" system for
agents that show unusual promise
or for agents that have been shown
to be generally safe after years of
use in other countries. Why are
there so few sunscreen agents currently within this fast-track system?
Should sunscreen agents continue
to be classified as drugs?

2.

Ifa collagen cross-linking agent is
determined to be safe by the FDA,
should this agent be available on ly
by prescription, or should it be made
available to consumers OTe (over
the counter)? Ifthis agent noticeably helped to reduce skin wrinkling, how popular do you suppose
it mig ht be? Assuming you were in
your 50S, how much would you be
willing to pay for a year's supply?

3. What criteria do you use in deciding
what shampoo to buy? Listthe following in order of importance: the
price, the brand name, the list of
ingredients on the front label, back
label ingredients, the fragrance,
commerical advertisements, recommendation from a friend, your experience with the shampoo.

oxidation
and
reduction

TRANSFERRING
ELECTRONS

•

What do our bodies have in common with the burning of a
campfire

or the rusting of old farm equipment? Why does sil-

ver tarnish? How can aluminum restore tarnished silver? Why
is it unwise for people with fillings in their teeth to bite down

11.1

Oxidation Is the Loss
of Electrons and Reduction
Is the Gain of Electrons

on aluminum foil? How do batteries work and what is the
source of their energy? Why is hydrogen the ultimate fuel of
the future? The answers to all these questions involve the

11.2

Photography Works
by Selective Oxidation
and Reduction

11.3

11.4

The Energy of Flowing

transfer of electrons from one substance to another. These
kinds of chemical reactions are the main focus ofthis chapter.
As we learned in Chapter 9, chemicals that react with one

Electrons Can Be Harnessed

another are called reactants. In the process of reacting, the

Oxygen Is Responsible

reactants form new chemicals known as products. In most

for Corrosion

acid-base reactions, a proton is transferred from one reac-

and Combustion

tant to the lone pair of another reactant. In this chapter we
look at a class ofreactions in which an electron or a series of
electrons are transferred from one reactant to another. These
types of reactions are called oxidation-reduction reactions .

•
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Oxidation Is the Loss of Electrons and Reduction
Is the Gain of Electrons

11.1

xidation is the process whereby a reactant loses one or more electrons.
Reduction is the opposite process whereby a reactant gains one or more
electrons. Oxidation and reduction are complementary processes that occur at
the same time. They always occur together; you cannot have one without the
other. The electrons lost by one chemical in an oxidation reaction don't simply
disappear; they are gained by another chemical in a reduction reaction.
An oxidation-reduction reaction occurs when sodium and chlorine react to
form sodium chloride, as shown in Figure 11.1. The equation for this reaction is
2 Na

+

Cl2

~

2 NaCI

To see how electrons are transferred in this reaction, we can look at each reactant
individually. Each electrically neutral sodium atom changes to a positively charged
ion. We can also say that each atom loses an electron and is therefore oxidized:
FIGURE

11.1

In the formation of sodium chloride, sodium metal is oxidized by
chlorine gas and chlorine gas is
reduced by sodium metal.

.......... ,
'

...,

~:~~~.~~

.............,)

Oxidation
Each electrically neutral chlorine molecule changes to two negatively charged
ions. Each of these atoms gains an electron and is therefore reduced:
Reduction
The net result is that the two electrons lost by the sodium atoms are transferred to the chlorine atoms. Therefore, each of the two equations shown above
actually represents one-half of an entire process, which is why they are each called
a half-reaction. In other words, an electron won't be lost from a sodium atom
without there being a chlorine atom available to pick up that electron. Both halfreactions are required to represent the whole oxidation-reduction process. Halfreactions are useful for showing which reactant loses electrons and which reactant
gains them, which is why half-reactions are used throughout this chapter.
Because the sodium causes reduction of the chlorine, the sodium is acting as a
reducing agent. A reducing agent is any reactant that causes another reactant to be
reduced. Note that sodium is oxidized when it behaves as a reducing agentit loses electrons. Conversely, the chlorine causes oxidation of the sodium
and so is acting as an oxidizing agent. Because it gains electrons in the
process, an oxidizing agent is reduced. Just remember that loss of electrons is
oxidation, and gain of electrons is reduction. Here is a helpful mnemonic
adapted from a once-popular children's story: Leo the
lion went "ger."
Different elements have different oxidation
and reduction tendencies-some
lose electrons more readily, while others gain electrons more readily, as Figure 11.2
illustrates. The tendency to do one or the
other is a function of how strongly the
atom's nucleus holds electrons. The
greater the effective nuclear charge (Section 5.8), the greater the tendency of the
atom to gain electrons. Because the atoms
of elements at the upper right of the periodic
table have the strongest effective nuclear
charges (with the noble gases excluded), these

11.1

OXIDATION

IS THE

LOSS OF ELECTRONS

AND

REDUCTION

IS THE

GAIN

atoms have the greatest tendency to gain electrons and hence behave as oxidizing
agents. The atoms of elements at the lower left of the periodic table have the weakest
effective nuclear charges and therefore the greatest tendency to lose electrons and
behave as reducing agents.

True or false:
1. Reducing agents are oxidized in oxidation-reduction
2. Oxidizing agents are reduced in oxidation-reduction
Were these your answers? Both statements

reactions.
reactions.

are true.

Whether a reaction classifies as an oxidation-reduction
reaction is not always
immediately
apparent. The chemical equation,
however, can provide some
important clues. First, look for changes in the ionic states of elements. Sodium
metal, for example, consists of neutral sodium atoms. In the formation
of
sodium chloride, these atoms transform into positively charged sodium ions,
which occurs as sodium atoms lose electrons (oxidation). A second way to identifY a reaction as an oxidation-reduction
reaction is to look to see whether an element is gaining or losing oxygen atoms. As the element gains the oxygen, it is
losing electrons to that oxygen because of the oxygen's high electronegativity.
The gain of oxygen, therefore, is oxidation (loss of electrons), and the loss of oxygen is reduction (gain of electrons). For example, hydrogen, H2, reacts with oxygen, 02' to form water, H20, as follows:

H

H
/

H

+

\

+

H

0=0 ---

°H

/ \

H

H
+

OF ELECTRONS
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Little tendency to
lose or gain electrons

D

More likely to behave as oxidizing
agent (be reduced)

D

More likely to behave as reducing
agent (be oxidized)

FIGURE

11.2

The ability of an atom to gain or
lose electrons is a function of its
position in the periodic table.
Those at the upper right tend to
gain electrons, and those at the
lower left tend to lose them.

H

\ /

°

Note that the element hydrogen becomes attached to an oxygen atom through
this reaction. The hydrogen, therefore, is oxidized.
A third way to identify a reaction as an oxidation-reduction
reaction is to see
whether an element is gaining or losing hydrogen atoms. The gain of hydrogen
is reduction, and the loss of hydrogen is oxidation. For the formation of water
shown above, we see that the element oxygen is gaining hydrogen atoms, which
means that the oxygen is being reduced-that
is, the oxygen is gaining electrons
from the hydrogen, which is why the oxygen atom within water is slightly negative, as discussed in Chapter 7. The three ways of identifying a reaction as an
oxidation-reduction
type of reaction are summarized in Figure 11.3.

FIGURE

Oxidation

Reduction

(Ionic state becomes
more positive)

(Ionic state becomes
more negative)

Loses electrons

Gains electrons

Gains oxygen

Loses oxygen

Loses hydrogen

Gains hydrogen

11.3

Oxidation results in a greater positive charge, which can be
achieved by losing electrons, gaining oxygen atoms, or losing
hydrogen atoms. Reduction results in a greater negative charge,
which can be achieved by gaining electrons, losing oxygen atoms,
or gaining hydrogen atoms.
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In the following equation, is carbon oxidized or reduced?
CH4 + 2 O2 --:> CO2 + 2 H20

Was this your answer? As the carbon of methane, CH4, forms carbon dioxide, CO2, it is losing hydrogen and gaining oxygen, which tells us that the carbon is being oxidized.

FIGURE

11.4

A camera can be used to focus an
image on wax paper as well as on
photographic film.

•

11.2

Photography Works by Selective Oxidation
and Reduction

ay some wax paper on the back of an open unloaded camera as shown in
Figure 11.4. Hold the shutter open, then focus. Voila! You have an image.
Let the shutter close, however, and the image is gone. This is the same image
that forms on the photographic film inside a loaded camera. The difference
between the film and the wax paper is that the film is able to retain the image
after the shutter has closed. How does it do that? The answer has to do with
oxidation-reduction chemistry.
Follow the steps in Figure 11.5 as you read this simplified explanation of how
a black-and-white photograph is produced.
1. Unexposed black-and-white photographic film is a transparent strip of plastic

• Our bodies require lots of energy
for living. We get this energy
from special high-energy molecules, such as ATP,which the body
produces by oxidizing food molecules with oxygen. Ifyou were to
stop breathing, say by choking,
your cells would be deprived of
oxygen and no longer able to produce these hig h-energy molecules. The result is a prompt
death. But instead of dying, why
doesn't the body simply turn off
until oxygen becomes available
again? Lethal damage occurs
because many cellular mechanisms continue to operate even
at very low oxygen levels. With
some parts working and others
not working, the cell is thrown so
far offbalance that it dies. The
trick is to make sure that all cellular processes shut down together.
This explains how people who
fall into frozen waters can sometimes be resuscitated even
though they've not been breathing for over an hour-their cells
were shut down uniformly due to
the rapid onslaught ofthe
extreme cold.
MORE

•

TO

EXPLORE,

Mark B.Roth and Todd Nystul,
"Buying Time in Suspended Animation," Scientific American, June
2005:

48.

coated with a gel containing microcrystals of silver bromide, AgBr. Light
reflected from the subject being photographed passes through the camera lens
and is focused on these microcrystals. The light causes many of the bromide
ions in the microcrystals to oxidize. The electrons set loose by this oxidation
are transferred to the silver ions, which are thereby reduced to opaque silver
atoms. The more light received by a micro crystal, the greater the number of
opaque silver atoms formed. In this way, the photographic image is encoded,
and the film is said to have been exposed
2. The light reflected from the subject does not typically result in the formation
of enough silver atoms to make a visible image. The more silver atoms a
microcrystal contains, however, the more susceptible it is to further oxidation-reduction reactions. To make a visible image, the photographer puts the
film in a light-tight container to prevent further exposure. Then the film is
treated with a reducing agent, such as hydroquinone, C6H602, which reveals
the encoded image by causing the formation of many more opaque silver
atoms. Through this step the image develops.
3. The reduction of silver ions by the hydroquinone developing solution is
stopped by treating the film with a solution of sodium thiosulfate,
Na2S203, also called either hypo or fixing solution. The thiosulfate ion,
S2032-, binds with any unreduced silver ions to form a water-soluble salt.
Subsequent washing with water removes everything except the silver
atoms adhering to the film, which are most abundant where the greatest
amount of light hit the film when the photograph was taken. The film is
now fixed.
4. Because the silver atoms are opaque, the film appears as a negative, which is
dark where the subject was light and light where the subject was dark.
5. Light is projected through the negative onto photographic paper, which is
developed using the same reactions that produced the negative. The resulting

11.2

PHOTOGRAPHY

developed image is a negative of the negative-in
print.

WORKS

BY SELECTIVE

OXIDATION

o

The film is exposed.

REDUCTION
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other words, a positive

Color photographic film is coated with a variety of chemicals that respond to
light of different frequencies (colors}. There are more oxidation-reduction reactions involved in the developing of a calor photograph, but the basic principle
is the same-the selective reduction of only those chemicals exposed to light.
Digital photography, by contrast, is an outgrowth of photovoltaic cells, which
are made of metalloids, such as silicon, that lose electrons upon exposure to
light. We explore photovoltaic cells in Chapter 19 in our discussion of energy
sources.

G)

AND

FIGURE

11.5

Black-and-white photography
involvesa seriesof oxidationreduction reactions.

The film is developed.

Light-tight
container
Hydroquinone
solution (C6H602)

J
Oxidation
Reduction

®

Br -

Br

-----»

Ag + +

y;:

e-

-----»

The film is fixed and washed.

Hypo solution
(Na25203) followed:
by water wash.

.0

•

+

Ag

Microcrystal
of AgBr

e-

Oxidation

2C6H602

Reduction

2 AgBr + 2 ~- -----»

I

Ag

®

Film

-----»

The negative is dark where Aq " ions have
been reduced to metallic silver.

2C6H402

®

+ 2e- + 2H+

2 Ag + 2 B;-

Light projected through the negative is
captured on photographic paper as a positive
image
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SILVER

T

arnish on silverware is a coating
of silver sulfide, Ag S, an ionic
compound consisting of two silver
ions, Ag+,and one sulfide ion, S2-.Tarnishing begins when silver atoms in
the silverware come into contact
with airborne hydrogen sulfide, H2S,a
smelly gas produced by the digestion
of food in mammals and other organisms. The half-reaction for the silver
and hydrogen sulfide is
2

4Ag + 2 H2S ----0> 4Ag+ +4 W +
2 S2-+ 4 e
Oxidation
The silver ions and sulfide ions combine to form blackish silver sulfide,
while at the same time the hydrogen
ions and electrons combine with
atmospheric oxygen to form water:
4 H+ + 4 e- + O2
2

From these equations we see that the
hydrogen sulfide causes the silver to
lose electrons to oxygen. Torestore
the silver to its shiny elemental state,
we need to return the electrons it lost.
The oxygen won't relinquish electrons
back to silver,but with the proper
connection, aluminum atoms will.
WHAT YOU NEED
Veryclean aluminum pot (or nonaluminum pot and aluminum foil),water,
baking soda, piece of tarnished silver
PROCEDURE
1.

Put about a liter of water and several heaping tablespoons ofbaking soda in the aluminum pot or
the nonaluminum pot containing
aluminum foil.

2.

Bring the water to boiling and
then remove the pot from the
heat source.

----0>

H20

Reduction

The balanced chemical equation for
the tarnishing of silver is the combination of these two half-reactions:

LINING

contact. (Add more baking soda if
you don't.) Also,as the silver ions
accept electrons from the aluminum and are thereby reduced
to shiny silver atoms, the sulfide
ions are free to re-form hydrogen
sulfide gas, which is released back
into the air. Youmay smell it!
The baking soda serves as a conductive ionic solution that permits electrons to move from the aluminum
atoms to the silver ions. What is the
advantage of this approach over polishing the silver with an abrasive
paste?

3. Slowly immerse the tarnished silver.you'll see an immediate effect
as the silver and aluminum make

Would a photographic negative be mostly transparent or mostly opaque if
the camera shutter remained open too long and too much light fell on the
film? What would the positive print from this negative look like?
Were these your answers? The more light that hits the film, the greater the
number of silver ions reduced by the bromide ions or hydroquinone. The
reduction of the silver ions results in opaque silver atoms that adhere to
the film. Such an overexposed negative, therefore, would be mostly opaque
because of all the opaque silver atoms.
The positive print would be very Jight because there would be very little
Jight passing through the negative to sensitize the silver ions in the photographic paper.

• 11.3

The Energy of Flowing Electrons
Can Be Harnessed

11ectrochernistry is the study of the relationship between electrical ,nngy
and chemical change. It involves either the use of an oxidation-reduction
reaction to produce an electric current or the use of an electric current to produce an oxidation-reduction reaction.
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2e

Cu2+(aq)

Aqueous solution
of copper ions

Oxidation
Reduction

FIGURE

Fe ---;.
Cu

2+

+

11.6

A nail made of iron placed in a solution of Cu2 ions oxidizesto Fe2 ions, which
dissolvein the water. Ar rhe same rime, copper ions are reduced to metallic copper,
which coats the nail. (Negativelycharged ions, such as chloride ions, er, must also
be present to balance these positively charged ions in solution.)
+

+

To understand how an oxidation-reduction reaction can generate an electric
current, consider what happens when a reducing agent is placed in direct contact with an oxidizing agent: electrons flow from the reducing agent to the oxidizing agent. This flow of electrons is an electric current, which is a form of
kinetic energy that can be harnessed for useful purposes.
Iron atoms, Fe, for example, are better reducing agents than copper ions,
2
Cu
So when a piece of iron metal and a solution containing copper ions are
placed in contact with each other, electrons flow from the iron atoms to the copper ions, as Figure 11.6 illustrates. The result is the oxidation of iron atoms and
the reduction of copper ions.
The elemental iron and copper ions need not be in physical contact in order
for electrons to flow between them. If they are in separate containers but
bridged by a conducting wire, the electrons can flow from the iron to the copper
ions through the wire. The resulting electric current in the wire could be
attached to some useful device, such as a lightbulb. But alas, an electric current
is not sustained by this arrangement.
The reason the electric current is not sustained is shown in Figure 11.7. An
initial flow of electrons through the wire immediately results in a buildup of electric charge in both containers. The container on the left builds up positive charge
as it accumulates Fe2+ ions from the nail. The container on the right builds up
negative charge as electrons accumulate on this side. This situation prevents any
further migration of electrons through the wire. Recall that electrons are negative, and so rhey are repelled by the negative charge in the right container and
attracted to the positive charge in the left container. The net result is that the
electrons do not flow through the wire, and the bulb remains unlit.
The solution to this problem is to allow ions to migrate into either container
so that neither builds up any positive or negative charge. This is accomplished
with a salt bridge, which may be a U-shaped tube filled with a salt, such as sodium
+.

Fe2+ + 2 e v;
2 e - ---;.
Cu
I
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11.7

An iron nail is placed in water

and connected by a conducting
wire to a solution of copper ions.
Nothing happens because this
arrangement results in a buildup
of charge that prevents the further flow of electrons.

This side immediately
builds up a negative
charge that repels
electrons, preventing
them from entering.

This side immediately
builds up a positive
charge that attracts
electrons, preventing
them from migrating.

\

+

•
• Researchers have discovered that
mice and other animals breathing certain concentrations of
hydrogen sulfide gas, H S,enter a
state of suspended animation
where the body temperature
fluctuates on ly a few degrees
above the surrounding temperature. In effect, the animal
becomes cold-blooded, which is
what happens to bears and
ground squirrels when they
hibernate. The hydrogen sulfide
apparently mimics molecular
oxygen, 02' Cells absorb and try to
use the H2S as though it were 02'
but without the oxidative powers
of 02' the cell's machinery simply
shuts down. That the cell shuts
down uniform ly is key to the subsequent revival of the organism,
as was discussed in the previous
FYIon page 366.lf applicable to
humans, hydrogen sulfideinduced suspended animation
holds many possibilities, including protection against lethal cellular damage caused by strokes,
heart attacks, or other critical
injuries where either blood flow
or blood supply is severely limited This technology may also
help donor organs to remain
viable for longer periods of time
prior to transplantation.
2

MORE

ro

F~\
'J

nitrate, NaN03, and closed with semiporous plugs. Figure 11.8 shows how a salt
bridge allows the ions it holds to enter either container, permitting the flow of
electrons through the conducting wire and creating a complete electric circuit.
THE ELECTRICITY OF A BATTERY COMES
FROM OXIDATION-REDUCTION
REACTIONS

SO we see that with the proper setup it is possible to harness electrical energy
from an oxidation-reduction reaction. The apparatus shown in Figure 11.8 is
one example. Such devices are called voltaic cells. Instead of two containers, a
voltaic cell can be an all-in-one, self-contained unit, in which case it is called a
battery. Batteries are either disposable or rechargeable, and here we explore some
examples of each. Although the two types differ in design and composition, they
function by the same principle: two materials that oxidize and reduce each other
are connected by a medium through which ions travel to balance an external
flow of electrons.
Let's look at disposable batteries first. The common dry-cell battery was
invented in the 1860s and is still used today as probably the cheapest disposable
energy source for flashlights, toys, and the like. The basic design consists of a
zinc cup filled with a thick paste of ammonium chloride, NH4Cl, zinc chloride,
ZnClz, and manganese dioxide, MnOz' Immersed in this paste is a porous stick
of graphite that projects to the top of the battery, as shown in Figure 11.9.
Graphite is a good conductor of electricity, and it is at the graphite stick that the
chemicals in the paste receive electrons and so are reduced. The reaction for the
ammonium ions, for instance, is
Reduction

EXPLORE,

Mark B.Roth and Todd Nystul,
"Buying Time in Suspended Animation," Scientific American, June
2005:48.

An electrode is any material that conducts electrons into or out of a medium
in which electrochemical reactions are occurring. The electrode where chemicals are reduced is called a cathode. For any battery, such as the one shown in
Figure 11.9, the cathode is always positive (+), which indicates that electrons are

NaN03 salt bridge

Oxidation

FIGURE

Fe ---;:.

Fe2 +

+2

Reduction

e"

Cu2+

+ 2 e-

---;:.

Cu

11.8

The salt bridge completes the electric circuit. Electrons freed as the iron is oxidized
pass through the wire to the container on the right. Nitrate ions, N03 ", from the
salt bridge flow into the left container to balance the positive charges of the Fe2+ ions
that form, thereby preventing any buildup of positive charge. Meanwhile, Na ' ions
from the salt bridge enter the right container to balance the CI- ions "abandoned"
by the Cu2+ ions as the Cu2+ ions pick up electrons to become metallic copper.

Reduction

2NH4 +

FIGURE

+ 2e-

11.9

A common dry-cell battery with
a graphite rod immersed in a
paste of ammonium chloride,
manganese dioxide, and zinc
chloride.

(

1

Graphite rod (cathode)

Membrane

e

\.~Oxidation

Zn ---;:.

Zn2+

+ Ze "
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naturally attracted to this location. The electrons gained by chemicals at the
cathode originate at the anode, which is the electrode where chemicals are oxidized. For any battery, the anode is always negative (-), which indicates that
electrons are streaming away from this location. The anode in Figure 11.9 is the
zinc cup, where zinc atoms lose electrons to form zinc ions:
Oxidation
The reduction of ammonium ions in a dry-cell battery produces two gasesammonia, NH3, and hydrogen, H2-that need to be removed to avoid a pressure buildup and a potential explosion. Removal is accomplished by having the
ammonia and hydrogen react with the zinc chloride and manganese dioxide:
ZnCI2(aq) + 2 NH3(g)
2 Mn02(s)

FIGURE

11.10

Alkaline batteries last a lot longer
than dry-cell batteries and give a
steadier voltage, but they are
expensive.

+

~

H2(g) ~

Zn(NH3)2Cl2(s)
Mn203(s)

+

H20(t')

The life of a dry-cell battery is relatively short. Oxidation causes the zinc cup
to deteriorate, and eventually the contents leak out. Even while the battery is
not operating, the zinc corrodes as it reacts with ammonium ions. This zinc corrosion can be inhibited by storing the battery in a refrigerator. As discussed in
Chapter 9, chemical reactions slow down with decreasing temperature. Chilling
a battery therefore slows down the rate at which the zinc corrodes, which
increases the life of the battery.
Another type of disposable battery, the more expensive aLkaLine battery,
shown in Figure 11.10, avoids many of the problems of dry-cell batteries by
operating in a strongly alkaline paste. In the presence of hydroxide ions, the zinc
oxidizes to insoluble zinc oxide:
Zn(s)

+

2 OH-(aq)

~

ZnO(s)

+

H20(f)

+

2e-

Oxidation

while at the same time manganese dioxide is reduced:
Reduction
Note how these two reactions avoid the use of the zinc-corroding ammonium
ion (which means alkaline batteries last a lot longer than dry-cell batteries) and
the formation of any gaseous products. Furthermore, these reactions are better
suited to maintaining a given voltage during longer periods of operation.
The small mercury and lithium disposable batteries used for calculators and
cameras are variations of the alkaline battery. In the mercury battery, mercuric
oxide, HgO, is reduced rather than manganese dioxide. Manufacturers are phasing out these batteries because of the environmental hazard posed by mercury,
which is poisonous. In the lithium battery, lithium metal is used as the source of
electrons rather than zinc. Not only is lithium able to maintain a higher voltage
than zinc, it is about 13 times less dense, which allows for a lighter battery.
Disposable batteries have relatively short lives because electron-producing chemicals are consumed. The main feature of rechargeable batteries is the reversibility of
the oxidation and reduction reactions. In your car's rechargeable lead storage battery, for example, electrical energy is produced as lead dioxide, lead, and sulfuric acid
are consumed to form lead sulfate and water. The elemental lead is oxidized to Pb2+,
and the lead in the lead dioxide is reduced from the Pb 4+ state to the Pb2+ state.
Combining the two half-reactions gives the complete oxidation-reduction reaction:
Pb02

+

Pb

+

2 H2S04

2 PbS04

~

+

2 H20

+

electrical energy

This reaction can be reversed by supplying electrical energy, as Figure 11.11
shows. This is the task of the car's alternator, which is powered by the engine:
electrical energy

+

2 PbS04

+

2 H20

~

Pb02

+

Pb

+

2 H2S04
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11. 11

(a) Electrical energy from the
battery forces the starter motor
to start the engine. (b) The combustion offuel keeps the engine
running and provides energy to
spin the alternator, which
recharges the battery. Note that
the battery has a reversed cathode-anode orientation during
recharging.

e

!

1Oxidation

Pb + 50 l-

---3>

Pb504 + 2 e -I

Oxidation of Pb to Pb2+

Reduction of Pb4+ to Pb2+
(a)

---e

---e

Engine

r
e

Alternator

I

Reduction

Pb504

+ 2 e-

---3>

Pb

+ 5ol-

Reduction of Pb2+ to Pb

Oxidation of Pb2+ to Pb4+
(b)
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So running the engine maintains concentrations of lead dioxide, lead, and sulfuric acid in the battery. With the engine turned off, these reactants stand ready
to supply electric power as needed to start the engine, operate the emergency
blinkers, or play the radio.

What is recharged in a car battery?
Was this your answer? When the battery is being recharged, electrical
energy from a source (the alternator) outside the battery is used to regenerate reactants that were earlier transformed to products during the oxidation-reduction reaction that produced the electrical energy needed to start
the engine. The reactants being regenerated are lead dioxide, elemental
lead, and sulfuric acid.

Many rechargeable batteries smaller than car batteries are made of compounds of nickel and cadmium (ni-cad batteries). As with the lead storage battery, ni-cad reactants are replenished by supplying electrical energy from some
external source, such as an electrical wall outlet. Like mercury batteries, ni-cad
batteries pose an environmental hazard because cadmium is toxic to humans
and other organisms. For this reason, alkaline batteries designed to be rechargeable are rapidly gaining a place in the market.
FUEL CELLS ARE HIGHLY

EFFICIENT

SOURCES

OF ELECTRICAL

ENERGY

A fuel cell is a device that changes the chemical energy of a fuel to electrical
energy. Fuel cells are by far the most efficient means of generating electricity. A
hydrogen-oxygen fuel cell is shown in Figure 11.12. It has two compartments,
one for entering hydrogen fuel and the other for entering oxygen fuel, separated
by a set of porous electrodes. Hydrogen is oxidized upon contact with hydroxide ions at the hydrogen-facing electrode (the anode). The electrons from this
oxidation flow through an external circuit and provide electric power before
meeting up with oxygen at the oxygen-facing electrode (the cathode). The oxygen readily picks up the electrons (in other words, the oxygen is reduced) and
reacts with water to form hydroxide ions. To complete the circuit, these hydroxide ions migrate across the porous electrodes and through an ionic paste of
potassium hydroxide, KOH, to meet up with hydrogen at the hydrogen-facing
electrode.
As the oxidation equation shown at the top of Figure 11.12 demonstrates, the
hydrogen and hydroxide ions react to produce energetic water molecules that
arise in the form of steam. This steam may be used for heating or to generate
electricity in a steam turbine. Furthermore, the water that condenses from the
steam is pure water, suitable for drinking!
Fuel cells are similar to dry-cell batteries, but fuel cells don't run down as long
as fuel is supplied. The space shuttle uses hydrogen-oxygen fuel cells to meet its
electrical needs. The cells also produce more than 100 gallons of drinking water
for the astronauts during a typical week-long mission. Back on Earth, researchers
are developing fuel cells for buses and automobiles. As shown in Figure 11.13,
experimental fuel-cell buses are already operating in severalcities, such as Vancouver, British Columbia, and Chicago, Illinois. These vehicles produce very few pollutants and can run much more efficiently than vehicles that run on fossil fuels.
In the future, commercial buildings as well as individual homes may be outfitted with fuel cells as an alternative to receiving electricity (and heat) from
regional power stations. Researchers are also working on miniature fuel cells
that could replace the batteries used for portable electronic devices, such as
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02 + H20 vapor

Anode
Porous graphite electrodes

FIGURE

11.12

The hydrogen-oxygen fuel cell.

FIGURE

11.13

Because this bus is powered by a
fuel cell, its tail pipe emits mostly
water vapor.
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• One of the more critical components of a fuel cell is the partition
that separates the anode from
the cathode. Figure 11.12 shows an
alkaline paste that allows for the
balance of charge, much like the
salt bridge shown in Figure 11.8.
More advanced fuel cells utilize
an ion-permeable polymer membrane, which must satisfy a host
of requirements. This mem brane
must prevent hydrogen, H2, and
oxygen, 02' from crossing, while
at the same time allowing the
passage of ions, such as the
hydrogen ion, W. It must be
mechanically stiff and chemically
inert at high operating temperatures. It also needs to be inexpensive because a single automotive
fuel cell will require up to 10
square meters of mem brane. Due
to these and other technical as
well as economic hurdles,
automakers don't expect fuelcell-powered cars to be cost
competitive with internal combustion cars for another 5 to
10 years.
MORE

TO

EXPLORE,
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cellular phones and laptop computers. Such devices could operate for extended
periods of time on a single "ampule" of fuel available at your local supermarket.
Amazingly, a car powered by a hydrogen-oxygen
fuel cell requires only about
3 kilograms of hydrogen to travel 500 kilometers. However, this much hydrogen gas at room temperature and atmospheric pressure would occupy a volume
of about 36,000 [iters, the volume of about four midsize cars! Thus the major
hurdle to the development of fuel-cell technology lies not with the cell, but with
the fuel. This volume of gas could be compressed to a much smaller volume, as
it is on the experimental buses in Vancouver.
Compressing a gas takes energy, however, and as a consequence the inherent
efficiency of the fuel cell is lost. Chilling hydrogen to its liquid phase, which
occupies much less volume, poses similar problems. Instead, researchers are
looking for novel ways of providing fuel cells with hydrogen. In one design,
hydrogen is generated within the fuel cell from chemical reactions involving liquid hydrocarbons,
such as methanol,
CH30H.
Alternatively,
certain porous
materials, including the recently developed carbon nanofibers shown in Figure
11.14, can hold large volumes of hydrogen on their surfaces, behaving in effect
like hydrogen "sponges." The hydrogen is "squeezed" out of these materials on
demand by controlling
the temperature-the
warmer the material, the more
hydrogen released. We explore hydrogen as a fuel source in Chapter 19, in our
discussions of sustainable energy sources.

As long as fuel is available to it, a given fuel cell can supply electrical energy
indefinitely. Why can't batteries do the same?

www.polyfuel.com
Was this your answer? Batteries generate electricity as the chemical reactants they contain are reduced and oxidized. Once these reactants are consumed, the battery can no longer generate electricity A rechargeable battery
can be made to operate again, but on ly after the energy flow is interrupted
so that the reactants can be replenished.

FIGURE

11.14

Carbon nanofibers consist of
near-submicroscopic tubes of
carbon atoms. They outclass
almost all other known materials
in their ability to absorb hydrogen molecules. With carbon
nanofibers, for example, a volume of 36,000 liters of hydrogen can be reduced to a mere
35 liters. Carbon nanofibers are
a recent discovery, however, and
much research is still required to
confirm their applicability to
hydrogen storage and to develop
the technology.
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CHANGE

Electrolysis is the use of electrical

energy to produce chemical change. The
recharging of a car battery is an example of electrolysis. Another, shown in
Figure 11.15, is passing an electric current through water, a process that breaks
the water down into its elemental components:

Electrolysis is used to purify metals from metal ores. An example is aluminum, the third most abundant element in Earth's crust. Aluminum
occurs
naturally bonded to oxygen in an ore called bauxite. Aluminum
metal wasn't
known until about 1827, when it was prepared by reacting bauxite with
hydrochloric
acid. This reaction gave the aluminum
ion, AP+, which was
reduced to aluminum metal with sodium metal acting as the reducing agent:
Al3+ + 3 Na

~

Al + 3 Na+

This chemical process was expensive. The price of aluminum
at that time
was about $100,000 per pound, and it was considered
a rare and precious
metal. In 1855, alurninurn dinnerware and other items were exhibited in Paris
with the crown jewels of France. Then, in 1886, two men working independently, Charles Hall (1863-1914) in the United States and Paul Heroult
(1863-1914) in France, almost simultaneously
discovered a process whereby
aluminum
could be produced from aluminum
oxide, A1203, a main component of bauxite. In what is now known as the Hall-Heroult
process, shown in
Figure 11.16, a strong electric current is passed through a molten mixture of
aluminum oxide and cryolite, Na3AlF6, a naturally occurring mineral. The fluoride ions of the cryolite react with the aluminum oxide to form various aluminum
fluoride ions, such as AIOF32-,
which are then oxidized to the
3
3
aluminum hexafluoride ion, AIF6 -. The Al + in this ion is then reduced to elemental alurninurn, which collects at the bottom of the reaction chamber. This
process, which is still in use today, greatly facilitated mass production
of aluminum metal, and by 1890 the price of aluminum
had dropped to about
$2 per pound.

FIGURE

The electrolysis of water produces
hydrogen gas and oxygen gas in a
2: 1 ratio by volume, which is in
accordance with the chemical formula for water: H20. For this
process to work, ions must be dissolved in the water so that the
electricity can be conducted
between the electrodes.

FIGURE

Power source

AI product

e

11.15

11.16

The melting point of aluminum
oxide (2030°C) is too high for it
to be efficiently electrolyzed to
aluminum metal. When the
oxide is mixed with the mineral
cryolite, the melting point of the
oxide drops to a more reasonable
980°C. A strong electric current
passed through the molten aluminum oxide-cryolite mixture
generates aluminum metal at the
cathode, where aluminum ions
pick up electrons and so are
reduced to elemental aluminum.
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Today, worldwide production of aluminum is about 16 million tons annually. For each ton produced from ore, about 16,000 kilowatt-hours of electrical
energy is required, as much as a typical American household consumes in 18
months. Processing recycled aluminum, on the other hand, consumes only
about 700 kilowatt-hours for every ton. Thus recycling aluminum not only
reduces litter but also helps reduce the load on power companies, which in turn
reduces air pollution.
For a nerve-wracking experience involving the oxidation of elemental aluminum, bite a piece of aluminum foil with a tooth filled with dental amalgam.
(If you don't have any dental fillings, hooray for you! You'll need to ask a less fortunate friend what this activity feels like.) The aluminum behaves as an anode
and releases electrons to the amalgam (a mix of silver, tin, and mercury). The
amalgam behaves as a cathode by transferring these electrons to oxygen, which
then combines with hydrogen ions to form water. The slight current that results
produces a jolt of ... ouch ... pain.

Is the reaction that goes on in a hydrogen-oxygen
electrolysis?

fuel cell an example of

Was this your answer? During electrolysis, electrical energy is used to produce chemical change. In the hydrogen-oxygen fuel cell, chemical change
is used to produce electrical energy. Therefore, the answer to the question
is no.

•

Il
nihry
L_~
Oxygen

11.4

Oxygen Is Responsible for Corrosion
and Combustion

oak to the upper right of the periodic table, and you will find one of the
most common oxidizing agents-oxygen.
In fact, if you haven't guessed
already, the term oxidation is derived from this element. Oxygen is able to pluck
electrons from many other elements, especially those that lie at the lower left of
the periodic table. Two common oxidation-reduction reactions involving oxygen as the oxidizing agent are corrosion and combustion.

SPLITTING

can see the electrolysis of
water by immersing the top of a
disposable 9-volt battery in saltwater. The bubbles that form contain hydrogen gas produced as the

Y

OU

water decomposes. Why does this
activity work better with saltwater
than with tap water? Why does this
activity quickly ruin the battery
(which should therefore not be used
again)?

WATER

11.4

•

OXYGEN

is RESPONSIBLE

FOR CORROSiON

AND

COMBUSTiON

379

CK
Oxygen is a good oxidizing agent, but so is chlorine. What does this tell you
about their relative positions in the periodic table?
Was this your answer? Chlorine and oxygen must lie in the same area of
the periodic table. Both have strong effective nuclear charges, and both are
strong oxidizing agents.

Corrosion is the process whereby a metal deteriorates. Corrosion caused by
atmospheric oxygen is a widespread and costly problem. About one-quarter of the
steel produced in the United States, for example, goes into replacing corroded iron
at a cost of billions of dollars annually. Iron corrodes when it reacts with atmospheric oxygen and water to form iron oxide trihydrate, which is the naturally
occurring reddish-brown substance you know as rust, shown in Figure 11.17:

Iron

Oxygen

Watet

Rust

FIGURE

Rust itself is not harmful to the
iron structures on which it forms.
It is the loss of metallic iron that
ruins the structural integrity.

We can better understand
rusting by considering this equation in steps, as
shown in Figure 11.18. CD Iron loses electrons to form the Fe2+ ion. ~ Oxygen

CD

Oxidation 2Fe

~

2Fe2+

+ 4e-

Electronstravel
through iron metal

o
FIGURE

Fe2+and OH- react in aqueous solution to form iron hydroxide,
Fe(OH)2'which reacts with H20and 02 to form rust,Fe203' 3 H20.

11.18

A piece of iron metal begins to rust when iron atoms lose electrons to form Fe2+
ions. These electrons are lost to oxygen atoms, which are thereby reduced to hydroxide ions, OH-. One region of the piece of iron behaves as the anode while another
region behaves as the cathode. Rust forms only in the region of the anode, where
iron atoms lose electrons. The loss of elemental iron in this region causes a hole to
form in the metal. The formation of rust, however, is not as much of a problem as is
the loss of iron atoms, a loss that results in a decrease in structural integrity.

11.17
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FIGURE

11.19

The galvanizednail (bottom) is
protected from rusting by the
sacrificialoxidation of zinc.

As electrons flow into the hubcap
and give it a negative charge, positively charged chromium ions
move from the solution to the
hubcap and are reduced to
chromium meral, which deposits
as a coating on the hubcap. The
solution is kept supplied with
ions as chromium atoms in the
cathode are oxidized to Cr2+ ions.

FIGURE

11.20

Zinc strips help protect the iron
hull of an oil tanker from oxidizing. The zinc strip shown here
is attached to the hull's interior
surface.

accepts these electrons and then reacts with water to form hydroxide ions, OH-.
CID Iron ions and hydroxide ions combine to form iron hydroxide, Fe(OH)2'
which is further oxidized by oxygen to form rust, Fe203 . 3 H20.
Another common metal oxidized by oxygen is aluminum. The product of
aluminum oxidation is aluminum oxide, Al203, which is water insoluble.
Because of its water insolubility, aluminum oxide forms a protective coat that
shields aluminum from further oxidation. This coat is so thin that it's transparent, which is why aluminum maintains its metallic shine.
A protective, water-insoluble, oxidized coat is the principle underlying a process
called galvanization. Zinc has a slightly greater tendency to oxidize
than does iron. For this reason, many iron articles, such as the nails
pictured in Figure 11.19, are galvanized by coating them with a thin
layer of zinc. The zinc oxidizes to zinc oxide, an inert, insoluble substance that protects the inner iron from rusting.
In a technique called cathodic protection, iron structures can be
protected from oxidation by placing them in contact with metals,
such as zinc or magnesium, that have a greater tendency to oxidize. This forces the iron to accept electrons, which means it is
behaving as a cathode-recall
from Figure 11.18 that rusting
occurs only where iron behaves as an anode. Ocean tankers, for
example, are protected from corrosion by strips of zinc affixed to
their hulls, as shown in Figure 11.20. Similarly, outdoor steel
pipes are protected by being connected to magnesium rods
inserted into the ground.
Yet another way to protect iron and other metals from oxidation is to coat them with a corrosion-resistant metal, such as
chromium, platinum, or gold. Electroplating is the operation of coating one
metal with another by electrolysis; it is illustrated in Figure 11.21. The object
to be electroplated is connected to a negative battery terminal and then submerged in a solution containing ions of the metal to be used as the coating.
The positive terminal of the battery is connected to an electrode made of the
coating metal. The circuit is completed when this electrode is submerged in the
solution. Dissolved metal ions are attracted to the negatively charged object,
where they pick up electrons and are deposited as metal atoms. The ions in
solution are replenished by the forced oxidation of the coating metal at the positive electrode.
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Combustion is an oxidation-reduction
reaction between a nonmetallic
material and molecular oxygen. Combustion reactions are characteristically
exotherrnic (energy releasing). A violent combustion reaction is the formation
of water from hydrogen and oxygen. As discussed in Section 9.5, the energy
from this reaction is used to power rockets into space. More common examples
of combustion include the burning of wood and fossil fuels. The combustion
of these and other carbon-based chemicals forms carbon dioxide and water.
Consider, for example, the combustion of methane, the major component of
natural gas:

Methane

Oxygen

Carbon

Water

dioxide

In combustion, electrons are transferred as polar covalent bonds are formed
in place of nonpolar covalent bonds, or vice versa. (This is in contrast to the
other examples of oxidation-reduction
reactions presented in this chapter,
which involve the formation of ions from atoms or, conversely, atoms from
ions.) This concept is illustrated in Figure 11.22, which compares the electronic structures of the combustion starting material, molecular oxygen, and
the combustion product, water. Molecular oxygen is a nonpolar covalent compound. Although each oxygen atom in the molecule has a fairly strong electronegativity, the four bonding electrons are pulled equally by both atoms and
thus are unable to congregate on one side or the other. After combustion, however, the electrons are shared between the oxygen and hydrogen atoms in a
water molecule and are pulled to the oxygen. This gives the oxygen a slight negative charge, which is another way of saying it has gained electrons and has thus
been reduced. At the same time, the hydrogen atoms in the water molecule
develop a slight positive charge, which is another way of saying they have lost
electrons and have thus been oxidized. This gain of electrons by oxygen and
loss of electrons by hydrogen is an energy-releasing process. Typically, the
energy is released either as molecular kinetic energy (heat) or as light (the
flame).

AND

0)

0- 0-

Carbon
dioxide

0+

0::0
(a) Reactant oxygen atoms share
electrons equally in O2 molecules.

(b) Product oxygen atoms pull electrons
away from H atoms in H20 molecules
and are reduced.
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There are two kinds of matches:
the strike anywhere type usually
having a "bulls-eye"-looking tip,
and the safety match that
requires you strike the match on
a black strip either to the side or
back of the packaging. Both
involve the burning of sulfur
within the tip of the match. Getting the sulfur to burn using only
the oxygen in the air, however, is
difficult, which is why the sulfur
is blended with an oxidizing
agent, such as potassium ch10rate, KC103•Forthe strike anywhere match a third ingredient,
red phosphorus, P4' is included.
The heat offriction causes the
red phosphorus to convert into
white phosphorus-an
alternate
form of phosphorus that burns
rapidly in air.This initiates the
redox reaction between the sulfur and the potassium chlorate,
which in turn ignites the burning
of the match stick. Safety
matches work the same way,
except that the red phosphorus is
embedded within the black striking strip, which is the on ly place
where the match can be lit.
MORE

ro
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www.diamondbrands.com/
matches

FIGURE

Methane

COMBUSTION

11.22

(a) Neither atom in an oxygen
molecule is able to preferentially
attract the bonding electrons.
(b) The oxygen atom of a water
molecule pulls the bonding electrons away from the hydrogen
atoms on the water molecule,
making the oxygen slightly negative and the two hydrogens
slightly positive.
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• In Perspective
in

th, previous chapter we discussed acid-b." "actions, which ace chemical reactions involving the transfer of protons from one reactant to another.
In this chapter, we explored oxidation-reduction reactions, which involve the
transfer of one or more electrons from one reactant to another. Oxidation-reduction reactions have many applications, such as in photography, batteries, fuel
cells, the manufacture and corrosion of metals, and the combustion of nonmetallic materials such as wood.
Interestingly, combustion oxidation-reduction reactions occur throughout
your body. You can visualize a simplified model of your metabolism by reviewing
Figure 11.22 and substituting a food molecule for the methane. Food molecules
relinquish their electrons to the oxygen molecules you inhale. The products are
carbon dioxide, water vapor, and energy. You exhale the carbon dioxide and
water vapor, but much of the energy from the reaction is used to keep your body
warm and to drive the many other biochemical reactions necessary for living.

I KEY

TERMS

Oxidation-reduction
reaction A reaction involving
the transfer of electrons from one reactant to
another.

Electrode Any material that conducts electrons into or
out of a medium in which electrochemical reactions are
occurnng.

Oxidation The process whereby a reactant loses one or
more electrons.

Cathode

Reduction The process whereby a reactant gains one
or more electrons.
Half-reaction One portion of an oxidation-reduction
reaction, represented by an equation showing electrons
as either reactants or products.
Electrochemistry The branch of chemistry concerned
with the relationship between electrical energy and
chemical change.

I
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Anode The electrode where oxidation occurs.
Electrolysis The use of electrical energy to produce
chemical change.
Corrosion The deterioration of a metal, typically
caused by atmospheric oxygen.
Combustion An exothermic oxidation-reduction
reaction between a nonmetallic material and molecular
oxygen.

HIGHLIGHTS

IS THE LOSS OF ELECTRONS

REDUCTION

The electrode where reduction occurs.

IS THE GAIN

OF ELECTRONS

1. Which elements have the greatest tendency to
behave as oxidizing agents?

2. Write an equation for the half-reaction in which a
potassium atom, K, is oxidized.
3. Write an equation for the half-reaction in which a
bromine atom, Br, is reduced.

4. What is the difference between an oxidizing agent
and a reducing agent?
5. What happens to a reducing agent as it reduces?
6. What happens to an oxidizing agent as it oxidizes?
7. What elements have the greatest tendency to behave
as reducing agents?
8. What elements resist being either oxidized or reduced?

CONCEPT

PHOTOGRAPHY
OXIDATION

WORKS

AND

of silver bromide
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19. What is electrolysis, and how does it differ from
what goes on inside a battery?

BY SELECTIVE

REDUCTION

9. What special property
useful for photography?

BUILDING

makes it so

20. What type of reaction occurs at the cathode?
21. What type of reaction occurs at the anode?

10. What gets reduced as bromine ions, Br~, on photographic film are oxidized by light?

22. Does lithium metal accept or donate electrons in a
lithium battery?

11. Which microcrystals
susceptible

within exposed film are most
to being reduced by hydro quinone?
OXYGEN IS RESPONSIBLE
AND COMBUSTION

12. What chemical is commonly used to stop the
hydroquinone-induced
development of a photographic
image?

13. What chemical is responsible for the formation

23. Why is oxygen such a good oxidizing agent?

of

24. What do the oxidation of zinc and the oxidation of
aluminum

silver tarnish?

14. In what chapter of this textbook
cells discussed?

FOR CORROSION

have in common?

25. What metal coats a galvanized nail?

are photovoltaic

26. What are some differences between corrosion and
combustion?

THE ENERGY OF FLOWING
CAN BE HARNESSED

ELECTRONS

27. What are some similarities between corrosion and
combustion?

15. What is electrochemistry?
16. What is the purpose of the manganese dioxide in a
dry-cell battery?

17. What chemical reaction is forced to occur while a
car battery is being recharged?

28. Is a metal that is being electroplated
tive or positive charge?

given a nega-

29. What is iron forced to accept during cathodic
protection?
30. What happens to the polarity of oxygen atoms as
they transform from molecular oxygen, 02' into water
molecules, H20?

18. What is the purpose of the salt bridge in a voltaic
cell?

I

I
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31 .• What element is oxidized in the following equation and what element is reduced?
5n2+ + 2 Ag ---?> Sn + 2 Ag+
32 .• What element is oxidized in the following equation and what element is reduced?
12 + 2 Br~

---?>

2 I~ + Br2

33 .• What element behaves as the oxidizing agent in
the following equation and what element behaves as the
reducing agent?
5n2+

+ 2 Ag

---?>

Sn + 2 Ag+

34 .•

What element behaves as the oxidizing agent in
the following equation and what element behaves as the
reducing agent?
12 + 2 Br-

---?>

21- + Br2

35 .• Hydrogen sulfide, H2S, burns in the presence of
oxygen, 02' to produce water, H20, and sulfur dioxide,

S02' Through
reduced?

this reaction, is sulfur oxidized or

2 H2S + 3 O2

---?>

2 H20

+ 2 S02

36 .• Unsaturated
fatty acids, such as C12Hn02,
react with hydrogen gas, H2, to form saturated fatty
acids, such as C12H2402. Are the unsaturated
fatty
acids being oxidized or reduced through this
process?
37 .• For each of the following nonbalanced equations, which is depicted: oxidation or reduction?
a. Cr
b. Sn

---?>
---?>

Cr3+
Sn(OH)/-

38 .• For each of the following nonbalanced equations, which is depicted: oxidation or reduction?
a. HOI
b. CIO-

---?>
---?>

ICl-
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or

NaCl(aq). What is the sign of the electrode where the
chlorine gas is formed? Is it negative or positive?
54 .• Is sodium metal oxidized or reduced in the production of aluminum?

+

40 .• In the previous exercise, which atom behaves as
the oxidizing agent,
or
?
41 .• What correlation might you expect between an
element's electronegativity (Section 6.6) and its ability
to behave as an oxidizing agent? How about its ability
to behave as a reducing agent?
42 .• What correlation might you expect between an
element's ionization energy (Section 5.8) and its ability
to behave as an oxidizing agent? How about its ability
to behave as a reducing agent?
43 .• Based on their relative positions in the periodic
table, which might you expect to be a stronger oxidizing agent, chlorine or fluorine? Why?
44 .• How does an atom's electronegativity relate to its
ability to become oxidized?
45 .• Iron atoms, Fe, are better reducing agents than
copper ions, Cu2 In which direction do electrons flow
when an iron nail is submerged in a solution of Cu2+
ions?

55 .• Why is the formation of iron hydroxide,
Fe(OH)2' from Fe2+ and OH- not considered an oxidation-reduction reaction?
56 .• Your car lights were left on while you were shopping, and now your car battery is dead. Has the pH of
the battery fluid increased or decreased?
57 .• Sketch a voltaic cell that uses the oxidationreduction reaction

Which atom or ion is reduced? Which atom or ion is
oxidized?
58 .• Jewelry is often manufactured by electroplating
an expensive metal such as gold over a cheaper metal.
Sketch a setup for this process.
59 .• Some car batteries require the periodic addition
of water. Does adding the water increase or decrease the
battery's ability to provide electric power to start the
car? Explain.
60. • Why does a battery that has thick zinc walls last
longer than one that has thin zinc walls?

+.

46 .• What is the purpose of the salt bridge in Figure
11.8?
47 .• Why is the anode of a battery indicated with a
minus sign?
48 .• What role does hydroquinone play in the development of a black-and-white photograph?
49 .• Why don't the electrodes of a fuel cell deteriorate
the way the electrodes of a battery do?
50 .• What is electroplating, and how is it
accomplished?
51 .• A major source of chlorine gas, C12,is from the
electrolysis of brine, which is concentrated saltwater,
NaCI(aq). What other two products result from this
electrolysis reaction? Write the balanced chemical
equatIOn.
52 .• A major source of chlorine gas, C12,is from the
electrolysis of brine, which is concentrated saltwater,
NaCl(aq). Does the chorine gas form at the anode or
cathode?
53 .• A major source of chlorine gas, C12,is from the
electrolysis of brine, which is concentrated saltwater,

61. • Zinc, Zn, is more easily oxidized than copper,
Cu. What happens the moment after metal strips of
these metals come into contact with each other?
62 .• Pennies manufactured after 1982 are made of
zinc metal, Zn, within a coat of copper metal, Cu. Zinc
is more easily oxidized than copper. Why, then, don't
these pennies quickly corrode?
63 .• Zinc, Zn, is more easily oxidized than copper,
Cu. Two strips of these metals are placed within separate salt solutions and then connected by a wire. Does
an electric current pass through this wire?
64 .• Zinc, Zn, is more easily oxidized than copper,
Cu. The ends of two strips of these metals are placed
within the same salt solution, but not touching each
other. They are then connected by a wire. Does an electric current pass through this wire?
65 .• The general chemical equation for photosynthesis is shown below. Through this reaction is the carbon
oxidized or reduced?
6 CO2

+

6 H20

-';>

C6HJ206

+

6 O2

66 .• The general chemical equation for photosynthesis is shown in exercise 65. Through this reaction are
the oxygens of the water molecules, H20, oxidized or
reduced?

CONCEPT

67 .• A chemical equation for the combustion of
propane, C3Hs, is shown below. Through this reaction
is the carbon oxidized or reduced?
C,Hg

+

5 O2

----C>

3 CO2

+

4 H20

68 .• A chemical equation for the combustion of
propane, C3Hs, is shown in exercise 67. Through this
reaction are the oxygen atoms oxidized or reduced?
69 .• Chemical equations need to be balanced not
only in terms of the number of atoms but also by the
charge. In other words, just as there should be the same
number of atoms before and after the arrow of an equation, there should be the same charge. Take this into
account to balance the following chemical equation:
Sn2+ + Ag ----c> Sn + Ag+
70 .• Perform exercise 69 before attempting to balance
both the atoms and charges of the following chemical
equation:
Fe3+ + 1- ----c> Fe2++ 12
71. • Perform exercise 69 before attempting to balance
both the atoms and charges of the following chemical
equation:
Ce4+ + 0- ----c> Ce3+ + Cl2
72 .• Perform exercise 69 before attempting to balance
both the atoms and charges of the following chemical
equation:
Fe2++ H202 + H30+ ----c> Fe3+ + H20
73 .• Glucose, CGH120G, is a simple sugar that the
body metabolizes into two molecules of pyruvic acid,
C3H403. Is the glucose oxidized or reduced as it transforms into pyruvic acid?
74 .• During strenous exercise there is little oxygen,
02' available for muscle cells. Under these conditions,
the muscle cells derive most of their energy from the
anaerobic conversion of pyruvic acid, C3H403, into
lactic acid, C3HG03• The buildup of lactic acid makes
the muscles ache and fatigue quickly. Is the pyruvic acid
oxidized or reduced as it transforms into lactic acid?
75 .• Upon ingestion, grain alcohol, C2HGO, is
metabolized into acetaldehyde, ClH40, which is a
toxic substance causing headaches as well as joint pains
typical of a "hangover." Is the grain alcohol oxidized or
reduced as it transforms into acetaldehyde?
76 .• Your body creates chemical energy from the food
you eat, which contains sugars, carbohydrates, and proteins. These are large molecules that first need to be
broken down into simpler molecules, such as monosaccharides, CGH120G, fatty acids, C14H2S0l' and amino
acids, C2HsN02. Of these molecules, which has the
greatest supply of hydrogens? Which is the most
reduced? Which can react with the most oxygen mole-
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cules to produce the most energy? Which provides the
most dietary Calories per gram?
77 .• Considering what you know about the tarnishing of silver, why do you suppose most reputable art
museums have limits for the number of people permitted within their exhibit halls?
78 .• The type of iron that the human body needs for
good health is the Fe2+ion. Cereals fortified with iron,
however, usually contain small grains of elemental iron,
Fe. What must the body do to this elemental iron to
make good of it? Oxidation or reduction?
79 .• The oxidation of iron to rust is a problem structural engineers need to be concerned about, but the
oxidation of aluminum to aluminum oxide is not.
Why?
80 .• How many electrons are transferred from iron
atoms to oxygen atoms in the formation of two molecules of iron hydroxide, Fe(OH)/ See Figure 11.18.

81 .• Why are combustion reactions generally
exothermic?
82 .• Which element is closer to the upper right corner of the periodic table, • or
?

0+

0+
0-

83 .• Water is 88.88 percent oxygen by mass. Oxygen
is exactly what a fire needs to grow brighter and
stronger. So why doesn't a fire grow brighter and
stronger when water is added to it?

84 .• Clorox is a laundry bleaching agent used to
remove stains from white clothes. Suggest why the
name begins with Clor- and ends with -ox.
85 .• Iron atoms have a greater tendency to oxidize
than do copper atoms. Is this good news or bad news
for a home in which much of the plumbing consists of
iron and copper pipes connected together? Explain.
86 .• Copper atoms have a greater tendency to be
reduced than iron atoms do. Was this good news or bad
news for the Statue of Liberty, whose copper exterior
was originally held together by steel rivets?
87 .• When lightning strikes, nitrogen molecules, Nl,
and oxygen molecules, 02' in the air react to form
nitrates, N03-, which come down in the rain to help
fertilize the soil. Is this an example of oxidation or
reduction?
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88 .• One of the products of combustion is water.
Why doesn't this water extinguish the combustion?
89 .•

o
H

\

Why is the air over an open flame always moist?

90 .• The active ingredient in most dental teethwhitening formulas is hydrogen peroxide, H202, which
readily decomposes into water and what other molecule? Write the balanced chemical equation for this
decomposition.
91 .• Upon combustion, about how many grams of
water vapor are produced from every 16 grams of
methane, CH/
CH4

+

2 O2

-----0>

CO2

+

2 H20

92 .• Which weighs more, a firewood log or all the
water vapor that arises upon the burning of that
firewood?
93 .• How might electrolysis be used to raise the hull
of a sunken ship?
94 .• As we digest and subsequently metabolize food,
is the food gradually oxidized or reduced? What evidence do you have?
95 .• Upon entering the body, are drugs gradually oxidized or reduced?
96 .• Shown here are the structures of the related compounds ethane, ethanol, acetaldehyde, and acetic acid.
What do these molecules have in common? Of these
compounds, which is the most reduced and which is
the most oxidized? Which is the most polar?

o
H
\
H-C

11

C

H-C/

'H

I

I

H

H

Acetaldehyde

11

C 'OH

Acetic acid

97 .• Of the compounds shown in exercise 96, what is
the relationship between the degree to which the molecule is oxidized and its polarity?
98 .• Does the digestion and subsequent metabolism
of foods and drugs tend to make the molecules of the
foods and drugs more or less polar?
99 .• Why is it easier for the body to excrete a polar
molecule than to excrete a nonpolar molecule? What
chemistry does the body use to get rid of molecules it
no longer needs?
100 .• A single hair is made of many intertwined
strands of keratin, which is a sulfur-rich fibrous protein. As discussed in Chapter 13, adjacent strands of
keratin are held together by sulfur-sulfur bonds. For a
permanent wave, these bonds are temporarily broken so
that the hair can be reshaped. A chemical agent is then
added so that these sulfur-sulfur bonds can be reformed, as shown here. Should this agent be an oxidizing agent or a reducing agent?

SH
SH

H

H

I

I

H-C-C-H

H

I

I

I

I

I

I

H

H

H

H

HANDS-ON

SH

Ethanol

CHEMISTRY

INSIGHTS

I
SILVER

SH

H-C-C-OH

Ethane

1

H

LINING

This is one of the better party tricks you can perform
for any willing dinner host burdened with a cabinet full
of tarnished silver pieces. Forewarn, however, that
many pieces coming out of the treatment are still in
need of some buffing with silver polish. Lively conversation is guaranteed, especially concerning the source of
the tarnishing hydrogen sulfide gas.

Polishing with an abrasive paste removes both the
thin layer of tarnish and some silver atoms. Silverplated pieces are therefore susceptible to losing their
thin coating of silver. The aluminum method, by contrast, restores the silver lost to the tarnishing.
For pieces too large to fit in the pot, try rubbing
lightly with a paste of baking soda and water, using aluminum foil as your rubbing cloth.
SPLITTING

WATER

Try this activity with tap water instead of saltwater to see
the difference dissolved ions can make-the ions are
needed to conduct electricity between the two electrodes.

EXPLORING

The primary reaction occurs at the negative electrode
(anode), where water molecules accept electrons to form
hydrog~n gas and hydroxide ions. Recall from Chapter 10
that an mcrease in hydroxide ion concentration causes the
pH of the solution to rise. You can track the production
of hydroxide ions by adding a pH indicator to the solution. The indicator of choice is phenolphthalein, which
yo.umight obtain from your instructor. Alternatively, you
might u.sethe r~d c~bbage extract discussed in Chapter
10. WhlChever indicator you use, note the swirls of color
forming at the anode as hydroxide ions are generated.
The battery is quickly ruined because placing it in the
conducting liquid short-circuits the terminals, which
results in a large drain on the battery.
You may be wondering why oxygen gas is not generated along wit~ the hydrogen gas. For reasons beyond
the scope of t~~stext, oxygen gas is generated only
when the poslt!ve electrode (cathode) is made of certain
metals, such as gold or platinum. The steel electrode of
the 9-volt battery does not suffice.

FURTHER

www.kodak.com/US/en/corp/kodakHistory/
IIIl

The Eastman Kodak Company wasfOunded in the late
1800s and was thefirst company to offer easy-to-usephotography services to the general public. Explore this site [or
some of this history, and be sure to check out the link to
"About Film and Imaging" to read about the chemistry and
engineering required fOr the manufizcture of photographic
film.

www.fuelcellworld.org
Use fuel cells as a search keyword and you will find a number ofprivate companies and organizations, such as the two
named here, that are dedicated to improving the efficiency
offuel cellsand publicizing their use. Fuel cellsare certainly
a wave of thefuture.
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Visit The Chemistry Place at:
www.aw-bc.com/chemplace

EXPLORING

FURTHER

www.aluminum.org
The website of the Aluminum Association, Inc., where you
w~llfind basicfizcts about the aluminum industry, recyclmg effirts, and the impact of our aluminum use on the
environment.
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hat chemical holds the record
for saving the most lives? Penicillin? Aspirin? Guess again.
When it comes to saving lives perhaps the most successful chemical is
chlorine, which has saved many millions of us by disinfecting our drinking water. For this reason alone,
chlorine ranks as a "wonder chemical,"but wait, there's more! About
85 percent of all pharmaceuticals
and about 95 percent of all cropprotection chemicals are synthesized
using chlorine. Chlorine is also an
important component of many plastics and it is used in the manufacture
of a countless num ber of products. In
all, about 45 percent of the u.s. gross
domestic product is in some way
rooted in chlorine chemistry. In this
Spotlight, we focus on some ofthe
details of the wonders of chlorine,
beginning with its role in disinfecting water and ending with a mindful
look at some of chlorine's downsides.
Municipalities ch lorinate both
drinking water and wastewater by
bubbling chlorine gas, C12,through
the water. The chlorine reacts with
the water to produce hypochlorous
acid, HOC1,and hydrogen and chloride ions. The hypochlorous acid
is a weak acid and so it remains unionized, as shown below. The
hypochlorous acid is able to penetrate the nonpolar microbial cell
walls, which makes it an effective
disinfectant.
C12(g) + H20(€)
Chlorme
gas

Water

HOC1(aq)

---'>

Hypoch lorous
acid

Hydrogen

Chloride

ion

ion

Chlorine and hypochlorous acid,
as well as water-disinfecting
bleach

solutions, can react with organic
components of drinking and wastewater, creating ch lorinated hydrocarbons' many of which are cancer
causing. Some municipalities have
therefore switched to chlorine dioxide, (102' which doesn't form chlorinated hydrocarbons so readily.
Most ch lorine is manufactured
from the electrolysis of saltwater, as
shown below. Notably, this reaction
also produces two other valuable
chemicals, sodium hydroxide, NaOH,
and hydrogen, H2.
2

NaCl(aq) + 2 H20 + electricity ---'>
C12(g)+ 2 NaOH(aq) + H2(g)

Chlorine is useful for the manufacture of many chemical products
even though these products themselves contain no chlorine. To create
titanium metal, for example, the
mineral titanium dioxide is reacted
with chlorine to form titanium tetrachloride, Ti(14 (sometimes humorously called "tickle"), which is then
reduced by magnesium metal, Mg, as
shown in the followinq equations:
Ti02 + 2 C12+ C ---'> TiC14+ CO2
TiC14+ 2 Mg ---'> 2 MgC12+ Ti
Interesting ly, titanium tetrachloride
is the "in k" used by skywriters. When
the pilot is ready to maneuver the
airplane to spell out words, he or
she releases a spray ofTiC14, which
reacts with atmospheric moisture
to form visibly white titanium dioxide particles.

Numerous chemicals important
to our well-being contain chlorine
atoms. Chemists designing pharmaceuticals and crop-protection
chemicals, for example, often add
chlorine atoms to the structure in
order to modify the potency. The
antianxiety agent Valium is an
example.

Cl

Valium

About one-third of the 40 million
tons of chlorine produced annually
goes to the manufacture of polyvinyl
chloride, PVC,which is one of the
most versatile of all plastics. PVCis
ubiquitous, being used for pipes,
flooring, electrical insulation, wallpaper, school supplies, swimming
pools, and many other daily-use
products.
So chlorine has certain ly become
an integral part of modern life. There
is an important aspect of chlorine
chemistry, however, that everyone
should be aware of. Specifically, chlorine reacts with organic molecules to

form a class of toxic molecules
known as persistent organic pollutants, also known as POPs. A wellknown group of POPs are the dioxins,
which are represented by the compound 2, 3,7, S-tetrachloro-benzo-pdioxin, also known as TCOO.These
agents cause cancer and disrupt
many bodily systems, especially those
related to reproduction, immune
responses, and hormones. Children
are particularly susceptible because
their bodies are still developing.

CI'PY0'PYCI
CI~O~CI
TCDD

All persistent organic pollutants
share at least three qualities: (1)They
are chemically stable such that they
don't decompose in the environment-that
is, they can "persist" for
many years. (2)They are nonpolar
toxins that tend to bioaccumulate
within fatty tissues, especially in
organisms higher in the food chain,
like us humans. (3)They are semivolatile, which enables them to evaporate into the atmosphere and be
carried long distances by the wind so
that they are found globally.
Some POPs, such as the insecticide ODT (Chapter 15)are created on
purpose. Many persistent organic
pollutants, however, are created
inadvertently, such as POPs that
form upon the chlorine bleaching of
paper. When possible, these POPs are
sequestered as wastes. In the past,
these wastes were not known to be
harmful and they were often
improperly buried on ly to create
later environmental hazards, as
occurred at Love Canal, NV,in the
late 1970s.
Wherever chlorine organic compounds are burned, persistent

organic pollutants are formed, especially when there is less than optimal
oxygen available and the burning is
incomplete. Since the 197°5, however,
industrial emissions of POPs have
declined over go percent, largely due
to enforced regulations and technology that allows for cleaner burning.
Today, the most significant source of
POPs, especially dioxins, is from backyard trash burning, typically done in
large metal barrels, Many municipalities now outlaw this hazardous
practice.
Just as we are surrounded by the
beneficial products of chlorine, so are
we surrounded by chlorine's toxic byproducts. The average American diet,
for example, provides about 0.10
nanograms of dioxins per day. Even
remote regions, such as Arctic habitats, have measureable quantities of
POPs. In response, nations organized
the Stockholm Convention on Persistent Organic Pollutants in 2001
during which a global protocol for
containing POPs was created
(www.pops.int).
Vou are encouraged to do your
own personal research. Many websites, such as www.ejnet.org/dioxin,
will tell you POPs are a problem of
epic proportions. Others, such as
www.C3-org, will point to evidence
showing that the concentration of
POPs in humans has been reduced
dramatically over the past 30 years,
while the production of PVCand
other chlorine compounds has more
than tripled. Chlorine is indeed a
wonder chemical, but as with any
technology, we need to make sure
that the benefits are well worth the
risks. Becoming a well-informed citizen is a good place to start.

Why should you never discard
plastic wrap into a hot barbeque
grill?

Was this your answer? Many
plastic wraps contain chlorine.
The combustion ofthis plastic
emits a large dose of dioxin and
other POPs directly onto your
food or into the air you breathe.

IN THE SPOTLICiHT
DISCUSSION
QUESTIONS

1. We live in a time when 1.1billion
people lack access to safe drinking
water. Chlorine powders, such as
sodium hypochlorite, NaC10,however, can provide a family with
safe drinking water for as little as
10 cents/day. What agencies or
institutions should be involved
in getting such water disinfectants to people who need them?
What obstacles mig ht be encountered and how might they be
overcome?
2. What would you do if you discovered that your neig hborhood was
built upon a leaking toxic waste
dump? Might you be able to sell
your house? What would you do if
governmental agencies told you
that there was no proof that the
toxic wastes were causing you
harm?
3. The compound tetraethyl lead,
Pb(CHzCH3)4' was first formulated
with gasoline in the 1920S to help
car engines run more smoothly. It
was known to be poisonous to
humans,yet a ban on leaded gasoline in the United States didn't
occur until the 1970s. In many
countries, leaded gasoline is still
in use. Explain how this relates
or doesn't relate to the chlorine
industry.
4. Why are we not in danger of ever
running out of chlorine? Does this
mean that the cost of producing
chlorine will remain relatively
stable?
5. How much effort should really be
put into controlling POPswhen
average life spans of humans con,
tinue to increase so remarkably?
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Carbon atoms have the ability to link together
form molecules

and thereby

made up of many carbon atoms

the fact that any of the carbon

atoms

Add to this

in such a chain can

also bond with atoms of other elements, and you see the pos12.1

Hydrocarbons Contain Only
Carbon and Hydrogen

12.2

Unsaturated

Hydrocarbons

Contain Multiple Bonds
12.3

Organic Molecules Are
Classified by Functional Group

12.4

Organic Molecules Can Link
to Form Polymers
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Life is based on carbon's ability to bond with other carbon
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structures.
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has come to be known as organic chemistry.
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Because organic compounds are so closely tied to living organisms and
because they have many applications-from
medicines, agriculture, and more-it

flavorings to fuels, polymers,

is important to have a basic under-

standing of them. We begin with the simplest organic compoundsthose consisting of on ly carbon and hydrogen

•
• 12.1

Hydrocarbons Contain Only Carbon
and Hydrogen

rganic compounds that contain only carbon and hydrogen are hydrocarbons, which differ from one another by the number of carbon and

hydrogen atoms they contain. The simplest hydrocarbon is methane, CH4, with
only one carbon per molecule. Methane is the main component of natural gas.
The hydrocarbon octane, CsH1s, has eight carbons per molecule and is a component of gasoline. The hydrocarbon polyethylene contains hundreds of carbon
and hydrogen atoms per molecule. Polyethylene is a plastic used to make many
items, including milk containers and plastic bags.

Methane, CH4

Polyethylene

Hydrocarbons also differ from one another in the way the carbon atoms connect
to each other. Figure 12.1 shows the three hydrocarbons n-pentane, iso-pentane, and
neo-pentane. These hydrocarbons all have the same molecular formula, CSHl2' but
are structurally different from one another. The carbon framework of n-pentane is a
chain of five carbon atoms. In iso-pentane, the carbon chain branches, so that the
framework is a fOur-carbon chain branched at the second carbon. In neo-pentane, a
central carbon atom is bonded to four surrounding carbon atoms.
We can see the different structural features of n-pentane, iso-pentane, and
neo-pentane
more clearly by drawing the molecules in two dimensions, as
shown in the middle row of Figure 12.1. Alternatively, we can represent them
by the stick structures shown in the bottom row. A stick structure is a commonly
used, shorthand notation for representing an organic molecule. Each line (stick)

12.1

HYDROCARBONS

CONTAIN

ONLY

CARBON

AND

HYDROGEN

x
n-Pentane, CSH12

FIGURE

iso-Pentane,

CSH12

12.1

These three hydrocarbons all have the same molecular formula. We can see their different structural features by highlighting the carbon framework in two dimensions.
Easy-ta-draw stick structures that use lines for all carbon-carbon covalent bonds can
also be used.

represents a covalent bond, and carbon atoms are understood to be wherever
two or more straight lines meet and at the end of any line (unless another type of
atom is drawn at the end of the line). Any hydrogen atoms bonded to the carbons are also typically not shown. Instead, their presence is implied so that the
focus can remain on the skeletal structure formed by the carbon atoms.
When every carbon atom in a hydrocarbon except the two terminal ones is
bonded to only two other carbon atoms, the molecule is called a straight-chain
hydrocarbon. (Do not take this name literally, for, as the n-pentane structures in
Figure 12.1 show, this is a straight-chain hydrocarbon despite the zigzag nature
of the drawings representing it.) When at least one carbon atom in a hydrocarbon is bonded to either three or four carbon atoms, the molecule is a branched
hydrocarbon. Both iso-pentane and neo-pentane are branched hydrocarbons.
Molecules such as n-pentane, iso-pentane, and neo-pentane, which have the
same molecular formula but different structures, are known as structural isomers. Structural isomers have different physical and chemical properties. For
example, n-pentane has a boiling point of 36°C, iso-pentane's boiling point is
30°C, and neo-pentane's is 10°C.
The number of possible structural isomers for a chemical formula increases

rapidly as the number of carbon atoms increases. There are 3 structural isomers
for compounds having the formula C5Hl2' 18 for CSH1S' 75 for ClOH22, and a
whopping 366,319 for C2oH42!
Carbon-based
molecules can have different spatial orientations called conformations. Flex your wrist, elbow, and shoulder joints, and you'll find your
arm passing through a range of conformations. Likewise, organic molecules can
twist and turn about their carbon-carbon
single bonds and thus have a range of

neo-Pentane,

CSH12
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12.2

Three conformations for a molecule of n-pentane. The molecule
looks different in each conformation, but the five-carbon framework is the same in all three
conformations. In a sample of
liquid n-pentane, the molecules
are found in all conformationsnot unlike a bucket of worms.

u
conformations. The structures in Figure 12.2, for example, are different conformations of n-pentane.

Which carbon-carbon bond was rotated to go from the "before" conformation of iso-pentane to the "after" conformation:

~d
Before

•

-!~---------• As discussed in the Spotlight
essay on page 288, we are placing
unusually large amounts of carbon dioxide into the atmosphere
by the burning offossil fuels. The
effect is a warming of the atmosphere and a rising of sea levels.
The atmosphere, however, is
not the only possible repository
for the carbon dioxide we produce. The smokestacks of power
plants, for example, can be modified to capture CO which is then
liquified and pumped kilometers
deep into the ground. This idea is
not so far-fetched. Underground
storage of carbon dioxide is
already being employed at the
Salah natural gas refinery in
Algeria. Such a system, however,
would have its costs. The price of
electricity from a CO2-capturing
coal-fired power plant would rise
by about 20 percent. The longterm costs of not implementing
such systems, however, may be
even greater.

After

Was this your answer? The best way to answer any question about the conformation of a molecule is to play around with molecular models that you
can hold in your hand. In this case, bond c rotates in such a way that the carbon at the right end of bond d comes up out of the plane of the page,
momentarily points straight at you, and then plops back into the plane of
the page below bond c.This rotation is similar to that of the arm of an arm
wrestler who, her arm just above the table as she is on the brink of losing,
suddenly gets a surge of strength and swings her opponent's arm (and her
own) through a half-circle arc and wins.

2,

MORE

TO

EXPLORE,

US Office of Fossil Energy
WWw.C02captureproject.org

Before

After

Hydrocarbons are obtained primarily from coal and petroleum, both formed
when plant and animal matter decays in the absence of oxygen. Most of the coal
and petroleum that exist today were formed between 280 and 395 million years
ago. At that time, Earth was covered with extensive swamps that, because they
were close to sea level, periodically became submerged. The organic matter of
the swamps was buried beneath layers of marine sediments and was eventually
transformed to either coal or petroleum.
Coal is a solid mineral containing many large, complex hydrocarbon molecules. Most of the coal mined today is used for the production of steel and for
generating electricity at coal-burning power plants.
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12.3

A schematicfor the fractional
distillation of petroleum into its
useful hydrocarbon components.
Fractionating
tower
~Kerosene
=--0>

Diesel

==--0> Lubricants

Crude
oil -----0>

WARMER

=::=-3> Tar

Petroleum, also called crude oil, is a liquid readily separated into its hydrocarbon components through a process known asfractional distillation, shown in
Figure 12.3. The crude oil is heated in a pipe still to a temperature high enough
to vaporize most of the components. The hot vapor flows into the bottom of a
fractionating tower, which is warmer at the bottom than at the top. As the vapor
rises in the tower and cools, the various components begin to condense. Hydrocarbons that have high boiling points, such as tar and lubricating stocks, condense first at warmer temperatures. Hydrocarbons that have low boiling points,
such as gasoline, travel to the cooler regions at the top of the tower before condensing. Pipes drain the various liquid hydrocarbon fractions from the tower.
Natural gas, which is primarily methane, does not condense. It remains a gas
and is collected at the top of the tower.
Differences in the strength of molecular attractions explain why different
hydrocarbons condense at different temperatures. As discussed in Section
7.1, in our comparison of induced dipole-induced dipole attractions in
methane and octane, larger hydrocarbons experience many more of these
attractions than smaller hydrocarbons do. For this reason, the larger hydrocarbons condense readily at high temperatures and so are found at the bottom of the tower. Smaller molecules, because they experience fewer
attractions to neighbors, condense only at the cooler temperatures found at
the top of the tower.
The gasoline obtained from the fractional distillation of petroleum consists
of a wide variety of hydrocarbons having similar boiling points. Some of these
components burn more efficiently than others in a car engine. The straightchain hydrocarbons, such as n-hexane, tend to burn too quickly, causing what
is called engine knock, as illustrated in Figure 12.4. Gasoline hydrocarbons that
have more branching, such as iso-octane, burn slowly, and as a result the
engine runs more smoothly. These two compounds, n-hexane and iso-octane,
are used as standards in assigning octane ratings to gasoline. An octane number
of 100 is arbitrarily assigned to iso-octane, and n-hexane is assigned an octane
number of O.The antiknock performance of a particular gasoline is compared
with that of various mixtures of iso-octane and n-hexane, and an octane number is assigned. Figure 12.5 shows octane information on a typical gasoline
pump.
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12.4

Spark plug

(a) A straight-chain hydrocarbon,
such as n-hexane, can be ignited
from the heat generated as gasoline is compressed by the
piston-before
the spark plug
fires. This upsets the timing of
the engine cycle, giving rise to a
knocking sound. (b) Branched
hydrocarbons, such as iso-octane,
burn less readily and are ignited
not by compression alone bur
only when the spark plug fires.

Engine
knock

n-Hexane

(a)

iso-Octane

(b)

CK
Which structural isomer in Figure

12.1

should have the highest octane rating?

Was this your answer? The structural isomer with the greatest amount of
branching in the carbon framework will likely have the highest octane rating, making neo-pentane the clear winner. Just for the record, the ratings are

FIGURE

12.5

Octane ratings are posted on
gasoline pumps.

• 12.2

Compound

Octane rating

n-Pentane
iso-Pentane
neo-Pentane

61.7
92.3
116

Unsaturated Hydrocarbons Contain
Multiple Bonds

ecall from Section 6.1 that carbon has four unpaired valence electrons. As
shown in Figure 12.6, each of these electrons is available for pairing with
an electron from another atom, such as hydrogen, to form a covalent bond.
In all the hydrocarbons
discussed so far, including the methane shown in
Figure 12.6, each carbon atom is bonded to four neighboring atoms by four single covalent bonds. Such hydrocarbons
are known as saturated hydrocarbons.

12.2

UNSATURATED

HYDROCARBONS

Also
depicted

Covalent

Carbon's four
valence electrons

H
·H ~

H~

--/li'

bond

H:t<
(HJ-H)
H
I

H

H

Methane

FIGURE

12.6

Carbon has four valence electrons. Each electron pairs with an electron from a
hydrogen atom in the four covalent bonds of methane.

The term saturated means that each carbon has as many atoms bonded to it as
possible. We now explore cases where one or more carbon atoms in a hydrocarbon are bonded to fewer than four neighboring atoms. This occurs when at least
one of the bonds between a carbon and a neighboring atom is a multiple bond.
(See page 198 for a review of multiple bonds.)
A hydrocarbon
containing a multiple bond-either
double or triple-is
known as an unsaturated hydrocarbon. Because of the multiple bond, two of
the carbons are bonded to fewer than four other atoms. These carbons are thus
said to be unsaturated.
Figure 12.7 compares the saturated hydrocarbon n-butane with the unsaturated hydrocarbon 2-butene. The number of atoms bonded to each of the two
middle carbons of n-butane is four, whereas each of the two middle carbons of
2-butene is bonded to only three other atoms-a
hydrogen and two carbons.
An important unsaturated hydrocarbon
is benzene, C6H6, which may be
drawn as three double bonds contained within a flat hexagonal ring, as is shown
in Figure 12.8a. Unlike the double-bond electrons in most other unsaturated
hydrocarbons, however, the electrons of the double bonds in benzene are not
fixed between any two carbon atoms. Instead, these electrons are able to move
freely around the ring. This is commonly represented by drawing a circle within
the ring, as shown in Figure 12.8b, rather than the individual double bonds.

Saturated hydrocarbon

H
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H
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12.7

The carbons of the hydrocarbon n-butane are saturated, each being bonded to four
other atoms. Because of the double bond, two of the carbons of the unsaturated
hydrocarbon 2-butene are bonded to only three other atoms, which makes the molecule an unsaturated hydrocarbon.
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(a) The double bonds of benzene,
C6H6, are able to migrate around
the ring. (b) For this reason, they
are often represented by a circle
within the ring.

©

(a)

(b)

Many organic compounds contain one or more benzene rings in their
structure. Because many of these compounds are fragrant, any organic molecule containing a benzene ring is classified as an aromatic compound (even if
it is not particularly fragrant). Figure 12.9 shows a few examples. Toluene, a
common solvent used as paint thinner, is toxic and gives airplane glue its distinctive odor. Some aromatic compounds, such as naphthalene, contain two
or more benzene rings fused together. At one time, mothballs were made of
naphthalene. Most mothballs sold today, however, are made of the less toxic
1A-dichlorobenzene.
An example of an unsaturated hydrocarbon containing a triple bond is
acetylene, C2H2. A confined flame of acetylene burning in oxygen is hot
enough to melt iron, which makes acetylene a choice fuel for the welding
shown in Figure 12.10.
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TWISTING

the jelly beans firmly with one
hand while rotating the second
jelly bean with your other hand.
Observe how there is no restriction on the different orientations
of the two jelly beans relative to
each other.

T

wo carbon atoms connected by a
single bond can rotate relative to
each other. As we discussed in Section 12.1, this ability to rotate can give
rise to numerous conformations
(spatial orientations) of an organic
molecule. Is it also possible for carbon
atoms connected by a double bond to
rotate relative to each other? Perform
this quick activity to see for yourself.
WHAT

YOU

NEED

Jelly beans (or gumdrops), round
toothpicks
PROCEDURE
1.

Attach one jelly bean to each end
of a single toothpick. Hold one of

2.

Hold two toothpicks side by side
and attach one jelly bean to
each end such that each jelly
bean has both toothpicks poked
into it. As before, hold one jelly
bean while rotating the other.
What kind ofrotations are possible now?

Relate what you observe to the
carbon-carbon double bond. Which
structure of Figure 12.7 do you sup-

JELLY BEANS

pose has more possible conformations: n-butane or 2-butene? What do
you suppose is true about the ability
of atoms connected by a carboncarbon triple bond to twist relative to
each other?
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6Y

C1

Cl~
Toluene

FIGURE

Naphthalene

1A-Dichlorobenzene

12.9

The structures for three odoriferous organic compounds comaining one or more
benzene rings: toluene, naphthalene, and 1A-dichlorobenzene.

Prolonged exposure to benzene has been found to increase the risk of developing certain cancers. The structure of aspirin contains a benzene ring.
Does this necessarily mean that prolonged exposure to aspirin will increase
a person's risk of developing cancer?

Aspirin

Was this your answer? No. Althoug h benzene and aspirin both contain a
benzene ring, these two molecules have different overall structures, which
means the properties of one are quite different from the properties of the
other. Each carbon-containing
organic compound has its own set of unique
physical, chemical, and biological properties. While benzene may cause cancer, aspirin is a safe remedy for headaches.

FIGURE

12.10

The unsaturated hydrocarbon
acetylene, C2H2, burned in this
torch produces a flame hot
enough to melt iron.

H-C-C-H
Acetylene

400

CHAPTER

12

ORGANIC

COMPOUNDS

Organic Molecules Are Classified
by Functional Group

• 12.3
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hydmgcn acorn, in many

H

H-C-C-O
H

"hon atom, can bond to onc another and

ways, which results in an incredibly large number of hydrocarbons. But
carbon atoms can bond to atoms of other elements as well, further increasing
the number of possible organic molecules. In organic chemistry, any atom other
than carbon or hydrogen in an organic molecule is called a heteroatom, where
hetero- means "different from either carbon or hydrogen."
A hydrocarbon structure can serve as a framework to which various heteroatoms can be attached. This is analogous to a Christmas tree serving as the
scaffolding on which ornaments are hung. Just as the ornaments give character

Ethanol
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to the nee, so do hcteroatorns give character to an organic molecule. In other
words, heteroatorns can have profound effects on the properties of an organic
molecule.
Consider ethane, C2H6, and ethanol, C2H60, which differ from each
other by only a single oxygen atom. Ethane has a boiling point of -88°C,
making it a gas at room temperature, and it does not dissolve in water very
well. Ethanol, by contrast, has a boiling point of + 78°C, making it a liquid
at room temperature. It is infinitely soluble in water and is the active ingredient of alcoholic beverages. Consider further ethylamine, C2H7N, which
has a nitrogen atom on the same basic two-carbon framework. This compound is a corrosive, pungent, highly toxic gas-most unlike either ethane
or ethanol.
Organic molecules are classified according to the functional groups they contain, where a functional group is defined as a combination of atoms that
behave as a unit. Most functional groups are distinguished by the heteroatoms
they contain, and some common groups are listed in Table 12.1.
The remainder of this section introduces the classes of organic molecules
shown in Table 12.1. The role heteroatorns play in determining the properties of
each class is the underlying theme. As you study this material, focus on understanding the chemical and physical properties of the various classes of compounds, for doing so will give you a greater appreciation of the remarkable
diversity of organic molecules and their many applications.

What is the significance ofheteroatoms
Was this your answer? Heteroatoms
cule's "personality."
ALCOHOLS

CONTAIN

THE HYDROXYL

in an organic molecule?
largely determine

an organic mole-

GROUP

Alcohols are organic molecules in which a hydroxyl group is bonded to a saturated carbon. The hydroxyl group consists of an oxygen bonded to a hydrogen.
Because of the polarity of the oxygen-hydrogen bond, low-formula-mass alcohols are often soluble in water, which is itself very polar. Some common alcohols
and their melting and boiling points are listed in Table 12.2.
More than 11 billion pounds of methanol, CH30H, is produced annually in
the United States. Most of it is used for making formaldehyde and acetic acid,
important starting materials in the production of plastics. In addition, methanol
is used as a solvent, an octane booster, and an anti-icing agent in gasoline. Sometimes called wood alcohol because it can be obtained from wood, methanol
should never be ingested because in the body it is metabolized to formaldehyde
and formic acid. Formaldehyde is harmful to the eyes, can lead to blindness, and
was once used to preserve dead biological specimens. Formic acid, the active
ingredient in an ant bite, can lower the pH of the blood to dangerous levels.
Ingesting only about 15 milliliters (about 3 tablespoons) of methanol may lead
to blindness, and about 30 milliliters can cause death.
Ethanol, C2H50H, is one of the oldest chemicals manufactured by humans.
The "alcohol" of alcoholic beverages, ethanol is prepared by feeding the sugars
of various plants to certain yeasts, which produce ethanol through a biological
process known as ftrmentation. Ethanol is widely used as an industrial solvent.
For many years, ethanol intended for this purpose was made by fermentation,
but today industrial-grade ethanol is more cheaply manufactured from petroleum by-products, such as ethene, as Figure 12.11 illustrates.
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I

-C-OH
I
Hydroxyl group

•
• The liquid produced by fermentation has an ethanol concentration no greater than about 12
percent because at this concentration the yeast begin to die This
is why most wines have an alcohol content of 11 OT 12 percent-sthey are produced solely by
fermentation. Toattain the
higher ethanol concentrations
found in such "hard" alcoholic
beverages as gin and vodka, the
fermented liquid must be distilled. In the United States, the
ethanol content of alcoholic beverages is measured as proof,
which is twice the percent
ethanol. An 86-proofwhiskey, for
example, is 43 percent ethanol by
volume. The term proof evolved
from a crude method once
employed to test alcohol content.
Gunpowder was wetted with a
beverage of suspect alcohol content. Ifthe beverage was primarily water, the powder would not
ignite. Ifthe beverage contained a
significant amount of ethanol,
the powder would burn, thus providing "proof" of the beverage's
worth.
MORE

TO

EXPLORE,

In the United States, alcohol and
controversy go hand in hand, as
evidenced by the following two
websites:
www2.potsdam.edu/hansondj/
index.html
www.madd.org/stats/
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ALCOHOLS

Scientific
Name

Common
Name

Methanol

Methyl alcohol

Ethanol

Ethyl alcohol

z-Propanol

Isopropyl alcohol

Melting
Point ('C)

Boiling
Point ('C)

H
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H

I /OH
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H

-115

H

H

H

I

H

I

I

C

I

H-c"l/c-H

-126

97

I H
OH

H

A third well-known alcohol is isopropyl alcohol, also called 2-propanol. This
is the rubbing alcohol you buy at the drugstore. Although 2-propanol has a relatively high boiling point, it readily evaporates, leading to a pronounced cooling effect when applied to skin-an effect once used to reduce fevers. (Isopropyl
alcohol is very toxic if ingested. Washcloths wetted with cold water are nearly as
effective in reducing fever and far safer.) You are probably most familiar with the
use of isopropyl alcohol as a topical disinfectant.
PHENOLS

\

/

/

\

c=c

-c

C-OH

~
!I
C-C
/

\
Phenolic group

CONTAIN

AN ACIDIC

HYDROXYL

GROUP

Phenols contain a phenolic group, which consists of a hydroxyl group attached
to a benzene ring. Because of the presence of the benzene ring, the hydrogen of
the hydroxyl group is readily lost in an acid-base reaction, which makes the phenolic group mildly acidic.
The reason for this acidity is illustrated in Figure 12.12. How readily an acid
donates a hydrogen ion is a function of how well the acid is able to accommodate
the resulting negative charge it gains after donating the hydrogen ion. After phenol donates the hydrogen ion, it becomes a negatively charged phenoxide ion.
The negative charge of the phenoxide ion, however, is not restricted to the oxygen atom. Recall that the electrons of the benzene ring are able to migrate around

H

\

/

/

\

C=C

H

H

Ethene

FICiURE

Phosphoric
acid
)

+
H

I

I

H-C-C-O

I

H
Water

H

/

H

I

H

Ethanol

12.11

Ethanol can be synthesized from the unsaturated hydrocarbon ethene, with phosphoric acid as a catalyst.
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H+

H
Phenol
(acidic)

FIGURE

Phenoxide
ion

Hydrogen
ion

12.12

The negative charge of the phenoxide ion is able to migrate to select positions on the
benzene ring. This mobility helps to accommodate the negative charge, which is
why the phenolic group readily donates a hydrogen ion.
the ring. In a similar manner, the electrons responsible for the negative charge of
the phenoxide ion are also able to migrate around the ring, as shown in Figure
12.12. Just as it is easy for several people to hold a hot potato by quickly passing
it around, it is easy for the phenoxide ion to hold the negative charge because the
charge gets passed around. Because the negative charge of the ion is so nicely
accommodated, the phenolic group is more acidic than it would be otherwise.
The simplest phenol, shown in Figure 12.13, is called phenol. In 1867,
Joseph Lister (1827-1912) discovered the antiseptic value of phenol, which,
when applied to surgical instruments and incisions, greatly increased surgery
survival rates. Phenol was the first purposefully used antibacterial solution, or

Every phenol contains a phenolic
group (highlighted in blue).

©f

0H

Phenol

HO~OH

Q~~
4-n-Hexylresorcinol

o

if "

0-

~OH
Thymol

Methyl salicylate
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antiseptic. Phenol damages healthy tissue, however, and so a number of milder
phenols have since been introduced. The phenol4-n-hexylresorcinol, for example, is commonly used in throat lozenges and mouthwashes. This compound
has even greater antiseptic properties than phenol, and yet it does not damage
tissue. Listerine brand mouthwash (named after Joseph Lister) contains the antiseptic phenols thymol and methyl salicylate.

•

K
Why are alcohols less acidic than phenols?
Was this your answer? An alcohol does not contain a benzene ring adjacent
to the hydroxyl group. If the alcohol were to donate the hydroxyl hydrogen,
the result would be a negative charge on the oxygen. Without an adjacent
benzene ring, this negative charge has nowhere to go. As a result, an alcohol
behaves on ly as a very weak acid, much the way water does.

THE OXYGEN OF AN ETHER GROUP
CARBON ATOMS

I

I

-c-o-cI

I

Ether group

IS BONDED

TO TWO

Ethers are organic compounds structurally related to alcohols. The oxygen atom

in an ether group, however, is bonded not to a carbon and a hydrogen but rather
to two carbons. As we see in Figure 12.14, ethanol and dimethyl ether have the
same chemical formula, C2H60, but their physical properties are vastly different. Whereas ethanol is a liquid at room temperature (boiling point 78°C) and
mixes quite well with water, dimethyl ether is a gas at room temperature (boiling
point -25°C) and is much less soluble in water.
Ethers are not very soluble in water because, without the hydroxyl group,
they are unable to form strong hydrogen bonds with water (Section 7.1). Furthermore, without the polar hydroxyl group, the molecular attractions among
ether molecules are relatively weak. As a result, it does not take much energy to
separate ether molecules from one another. This is why ethers have relatively low
boiling points and evaporate so readily.

H

I

H

I

H-C-C-O

I

H

/

H

I

H

Ethanol: Soluble in water,

78°C

FIGURE

Dimethyl ether: Insoluble in water,
boiling point - 25°C

12.14

The oxygen in an alcohol, such as ethanol, is bonded to one carbon atom and one
hydrogen atom. The oxygen in an ether, such as dimethyl ether, is bonded to two
carbon atoms. Because of this difference, alcohols and ethers of similar molecular
mass have vastly different physical properties.
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Diethyl ether, shown in Figure 12.15, was one of the first anesthetics. The
anesthetic properties of this compound were discovered in the early 1800s
and revolutionized the practice of surgery. Because of its high volatility at
room temperature, inhaled diethyl ether rapidly enters the bloodstream.
Because this ether has low solubility in water and high volatility, it quickly
leaves the bloodstream once introduced. Because of these physical properties,
a surgical patient can be brought in and out of anesthesia (a state of unconsciousness) simply by regulating the gases breathed. Modern-day gaseous
anesthetics have fewer side effects than diethyl ether but work on the same
principle.
AMINES

FORM

ALKALINE

SOLUTIONS

Amines are organic compounds that contain the amine group-a
nitrogen
atom bonded to one, two, or three saturated carbons. Amines are typically less
soluble in water than are alcohols because the nitrogen-hydrogen bond is not
quite as polar as the oxygen-hydrogen bond. The lower polarity of amines also
means their boiling points are typically somewhat lower than those of alcohols
of similar formula mass. Table 12.3 lists three simple amines.
One of the most notable physical properties of many low-formula-mass
amines is their offensive odor. Figure 12.16 on page 406 shows two appropriately named amines, putrescine and cadaverine, responsible for the odor of
decaying flesh.
Amines are typically alkaline because the nitrogen atom readily accepts a
hydrogen ion from water, as Figure 12.17 illustrates. A group of naturally occurring complex molecules that are alkaline because they contain nitrogen atoms
are often called alkaloids. Because many alkaloids have medicinal value, there is
great interest in isolating these compounds from plants or marine organisms
containing them. As shown in Figure 12.18, an alkaloid reacts with an acid to

THREE

SIMPLE

Structure
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H
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Boiling
Point (0e)
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Triethylamine

89

Diethyl ether,
boiling point 35°C

Dierhyl ether is the systematic
name for the "ether" historically
used as an anesthetic.

I

/

I

\

-C-N

Amine group

406

CHAPTER

12

ORGANIC

COMPOUNDS

H2N~NH2

FIGURE

Putrescine

Cadaverine

(1 A~butanediamine)

(1 ,5~pentanediamine)

12.16
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12.17

Ethylamine
acts as a base and accepts a hydrogen ion from water to become the ethylammonium
ion. This reaction generates a hydroxide ion, which increases the pH
of the solution.

Caffeine, free-base form
(water-insoluble)

FIGURE

Phosphoric
acid

Caffeine-phosphoric

acid salt

(water-soluble)

12.18

All alkaloids are bases that react with acids to form salts. An example
caffeine, shown here reacting with phosphoric
acid.

is the alkaloid
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form a salt that is usually quite soluble in water. This is in contrast to the nonionized form of the alkaloid, known as a ftee base and typically insoluble in water.
Most alkaloids exist in nature not in their free-base form but rather as the salt
of naturally occurring acids known as tannins, a group of phenol-based
organic
acids that have complex structures. The alkaloid salts of these acids are usually
much more soluble in hot water than in cold water. The caffeine in coffee and
tea exists in the form of the tannin salt, which is why coffee and tea are more
effectively brewed in hot water. As Figure 12.19 relates, tannins are also responsible for the stains caused by these beverages.

PI

•

CHECK
Why do most caffeinated

soft drinks also contain phosphoric acid?
FIGURE

Was this your answer? The phosphoric acid, as shown in Figure 12.18, reacts
with the caffeine to form the caffeine-phosphoric
acid salt, which is much
more soluble in cold water than the naturally occurring tannin salt.
KETONES, ALDEHYDES,
AMI DES, CARBOXYLIC
ALL CONTAIN A CARBONYL GROUP

ACIDS,

AND

ESTERS

The carbonyl group consists of a carbon atom double-bonded
to an oxygen
atom. It occurs in the organic compounds known as ketones, aldehydes, amides,
carboxylic acids, and esters.
A ketone is a carbonyl-containing
organic molecule in which the carbonyl
carbon is bonded to two carbon atoms. A familiar example of a ketone is
acetone, which is often used in fingernail polish remover and is shown in Figure
12.20a. In an aldehyde, the carbonyl carbon is bonded either to one carbon
atom and one hydrogen atom, as in Figure 12.20b, or, in the special case of
formaldehyde,
to two hydrogen atoms.

12.19

Tannins are responsible for the
brown stains in coffee mugs or
on a coffee drinker's teeth.
Because tannins are acidic, they
can be readily removed with an
alkaline cleanser. Use a little
laundry bleach on the mug, and
brush your teeth with baking
soda.

o
11

I/C"I

-C
1

CI

Ketone group

o
11

/C"

H

Aldehyde group

o
11

C
H3C/

"CH3

Acetone
(a)

FIGURE

Propionaldehyde
(b)

12.20

(a) When the carbon of a carbonyl group is bonded to two carbon atoms, the result
is a ketone. An example is acetone. (b) When the carbon of a carbonyl group is
bonded to at least one hydrogen atom, the result is an aldehyde. An example is
propionaldehyde.
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Vanillin
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Aldehydes are responsible for
many familiar fragrances.

°
11

/'

c ~OH

Carboxyl group
Amide group

Many aldehydes are particularly fragrant. A number of flowers, for example,
owe their pleasant odor to the presence of simple aldehydes. The smells of
lemons, cinnamon, and almonds are due to the aldehydes citral, cinnamaldehyde, and benzaldehyde, respectively. The structures of these three aldehydes are
shown in Figure 12.21. The aldehyde vanillin, introduced at the beginning of
this chapter, is the key flavoring molecule derived from the vanilla orchid. You
may have noticed that vanilla seed pods and vanilla extract are fairly expensive.
Imitation vanilla flavoring is less expensive because it is merely a solution of the
compound vanillin, which is economically synthesized from the waste chemicals of the wood pulp industry. Imitation vanilla does not taste the same as natural vanilla extract, however, because in addition to vanillin many other flavorful
molecules contribute to the complex taste of natural vanilla. Many books made
in the days before "acid-free" paper smell of vanilla because of the vanillin
formed and released as the paper ages, a process that is accelerated by the acids
the paper contains.
An amide is a carbonyl-containing organic molecule in which the carbonyl carbon is bonded to a nitrogen atom. The active ingredient of most mosquito repellents is an amide whose chemical name is N,N-diethyl-m-toluamide
but is
commercially known as DEET, shown in Figure 12.22. This compound is actually not an insecticide. Rather, it causes certain insects, especially mosquitoes, to
lose their sense of direction, which effectively protects DEET wearers from
being bitten.
A carboxylic acid is a carbonyl-containing organic molecule in which
the carbonyl carbon is bonded to a hydroxyl group. As its name implies,
this functional group is able to donate hydrogen ions, and as a result
organic molecules containing it are acidic. An example is acetic acid,
C2H402, the main ingredient of vinegar. You may recall that this organic
compound was used as an example of a weak acid back in Chapter 10.

12.3

ORGANIC

MOLECULES

ARE

H

0

H

0

1

11

1

11

H-C-C

I

H-C-C

--i>

Carboxylate ion
in acetate ion

o

(DEET)

GROUP

409

+

H

Carboxyl group
in acetic acid
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lV,N-diethyl-m-toluamide is an
example of an amide. Amides
contain the amide group, shown
highlighted in blue.

FIGURE

12.23

The negative charge of the carboxylate ion is able to pass back and forth between the
two oxygen atoms of the carboxyl group.

As with phenols, the acidity of a carboxylic acid results in part from the ability of the functional group to accommodate
the negative charge of the ion that
forms after the hydrogen ion has been donated. As shown in Figure 12.23, a carboxylic acid transforms to a carboxylate ion as it loses the hydrogen ion. The
negative charge of the carboxylate ion is able to pass back and forth between the
two oxygens. This spreading out helps to accommodate
the negative charge.
An interesting example of an organic compound
that contains both a carboxylic acid and a phenol is salicylic acid, found in the bark of the willow
tree and illustrated in Figure 12.24a. At one time brewed for its antipyretic

Carboxyl
group
Phenolic
group

••

(a) Salicylic acid, found in the
bark of the willow tree, is an
example of a molecule containing
both a carboxyl group and a phenolic group. (b) Aspirin, acetylsalicylic acid, is less acidic than
salicylic acid because it no longer
contains the acidic phenolic
group, which has been converted
to an ester.

~O

lfOH
00H

(a)

Salicylic acid

Carboxyl
group

~O

OCO

H

oA~

(b)

Aspirin
(acetylsalicylic

acid)

Ester
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(fever-reducing) effect, salicylic acid is an important analgesic (painkiller),
but it causes nausea and stomach upset because of its relatively high acidity, a
result of the presence of two acidic functional groups. In 1899, Friederich
Bayer and Company, in Germany, introduced a chemically modified version
of this compound in which the phenolic group was transformed to an ester
functional group. Because both the carboxyl group and the phenolic group
contribute to the high acidity of salicylic acid, getting rid of the phenolic
group reduced the acidity of the molecule considerably. The result was the
less acidic and more tolerable acetylsalicylic acid, the chemical name for
aspirin, shown in Figure 12.24b.
An ester is an organic molecule similar to a carboxylic acid except that in the
ester the hydroxyl hydrogen is replaced by a carbon. Unlike carboxylic acids,
esters are not acidic because they lack the hydrogen of the hydroxyl group. Like
aldehydes, many simple esters have notable fragrances and are used as flavorings.
Some familiar ones are listed in Table 12.4.

TABLE

12.4

SOME

ESTERS

Structure

AND

THEIR

FLAVORS

AND

ODORS

Name

Flavor/Odor

Ethyl formate

Rum

Isopentyl acetate

Banana

Octyl acetate

Orange

Ethyl butyrate

Pineapple

Methyl butyrate

Apple

Isobutyl formate

Raspberry

Methyl salicylate

Wintergreen

o
CH3

11

I

/C"

H CO-CH
3

2

CH -C-H
2

1

CH3

o
~O-CH3
~OH
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Identify all the functional
group in penicillin G):

groups in these four molecules (ignore the sulfur

o

1

11

HC/

"'--..H

3
Acetaldehyde
Penicillin G

o
Morphine

Testosterone

Was this your answer? Acetaldehyde: aldehyde; penicillin G: amide (two
amide groups), carboxylic acid; testosterone: alcohol and ketone; morphine:
alcohol, phenol, ether, and amine.

• 12.4

POLYMERS

411

•

H
C

TO FORM

• In the 1800s most salicylic acid
used by people was produced not
from willow bark, but from coal
tar. Tar residues within the salicylic acid had a nasty taste. This
combined with salicylic acid's
stomach irritation led many to
view the salicylic acid CUTeto be
worse than the disease. Felix
Hoffman was the chemist working at Bayer & Co.who in 1897
added the acetyl group to the
phenol group of salicylic acid.
According to Bayer,Hoffman was
inspired by his father who had
been complaining about salicylic
acid's side effects. Tomarket the
new drug, Bayer invented the
name aspirin, where "a" is for
acetyl, "spir" is for the spirea
flower (another natural SOUTceof
salicylic acid), and "in" as a common suffix for medications. After
World War I,Bayer,a German
company, lost the rights to use
the name aspirin. Bayer didn't
regain these rights until 1994 for
a steep price of $1billion.
MORE

TO

EXPLORE,

Bayer's web site for the history of
aspirin.
www.bayeraspirin.com /
questions/hundred _aspirin.htm

Organic Molecules Can Linkto Form Polymers

r

~s

are exceedingly long molecules that consist of repeating molecular
:~~~~led monomers, as Figure 12.25 illustrates. Monomers have relatively
simple structures consisting of anywhere from 4 to 100 atoms per molecule. When
chained together, they can form polymers consisting of hundreds of thousands of
atoms per molecule. These large molecules are still too small to be seen with the
unaided eye. They are, however, giants in the world of the submicroscopic-if
a
typical polymer molecule were as thick as a kite string, it would be 1 kilometer long.
Many of the molecules that make up living organisms are polymers, including
DNA, proteins, the cellulose of plants, and the complex carbohydrates of starchy
foods. We leave a discussion of these important biological molecules to Chapter
13. For now, we focus on the human-made polymers, also known as synthetic
polymers, that make up the class of materials commonly known as plastics.
We begin by exploring the two major types of synthetic polymers used
today-addition polymers and condensation polymers. This provides a good background for the discussion of plastics in Chapter 18.

FIGURE

12.25

A polymer is a long molecule
Polymer

consisting of many smaller
monomer molecules linked
together.
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Addition Polymers

Polyethylene

POLYMERS

Repeating Unit

H

H

I

I

Common Uses

·C-C··

(PE)

Plastic bags, bottles

I I
H H

Polypropylene

H

H

I

I

I

I

···C-C··

(PP)

H

Recycling Code

Indoor-outdoor

carpets

Plastic utensils,

insulation

CH3

H H

I

Polystyrene

Polyvinyl chloride

I

···C-C··

(PS)

~©

H

H

1

I

···C-C···

(PVC)

I

1

H

Cl

Shower curtains,

H H

I

Polyacrylonitrile

tubing

Yarn, paints

I

···C-C··

(Orlon)

I

H

I

C

N

Polymethyl methacrylate

Windows, bowling

balls

(Lucite, Plexiglass)

Condensation

Polymers

Repeating Unit

Common Uses

o

0

11

Nylon

./

11

C-(CH )4-C
2

I

H

Polyethylene

terephthalate

»:

'-...N-(CHCH) -N
2

2 3

Carpeting,

clothing

I

H

Clothing, plastic bottles

(Dacron, Mylar)

Melamine-formaldehyde
(Melmac, Formica)

resin

Dishes, countertops

Recycling Code
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As shown in Table 12.5, addition and condensation polymers have a wide
variety of uses. Solely the product of human design, these polymers pervade
modern living. In the United States, for example, synthetic polymers have surpassed steel as the most widely used material.
ADDITION

POLYMERS

RESULT FROM THE JOINING

TOGETHER

OF MONOMERS

Addition polymers form simply by the joining together of mono mer units. For
this to happen, each mono mer must contain at least one double bond. As shown
in Figure 12.26, polymerization occurs when two of the electrons from each double bond split away from each other to form new covalent bonds with neighboring monomer molecules. During this process, no atoms are lost, meaning that the
total mass of the polymer is equal to the sum of the masses of all the monomers.
Nearly 12 million tons of polyethylene are produced annually in the United
States; that's about 90 pounds per U.S. citizen. The monomer from which it is
synthesized, ethylene, is an unsaturated hydrocarbon produced in large quantities from petroleum.
Two principal forms of polyethylene are produced by using different catalysts
and reaction conditions. High-density polyethylene (HDPE), shown schematically in Figure 12.27a, consists of long strands of straight-chain molecules
packed closely together. The tight alignment of neigh boring strands makes
HDPE a relatively rigid, tough plastic useful for such things as bottles and milk
jugs. Low-density polyethylene (LDPE), shown in Figure 12.27b, is made of
strands of highly branched chains, an architecture that prevents the strands from

H
Ethylene
monomers

H

f\\(~

C=C
/
\
H
H

H

I
I

H

I

~'C-C'~

I

I

H

H

H

~\(~

C=C
/
\
H
H

H

I

H

~\(~

H

~'C-C'~

H

H

C=C
/
\
H
H

H

H H

I

I

~'C-C'~

I

I

H

I

I

H

H

Polymerization

H

I

Polyethylene

I

H

I

H

I

H

I

H

I

H

I

H

I

H

I

H

"'C-C-C-C-C-C-C-C-C-C'"

I

H
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I
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I

I

H

12.26

The addition polymer polyethylene is formed as electrons from the double bonds of
ethylene monomer molecules split away and become unpaired valence electrons.
Each unpaired electron then joins with an unpaired electron of a neighboring carbon atom to form a new covalent bond that links two monomer units together.
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(b) Molecular strands of LOPE

(a) Molecular strands of HDPE

FIGURE

12.27

I

(a) The polyethylene strands ofHDPE are able to pack closely together, much like
I strands of uncooked spaghetti. (b) The polyethylene strands ofLDPE are branched,
I which prevents the strands from packing well.

packing closely together. This makes LDPE more bendable than HDPE and
gives it a lower melting point. While HDPE holds its shape in boiling water,
LDPE deforms. It is most useful for such items as plastic bags, photographic
film, and electrical-wire insulation.
Other addition polymers are created by using different monomers. The only
requirement is that the mono mer must contain a double bond. The mono mer
propylene, for example, yields polypropylene, as shown in Figure 12.28. Polypropylene is a tough plastic material useful for pipes, hard-shell suitcases, and
appliance parts. Fibers of polypropylene are used for upholstery, indooroutdoor carpets, and even thermal underwear.
Figure 12.29 shows that using styrene as the monomer yields polystyrene.
Transparent plastic cups are made of polystyrene, as are thousands of other
household items. Blowing gas into liquid polystyrene generates Styrofoam,
widely used for coffee cups, packing material, and insulation.
Another important addition polymer is polyvinylchloride (PVC), which is
tough and easily molded. Floor tiles, shower curtains, and pipes are most often
made of PVc, shown in Figure 12.30. The addition polymer polyvinylidene
chloride (trade name Saran), shown in Figure 12.31, is used as plastic wrap for
food. The large chlorine atoms in this polymer help it stick to surfaces such as
glass by dipole-induced dipole attractions, as we saw in Section 7.1.

FIGURE

12.28

Propylene monomers

Propylene monomers polymerize
to form polypropylene.
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Styrene monomers polymerize to
form polystyrene.
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Polystyrene
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PVC is tough and easilymolded,
which is why it is used to fabricate many household items.
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Polyvinyl
chloride
(PVC)
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The large chlorine atoms in
polyvinylidene chloride make
this addition polymer sticky.

H
Polyvinylidene
chloride
(Saran)

I

a
I

H

I

a
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a
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The fluorine atoms in poly tetraHuoroethylene tend not to experience molecular attractions,
which is why this addition polymer is used as a nonstick coating
and lubricant.

F
Polytetrafluoroethylene
(Teflon)

I

F

I

F

I

F

I

F

I

... C-C-C-C-C-C-C-C-C-C···

F

I

F

I

F

I

F

I

F

I

I

I

I

I

I

I

I

I

I

I

F

F

F

F

F

F

F

F

F

F

The addition polymer polytetrafluoroethylene,
shown in Figure 12.32, is
what you know as Teflon. In contrast to the chlorine-containing
Saran, fluorinecontaining Teflon has a nonstick surface because the fluorine atoms tend not to
experience any molecular attractions.
In addition,
because carbon-fluorine
bonds are unusually strong, Teflon can be heated to high temperatures
before
decomposing.
These properties make Teflon an ideal coating for cooking surfaces. It is also relatively inert, which is why many corrosive chemicals are
shipped or stored in Teflon containers .

•

>-

"-1-----------

• Rigid polymers such as PVCcan
be made soft by incorporating
small molecules called plastictzers. Pure PVC,for example, is a
toug h material great for making
pipes. Mixed with a plasticizer,
the PVCbecomes soft and flexible
and thus useful for making
shower curtains, toys, and many
other products now found in
most households. One ofthe
more common ly used plasticizers
are the phthalates, some of
which have been shown to disrupt the development of reproductive organs, especially in the
fetus and in growing children.
Governments and manufacturers
are now working to phase out
these plasticizers. But some
phthalates, such as DI NP,have
been shown to be safe. For social
and political simplicity, should all
phthalates be banned or just the
ones shown to be harmful? This
is a question that has yet to be
resolved.
MORE

TO

EXPLORE,

www.dinp-facts.com

What do all monomers

of addition polymers have in common?

Was this your answer? A double covalent bond between two carbon atoms.
CONDENSATION
POLYMERS
OF SMALL MOLECULES

FORM

WITH

THE LOSS

A condensation polymer is one formed when the joining of mono mer units is
accompanied by the loss of a small molecule, such as water or hydrochloric acid.
Any monomer capable of becoming part of a condensation polymer must have a
functional group on each end. When two such monomers
come together to
form a condensation
polymer, one functional group of the first monomer links
up with one functional
group of the other monomer. The result is a twomono mer unit that has two terminal functional groups, one from each of the
two original monomers.
Each of these terminal functional groups in the twomono mer unit is now free to link up with one of the functional groups of a third
monomer, and then a fourth, and so on. In this way a polymer chain is built.
Figure 12.33 shows this process for the condensation
polymer called nylon, created in 1937 by DuPont chemist Wallace Carothers (1896-1937).
This polymer is composed of two different monomers, as shown in Figure 12.33, which
classifies it as a copolymer. One monomer is adipic acid, which contains two
reactive end groups, both carboxyl groups. The second monomer is hexarnethylenediamine,
in which two amine groups are the reactive end groups. One end
of an adipic acid molecule and one end of a hexamethylamine
molecule can be
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Hexamethylenediamine
Adipic acid

o

HO/
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Hexamethylenediamine
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/OH

Y
o

Adipic acid

o
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0
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I

I

0

H

H

Nylon
'-------_._----------_.-------------_.
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._._-,----------_._----

._.- .-._-

----~----

made to react with each other, splitting off a water molecule in the process. After
two monomers
have joined, reactive ends still remain for further reactions,
which leads to a growing polymer chain. Aside from its use in hosiery, nylon also
hnds great use in the manufacture
of ropes, parachutes, clothing, and carpets.

~~~ECK
Th, structure of 6-am;nohexano"

I

acid is

OH
H2N~

o

Is this compound a suitable monomer for forming a condensation polymer?
If so, what is the structure of the polymer formed, and what small molecule
is split off during the condensation?
Was this your answer? Yes,because the molecule has two reactive ends. You
know both ends are reactive because they are the ends shown in Figure 12.33.
The only difference here is that both types ofreactive ends are on the same
molecule. Monomers of 6-aminohexanoic acid combine by splitting off
water molecules to form the polymer known as nylon-6:
H

I

0

"N~N'-~N~·

I
H

0

I
H

0

---

_._-----

FIGURE

---------------_

•..

_---,

12.33

Adipic acid and hexamethylenediamine polymerize to form the
condensation copolymer nylon.
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Polyethylene terephthalate (PET)

FIGURE

12.34

Terephthalic acid and ethylene glycolpolymerize to form the condensation copolymer polyethylene terephthalate.

Another widely used condensation polymer is polyethylene terephthalate
(PET), formed from the copolymerization of ethylene glycol and terephthalic
acid, as shown in Figure 12.34. Plastic soda bottles are made from this polymer.
Also, PET fibers are sold as Dacron polyester, used in clothing and stuffing for
pillows and sleeping bags. Thin films of PET are called Mylar and can be coated
with metal particles to make magnetic recording tape or those metallic-looking
balloons you see for sale at most grocery store checkout counters.
Monomers that contain three reactive functional groups can also form polymer
chains. These chains become interlocked in a rigid three-dimensional network
that lends considerable strength and durability to the polymer. Once formed,

..
CHEMISTRY\
"

'

}s"

"
I

RACING

T

he chemical composition of a
polymer has a significant effect
on its macroscopic properties. To
see this for yourself, place a drop of
water on a new plastic sandwich bag,
and then tilt the bag vertically so that
the drop races off. Observe the behavior of the water carefully. Now race a
drop of water off a freshly pulled
strip of plastic food wrap. How does
the behavior of the drop on the wrap
compare with the behavior of the
drop on the sandwich bag?

Most brands of sandwich bags are
made of polyethylene terephthalate,
and most brands of food wrap are
made of polyvinylidene chloride. Look
carefully at the chemical composition
of these polymers, shown in Table
12.5. Which contains larger atoms?
Which might be involved in stronger
dipole-induced dipole interactions
with water? Need help with these
questions? Refer back to Sections 6.7
and 7.1.

WATER

DROPS

IN

these condensation polymers cannot be rernelted or reshaped, which makes them
hard-set, or thermoset, polymers. Hard plastic dishes (Melmac) and countertops
(Formica) are made of this material. A similar polymer, Bakelite, made from
formaldehyde and phenols containing multiple oxygen atoms, is used to bind plywood and particle board. Bakelite was synthesized in the early 1900s, and it was
the first widely used polymer.

• In Perspective

l'

he synthetic-polymers industry has grown remarkably over the past 50
years. Annual production of polymers in the United States alone has
grown from 3 billion pounds in 1950 to 100 billion pounds in 2000. Today, it is
a challenge to find any consumer item that does not contain a plastic of one sort
or another. Try this yourself.
In the future, watch for new kinds of polymers having a wide range of
remarkable properties. One interesting application is shown in Figure 12.35.
We already have polymers that conduct electricity, others that emit light, others
that replace body parts, and still others that are stronger but much lighter than
steel. Imagine synthetic polymers that mimic photosynthesis by transforming
solar energy to chemical energy or efficiently separate fresh water from the
oceans. These are not dreams. They are realities chemists have already demonstrated in the laboratory. Polymers hold a clear promise for the future.
The plastics industry is but one outgrowth of our knowledge of organic
chemistry. As we explore in the next chapter, our understanding of life itself is
based on our understanding of the properties of carbohydrates, fats, proteins,
and nucleic acids, all of which are polymers containing the functional groups
introduced in this chapter.

FIGURE

12.35

Flexibleand flat video displays can now be fabricated from polymers.

PERSPECTIVE
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KEY TERMS
Organic chemistry
compounds.

The study of carbon-containing

Hydrocarbon A chemical compound
carbon and hydrogen atoms.

containing

only

Ketone An organic molecule containing a carbonyl
group the carbon of which is bonded to two carbon
atoms.

Structural isomers Molecules that have the same
molecular formula but different chemical structures.
Conformation
of a molecule.

One of the possible spatial orientations

Saturated hydrocarbon A hydrocarbon containing
multiple covalent bonds, with each carbon atom
bonded to four other atoms.
Unsaturated hydrocarbon A hydrocarbon
at least one multiple covalent bond.

Carbonyl group A carbon atom double-bonded to an
oxygen atom, found in ketones, aldehydes, amides,
carboxylic acids, and esters.

no

containing

Aromatic compound Any organic molecule
containing a benzene ring.

Aldehyde An organic molecule containing a carbonyl
group the carbon of which is bonded either to one
carbon atom and one hydrogen atom or to two
hydrogen atoms.
Amide An organic molecule containing a carbonyl
group the carbon of which is bonded to a nitrogen atom.
Carboxylic acid An organic molecule containing a
carbonyl group the carbon of which is bonded to a
hydroxyl group.

Heteroatom Any atom other than carbon or hydrogen
in an organic molecule.

Ester An organic molecule containing a carbonyl group
the carbon of which is bonded to one carbon atom and
one oxygen atom bonded to another carbon atom.

Functional group A specific combination of atoms
that behave as a unit in an organic molecule.

Polymer A long organic molecule made of many
repeatmg units.

Alcohol An organic molecule that contains a hydroxyl
group bonded to a saturated carbon.

Monomer The small molecular unit from which a
polymer is formed.

Phenol An organic molecule in which a hydroxyl
group is bonded to a benzene ring.

Addition polymer A polymer formed by the joining
together of mono mer units with no atoms lost as the
polymer forms.

Ether An organic molecule containing
bonded to two carbon atoms.

an oxygen atom

Amine An organic molecule containing a nitrogen
atom bonded to one or more saturated carbon atoms.

I CHAPTER

Condensation polymer A polymer formed by the
joining together of monomer units accompanied by the
loss of a small molecule, such as water.

HIGHLIGHTS

I

I
HYDROCARBONS
AND HYDROGEN

CONTAIN

ONLY

CARBON

1. What are some examples of hydrocarbons?
2. What are some uses of hydrocarbons?
3. How do two structural isomers differ from each other?
4. How are two structural isomers similar to each other?

5. What physical property of hydrocarbons
fractional distillation?
6. What types of hydrocarbons
higher-octane gasoline?

is used in

are more abundant

7. To how many atoms is a saturated carbon atom
bonded?

in
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22. How are ketones and aldehydes related to each
other? How are they different from each other?

N

8. What is the difference between a saturated hydrocarbon and an unsaturated hydrocarbon?

23. What is one commercially useful property of
aldehydes?

9. How many multiple bonds must a hydrocarbon have
in order to be classified as unsaturated?

24. How are ami des and carboxylic acids related to each
other? How are they different from each other?

10. Aromatic compounds contain what kind of ring?

25. From what naturally occurring compound is
aspirin prepared?

o

26. Identify each molecule as hydrocarbon, alcohol, or
carboxylic acid:

F

11. What is a heteroatom?

12. Why do heteroatoms make such a difference in the
physical and chemical properties of an organic molecule?

CH30

13. Which molecule should have the higher boiling
point and why?

H3C
~

1(5\-~~OH
I

H

CH3CH2CH2CH3

CH3CH2CH2CH3

CH3CH2CH2CH2 -OH

CH3CH2CH2CH2

14. Why are low-formula-mass alcohols soluble in
water?

N

-

OH

IN

15. What distinguishes an alcohol from a phenol?
16. What distinguishes an alcohol from an ether?

27. What happens to the double bond of a monomer
participating in the formation of an addition polymer?

17. Which heteroatom is characteristic of an amine?

28. What is released in the formation of a condensation
polymer?

18. Do amines tend to be acidic, neutral, or basic?

19. Are alkaloids found in nature?
20. What are some examples of alkaloids?

29. Why is plastic food wrap a stickier plastic than
polyethylene?

21. Which elements make up the carbonyl group?

30. What is a copolymer?

CONCEPT

BUILDING

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

31 .• What property of carbon allows for the formation of so many different organic molecules?

34 .• Draw all the structural isomers for hydrocarbons
having the molecular formula CGH14.

32 .• Why does the melting point of hydrocarbons
increase as the number of carbon atoms per molecule
increases?

35 .•

33 .• Draw all the structural isomers for hydrocarbons
having the molecular formula C4HIO•

How many structural isomers are shown here?

4ZZ
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36 .• Which two of these four structures
same structural isomer?

are of the

45 .• What is the chemical formula of the following
structure?

46 .• Of the structures shown in exercises 44 and 45,
which is more oxidized?
47 .• Shown here is the structure of2-methyl-pentane.
What is the structure of3-methyl-pentane?

37 .• According to Figure 12.3, which has a higher
boiling point: gasoline or kerosine?
2-methyl-pentane

38 .• According to Figure 12.3, which consists of
smaller molecules: kerosine or diesel fuel?
39 .• The temperatures in a fractionating tower at an
oil refinery are important, but so are the pressures.
Where might the pressure in a fractionating tower be
greatest, at the bottom or at the top? Defend your
answer.
40 .• There are five atoms in the methane molecule,
CH4. One out of these five is a carbon atom, which is
1/5 X 100 = 20% carbon. What is the percent carbon
in ethane, C2H6? Propane, C3Hs? Butane, C4HlO?
41 .• Do heavier hydrocarbons tend to produce more
or less carbon dioxide upon combustion compared to
lighter hydrocarbons? Why?
42 .• What is the chemical formula for the following
stucture?

48 .• What do 2-methyl-pentane
pentane have in common?

and 4-methyl-

49 .• List the following compounds
oxidized to most oxidized.

~OH

(a)

o

(b)

in order of least

~
(C)

H
(d)

50 .• Which contains more hydrogen atoms: a fivecarbon saturated hydrocarbon molecule or a fivecarbon unsaturated hydrocarbon molecule?
51 .• Circle the longest chain of carbon atoms in the
following structure. How many carbon atoms are in
this chain?

43 .• What is the chemical formula for the following
structure?

D
44 .• What is the chemical formula of the following
structure?

52 .• Number the carbon atoms within the longest
chain of carbon atoms for the structure in exercise 51.
How many branches extend off of this chain?
53 .• A single-carbon branch within a hydrocarbon is
referred to as a methyl group, while a two-carbon
branch is referred to as an ethyl group. What then is the
formal name for the structure shown in exercise 51?
a.
b.
c.
d.

3- methyl-4-ethyl-6- methyl-octane
3,6-dimethyl-4-ethyl-octane
2-ethyl-4-ethyl- 5- methyl- heptane
2,4-diethyl- 5-methyl-heptane

CONCEPT

54 .•

What is the name of the following structure?
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62 .• Why do erhers typically have lower boiling
points than alcohols?
63 .• Why might a high-formula-mass
insoluble in water?

alcohol be

64 .• What is the percent volume of water in 80-proof
vodka?
65 .• How does ingested methanol
ing of a person's eyes?
55 .• Carbon-carbon
single bonds can rotate but
carbon-carbon
double bonds cannot rotate (see HandsOn Chemistry: "Twisting Jelly Beans"). How many different structures are shown here?

66 .• One of the skin-irritating
oak is tetrahydrourushiol:

lead to the damag-

components

of poison

OH

56 .• Carbon-carbon
single bonds can rotate but
carbon-carbon
double bonds cannot rotate (see HandsOn Chemistry: "Twisting Jelly Beans"). How many different structures are shown here?

The long, nonpolar hydrocarbon tail embeds itself in a
person's oily skin, where the molecule initiates an allergic response. Scratching the itch spreads tetrahydrourushiol molecules over a greater surface area, causing
the zone of irritation to grow. Is this compound an
alcohol or a phenol? Defend your answer.
67 .• Why is 2,4,5-trifluorophenol
than phenol?

much more acidic

57 .• Which of the structures shown in both exercises 55 and 56 are 3-methyl-2-pentene,
where "2"
indicates the placement of the double bond? Circle
them.
58 .• Which of the structures shown in both exercises
55 and 56 are 2-methyl-2-pentene,
where "2" indicates
the placement of the double bond? Draw a box around
them.
59 .• How many different isomers of3-methyl-2pentene are there?
60 .• How many different isomers of2-methyl-2pentene are there?
61..
Heteroatoms make a difference in the physical
and chemical properties of an organic molecule
because
a. they add extra mass to the hydrocarbon structure.
b. each heteroatom has its own characteristic
chemistry.
c. they can enhance the polarity of the organic
molecule.
d. All of the above.

F
2,4,S-trifluorophenol

68 .• Cetyl alcohol, C1GH330H,
is a common ingredient of soaps and shampoos. It was once commonly
obtained from whale oil, which is where it gets its name
(cetylis derived from cetacean). Draw the chemical
structure for this compound.
69 .• A common inactive ingredient in products such
as sunscreen lotions and shampoo is triethyl amine, also
known as TEA. What is the chemical structure for this
compound?
70 .• A common inactive ingredient in products
such as sunscreen lotions and shampoo is triethanol
amine. What is the chemical structure for this
compound?
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acid salt of caffeine has the

Caffeine-phosphoric

76 .•

In water, does the molecule

Lysergic acid diethylamide

acid salt

This molecule behaves as an acid in that it can donate a
hydrogen ion, created from the hydrogen atom bonded
to the positively charged nitrogen atom. What are all
the products formed when 1 mole of this salt reacts with
1 mole of sodium hydroxide, NaOH, a strong base?

72 .• The solvent diethyl ether can be mixed with
water but only by shaking the two liquids together.
After the shaking is stopped, the liquids separate into
two layers, much like oil and vinegar. The free-base
form of the alkaloid caffeine is readily soluble in diethyl
ether but not in water. Suggest what might happen to
the caffeine of a caffeinated beverage if the beverage was
first made alkaline with sodium hydroxide and then
shaken with some diethyl ether.

act as an acid, a base, neither, or both?
77 .• If you saw the label phenylephrine.
HCl on a
decongestant, would you worry that consuming it
would expose you to the strong acid hydrochloric acid?
Explain.

H

HO H

I.____H

/

HO

N+
~CH

Phenylephrine-hydrochloric

Cl3

acid salt

73.• Alkaloid salts are not very soluble in the organic
solvent diethyl ether. What might happen to the freebase form of caffeine dissolved in diethyl ether if
gaseous hydrogen chloride, HCl, were bubbled into the
solution?

78 .• Suggest an explanation
sour taste.

for why aspirin has a

79 .• An amino acid is an organic molecule that contains both an amine group and a carboxyl group. At an
acidic pH, which structure is most likely:

..

H

0

I

11

(a) H-N-C-C
1

H
Caffeine
(free base)

\

O-

H H 0
I +
I
11
(b)H-N-C-C

h h bH

74 .• Draw all the structural isomers for amines having the molecular formula C3H9N.
75 .• Explain why caprylic acid, CH3(CH2)6COOH,
dissolves in a 5 percent aqueous solution of sodium
hydroxide bur caprylaldehyde, CH3(CH2)6CHO,
does
not.

1

H

Explain your answer.
80 .• For the structures shown in exercise 79, which is
most likely at a neutral pH? Explain your answer.

CONCEPT

81 .• Identity the following functional groups in this
organic molecule-amide,
ester, ketone, ether, alcohol,
aldehyde, amine:

BUILDING
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86 .• Can a left-handed and a right-handed glove be
superimposed-that
is, can they overlap each other
perfectly while facing the same direction?
87 .• Amino acids, such as alanine shown here, are the
mono mer building blocks of proteins (Chapter 13).
Most amino acids have a handedness-that
is, for each
of these amino acids there is a possible mirror image.
Interestingly, amino acids that occur in proteins are
always of the left-handed sort. Why are right-handed
amino acids never found in proteins?

o
II
c
\

H

82 .• What do a left-handed and right-handed glove
have in common?
83 .• The following two compounds are first shown
in 2-dimensional format. Molecules, however, are
3-dimensional entities. The more accurate 3-D drawings of these molecules are shown next. Note that the
tetrahedron shapes are included merely to help visualize
the 3-D nature of these molecules. The bromine sticks
straight up, while the chlorines are coming out of the
plane of the page and the fluorines recede back behind
the plane of the page. Got that? So what do these two
molecules, the one on the left and the one on the right,
have in common?

Alanine

Alanine

Left-handed

Right-handed
(not found in proteins)

OH

88 .• Benzaldehyde is a fragrant oil. If stored in an
uncapped bottle, this compound will slowly transform
into benzoic acid along the surface. Is this an oxidation
or a reduction?

02)

open

(oH

air

Br

Br
H-C -F

F-C-H

I

I

Cl

Cl

Br

89 .• What products are formed upon the reaction of
benzoic acid with sodium hydroxide, NaOH? One of
these products is a common food preservative. Can you
name it?

Br

F

Benzoic acid

Benzaldehyde

I

I

90 .•
acid,
ions,
tions

F

The disodium salt of ethylenediaminetetraacetic
also known as EDTA, has a great affinity for lead
Pb2+. Why? Can you think of any useful applicaof this chemistry?

H

H
Cl

Cl

84 .• How are a left-handed and a right-handed glove
different?
85 .• How are the two compounds shown in exercise
83 different?

EDTA
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91. • The amino acid lysine is shown here. What
functional group must be removed in order to produce
cadaverine, as shown in Figure 12.16?

96 .• Hydrocarbons release a lot of energy when
ignited. Where does this energy come from?
97 .• What type of polymer would be best to use in
the manufacture of stain-resistant carpets?
98 .• As noted in the Concept Check on page 418, the
compound 6-aminohexanoic acid is used to make the
condensation polymer nylon-6. Polymerization is not
always successful, however, because of a competing side
reaction. What is this side reaction? Would polymerization be more likely in a dilute solution of this monomer
or in a concentrated solution? Why?

Lysine

92 .• Would you expect polypropylene to be denser or
less dense than low-density polyethylene? Why?

99 .• The copolymer styrene-butadiene rubber
(SBR), shown here, is used for making tires as well as
bubble gum. Is it an addition polymer or a condensation polymer?

93 .• Many polymers emit toxic fumes when burning.
Which polymer in Table 12.5 produces hydrogen
cyanide, HCN? Which two produce toxic hydrogen
chloride gas, HCI?
94 .• One solution to the problem of our overBowing
landfills is to burn plastic objects instead of burying
them. What would be some of the advantages and disadvantages of this practice?
95 .• Which would you expect to be more viscous, a
polymer made of long molecular strands or one made
of short molecular stands? Why?

Isoprene
(2-methyl-l,3-butadiene)

rANDS-ON

TWISTING

JELLY

CHEMISTRY

100 .• Many of the natural-product molecules synthesized by plants are formed by the joining together of
isoprene monomers via an addition polymerization. A
good example is the nutrient beta-carotene, which consists of eight isoprene units. Find and circle these units
within the structure shown here.

beta-Carotene

INSIGHTS'

called the cis conformation. In the second conformation, the two end carbons are on opposite sides of the
double bond-the
trans conformation:

BEANS

What you should discover in this activity is that the
carbon-carbon double bond greatly restricts the number of possible conformations for an organic molecule.
While n-butane, for instance, can twist like a snake,
2-butene is restricted to one of two possible conformations. (Refer to Figure 12.7 for the structures of these
two molecules.) In one conformation, the two end carbons are on the same side of the double bond-this is

cis- 2-Butene

trans- 2-Butene

Because the double bond cannot rotate, the cis and
trans conformations are not interconvertible. They

EXPLORING

therefore represent two different molecules (structural
isomers), each having its own unique set of properties.
The melting point of cis-2-burene, for example, is
-139°C; that of trans-2-butene
is a warmer -1 OG°e.

RACING

WATER

I EXPLORING

•

Written by a noted Nobel Prize winner, researcher, and
teacher, this book seeks to explain the workings of chemistry
to the general public, with an emphasis on the beauty of
molecular design.

www.icco.org
•

The home page of the International Cocoa Organization.
Through this site, you can find answers to many of the questions you may have regarding the chemistry of chocolate
and its path from the cocoa tree to your mouth.

http://en.wikipedia.org/wiki/OiLrefinery
Ill!

Wikipedia has a well-illustrated web page describing all the
essential components and processes of oil refineries. :Youwill
also find many hyperlinks to terms related to the topics of
this chapter.

www.sciarn.corn
•

In regard to the spotlight essay that appears after this
chapter, one of the lead scientists in the field of muscle
enhancement gene therapy is H Lee Sweeney of the
University of Pennsylvania. He wrote a popular review
article on this topic that appears in the July 2004 issue
of ScientificAmerican, which may be available in your
local library. You may also purchase this issue on-line at
www.sciam.com.

FURTHER
the

hemistry

P.WAtkins, Molecules. New York: W H. Freeman, 1987.
•

An enchanting account of some of the more important
organic molecules of nature as well as those produced by
chemists. Written fOr the general public, the dialogue is warm,
intriguing, and accompanied by spectacular photographs.
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Roald Hoffmann, The Same and Not the Same. New
York: Columbia University Press, 1995.

DROPS

You may need to play around with the drops for a while
in order to see the differing affinities that the bag and
wrap have for water. One way to do this is to tape the
polymers side by side stretched out on a sturdy piece of
cardboard. Tilt the cardboard to various angles, testing for
the speed with which water drops roll down the incline
on the two surfaces. Ultimately, you should find that the
drops roll more slowly on the wrap (polyvinylidene chloride) than on the bag (polyethylene terephthalate). The
source of this greater "stickiness" in the wrap is the fairly
large chlorine atoms of the polyvinylidene chloride.
Recall from Section 7.1 that the larger the atom, the
greater its potential for forming induced dipole molecular
interactions.
The greater stickiness of the wrap is also apparent
when you try to glide one sheet of wrap over another.

FURTHER
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VisitThe Chemistry Place at:
www.aw-bc.com/chemp
1ace

THE GENETiCS
OF MUSCLE FITNESS

•

This is the last Spotlight essay of this
textbook because the remaining
chapters are themselves like Spotlight
essays, only much more elaborate.
Topics include health and nutrition,
genetic engineering, drugs, agriculture, water sources, air pollution,
modern materials, and sustainable
energy resources. The relevance reads
on! Good chemistry to you.

T

here are three types of muscles:
smooth, cardiac, and skeletal.
Smooth muscles help move food
and fluids throug h your body. Cardiac
muscles pump blood through your
heart. Skeletal muscles are the kind
that attach to your bones. They allow
you to run, dance, lift, turn, and, in
general, move through your environment. Physical fitness involves
resilience in all muscle types. For this
essay, however, our focus will be on
the more physically apparent skeletal
muscles, which can account for up to
40 percent of your total mass.
The body will do what it needs in
order to acquire and store energy.
Muscle tissue itself, however, is energetically expensive to maintain. Even
at rest, your skeletal muscles consume about 25 percent of your
energy. Thus, it is not in your body's
interest to have more muscle mass
than it needs. For this reason, our
muscles adapt. If we exercise a lot,
our muscles become bigger and
stronger. Conversely, muscles wither
away without exercise-a fully
immobilized muscle loses about onethird of its mass within weeks. From
personal experience we know that
muscles are responsive to use. But
how is this accomplished? Why is it
that when you exercise your muscles
get stronger and when you don't they
get weaker? The answer is that exer428

cise involves more than your muscles.
When you exercise,you are also exercising your DNA.
As will be discussed in the following chapter, DNAis the biomolecule
that holds the information for how to
build proteins. This includes all the
proteins associated with the buildinq
of your muscles, of which there are
two kinds. First, there are the proteins
that actually become part of your
muscles. Second, there are "regulator" proteins that serve to direct the
building of the muscles. These regulator proteins act like managers at a
construction site in that they determine when the buildinq should
speed up or slow down. If DNA gets
the signal that more muscle mass is
needed, then it creates more regulator proteins that are designed to
speed up muscle protein synthesis
where needed. Likewise, if DNA gets
the signal that muscle production
needs to slow down, it creates more
regulator proteins designed to
inhibit muscle protein synthesis. So,
you see, DNA is the master controller.
It actually produces hundreds of different muscle regulator proteins and
each one has a specific purpose.
Regulator proteins also play a role
in how much energy is made available to muscles. An example is the
GLUT regulator protein, which sits on
the surface of muscle tissue. Its function is to pull glucose, an energy-rich
sugar molecule, from the blood-

stream and into the muscle. You
always have some GLUTproteins to
enable muscle movement. As you
exercise, however, you stimulate your
DNAto create more of these proteins.
A single decent exercise routine
causes a significant increase in GLUT
proteins. What this means is that
your muscles can now pull glucose
more efficiently out of your bloodstream, even while you are at rest. If
you were to eat a potato, your blood
sugar level would not rise as much as
it would have otherwise.
GLUTproteins generally degrade
after 24 hours. With continued exercise,your DNA replenishes the GLUT
proteins and eventually an optimal
number of them are retained. Ifyou
were to stop exercising, their positive
effects would naturally fade away
within a day or two. With zero exercises over many years, your DNA
becomes inefficient at producing
GLUTproteins. The result is unusally
high blood sugar levels and a disease
called type 11diabetes.
Most of the energy used by your
cells comes from a high-energy molecule known as ATP (See Section 13.6).
ATPis produced using energy that
comes from the oxidation offood.
This occurs in small cellular
organelles called mitochondria. How
efficient mitochondria are at producing ATPis a function of the number
of regulator proteins they contain. So
what produces these regulator pro-

teins? Your DNA.What happens
when you exercise? You stimulate
your DNAto make more of these regulator proteins within mitochondria,
hence, more ATPbecomes available to
your cells, including your muscle
cells. It takes about a week for the
num bel' of these regulator proteins
to double. After about a month of
regular exercise you reach a plateau.
In everyday language you would say
you are "in shape."What you really
mean, however, is that your DNAis in
shape because it is now producing an
optimal num bel' of regulatory proteins that produce an optimal
amount of ATPso that you are fit to
perform physically demanding tasks,
like running a marathon. So what
happens when you don't exercise?
ATPproduction is minimized and the
energy of food is directed to the production of energy-storage tissues,
such as fat. Why does the body produce fat? So that the precious energy
it contains might be available for
labor-intensive activities at a later
date, perhaps, when food is not so
abundant.
Our bodies are smart, but the rules
of the game have recently changed.
For many thousands of years we
relied on our DNA-mediated performance mechanisms to allow us to hunt,
gather, and grow food, to build shelters, and walk far distances. These are
all very labor-intensive activities. It
has only been within the last 100
years that such activities have
become mechanized. We walk much
less because we have cars. We gather
our own food much less because we
have grocery stores. The lf.S. Center
for Disease Control and Prevention
has noted a growing increase in obesity that coincides with the rise in
sedentary lifestyles. While obesity can
be traced to the intake of food as well
as the quality of that food, there is
another half of the equation that
often gets neglected, which is exer-

cise. Our bodies are designed to be
physically active. Harm comes to us
when we neglect this calling.
MUSCLE

better performance? How about military personnel? The ethical issues
sunounding genetic enhancement
are many and complex.

DOPING

Our knowledge of DNAis ever so
recent, but we are already well on our
way to learning how to control and
tinker with its mechanisms. The IGF-I
regulator protein speeds up musclebuilding processes. Tobuild bigger
and stronger muscle tissue, why don't
we simply inject IGF-Iinto our muscles? This doesn't work because the
IGF-Idissipates within hours. What is
needed is a continual source of IGF-1.
Towards this end, researchers have
successfully implanted the DNAthat
codes for IGF-Iwithin the muscles of
rats, who, without exercise, develop
up to 30 percent more muscle mass.
With exercise, the genetically "doped"
muscles of these superrats become
nearly twice as strong.
The insertion of DNA into a person
to allow for the creation of certain
proteins is known as gene therapy.
The idea of gene therapy was
dreamed up soon after the discovery
of the structure of DNAin the 1950S.
Although the idea is straightforward,
it is only within the past decade, after
years of intensive basic research, that
success is starting to be realized.
Muscle-enhancement
gene therapy
is poised to become one of the first
gene therapies to be made available
to the general population. Such therapy holds great promise for the treatment of muscular dystrophy as well
as for the treatment of muscle weakness that comes with age. But it also
raises a number of interesting questions. How safe is the procedure?
Might such therapy lead to cancer?
Are inherent risks worth the benefits? Will we be more or less likely to
exercise after having our muscles
doped with muscle-strengthening
DNA? Should athletes be allowed to
genetically dope their muscles for

What do seven days without exercisemake?
Was this your answer? Seven
days without exercise makes one
weak.
IN THE SPOTLIGHT
DISCUSSION
QU ESTlONS

1. Should athletes be allowed to genetically dope their muscles for better
performance? If so, should there be
two sets of Olympics? One for the
doped and another for the nondoped? Many Olympians may
already benefit from natural mutations that enhance their performance. Why not level the playing field
by making such enhancements
available to all atheletes?
2.

Gene therapy is not passed along to
offspring because it does not affect
our reproductive gametes. For an
individual, however, a sing le dose
may last a lifetime. So,what restrictions should be placed on muscleenchancment gene doping? Should
it be allowed on ly for the treatment
of medical conditions? Should itbe
made available on ly to people over
the age of 21?

3. Might gene therapy ever become as
routine as vaccinations? Bywhen?
What mig ht be some social or political hurdles to an acceptance of such
therapies?
4. How much would you be willing
to pay for effective muscleenhancement gene therapy?
5. Muscle-enhancement gene therapy
also interferes with fat deposition.
How might the food industry
respond to a population of consumers who could eat all they want
and remain trim without much
exercise?
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What then is an individual?
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in which they are assem-

bled? A glance at a set of identical twins tells you the answer
to this second question
organism

are determined

is no. The molecular

patterns

by the organism's

in any

genetic

code,

and identical twins have identical genetic codes. Each member in a set of identical twins has its own unique personality,
however, despite the fact that the two persons have identical
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molecular

patterns.

Interestingly,

the genetic code you have today is the same

as the one you had in your yesteryears,

but you are now

made of a different set of molecules-not

un like two identi-

cal twins. Aside from memories,

perhaps you are as different

from your past self as two identical
other. Perhaps an individual's

twins

are from each

identity is continually

reestab-

lished each and every moment.
Although this chapter cannot promise any in sights into the
intriguing questions of existence, it will give you a basic understanding

of biomolecules-the

organisms-and

molecules that make up living

the remarkable roles they play in your body.
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13.1

Biomolecules Are Produced and Utilized in Cells

he fundamental unit of almost all organisms is the cell. Cells are typically
so small that you need a microscope to see them individually. About ten
average-sized human cells, for example, could fit within the period at the end of
this sentence. Figure 13.1 shows a typical animal cell and a typical plant cell.
Every cell has a plasma membrane. More than just a boundary, the plasma
membrane allows molecules to pass into and out of the cell and provides sites
where important chemical reactions occur. In animal cells, the plasma membrane is the outermost part of the cell, but the plasma membranes of plant
cells are bounded by a rigid cell wall that protects the cells and gives them
structure.

FIGURE

13.1

Macroscopic, microscopic, and
submicroscopic views of an animal and a plant.

Animal cell
Cells

Carbohydrate
Biomolecules

Lipid

Protein

Nucleic acid

13.2

CARBOHYDRATES

Housed within each cell is the cell nucleus, which contains the genetic code.
Everything between the plasma membrane and the cell nucleus is the cytoplasm,
which consists of a variety of microstructures suspended in a viscous liquid.
These microstructures, called organelles, work together in the synthesis, storage,
and export of important biomolecules.
The great majority of the biomolecules used by cells are either carbohydrates,
lipids, proteins, or nucleic acids. In addition, most cells need small amounts of
vitamins and minerals in order to function properly. We now discuss all these
categories of biomolecules.

• 13.2

Carbohydrates Give Structure and Energy

arbohydrates are molecules of carbon, hydrogen, and oxygen produced by
plants through photosynthesis. The term carbohydrate is derived from the
fact that plants make these molecules from carbon (from atmospheric carbon
dioxide) and water. The term saccharide is a synonym for carbohydrate, and a
monosaccharide ("one saccharide") is the fundamental carbohydrate unit. In
most monosaccharides, each carbon atom is bonded to at least one oxygen
atom, most often in the form of a hydroxyl group. There are many kinds of
monosaccharides. The structures of the two most common ones, glucose and
fructose, are shown in Figure 13.2.
Monosaccharides are the building blocks of disaccharides, which are carbohydrate molecules containing two monosaccharide units. Figure 13.3 shows
table sugar-sucrose-the
most well-known disaccharide. In the digestive
tract, sucrose is readily cleaved into its monosaccharide units, glucose and
fructose.

HO~O~
H0H'CH20H
OH
Glucose

FIGURE

H

Fructose

13.2

Honey is a mixture of the monosaccharidesglucoseand fructose.Glucoseis a sixmembered ring, and fructoseis a hve-membered ring. For simplicity,the stick structures introduced in Chapter 12 are shown beloweach molecularmodel.

GIVE
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H

Sucrose

1

HO(k:t0~
FIGURE

H0T---rCH20H

13.3

Disaccharides,such as sucrose,
consistof two chemicallybonded
monosaccharideunits, which are
cleavedduring digestion.

OH
Glucose

H

Fructose

•

-n

• How many pounds of sugar does
the average American consume
each year? According to the Sugar
Association, consumption of
sugar is typically measured in
terms of the amount of sugar
commerically available, rather
than the amount of sugar actually
ingested-significant
amounts of
these sweeteners are discarded.
Futhermore, they note that these
estimates include all caloric
sweeteners, which include corn
syrups, honey products, as well as
sucrose coming from cane or
sugar beets. According to the US
Department of Agriculture, the
national consumption of sucrose
has actually been declining since
2001. Sohow much sugar does the
average American consume each
year? That's a tough question with
no simple answer. Amore important question to ask is how much
do you consume?
MORE

TO

EXPLORE,

www.sugar.org
www.ers.usda.gov/Briefing/
Sugar/Data/data.htm

Another important disaccharide is lactose, shown in Figure 13.4. Lactose is
the main carbohydrate in milk. In the digestive tract, it is cleaved into the
monosaccharides galactose and glucose by the enzyme lactase, which most
children produce in abundance up to about the age of six. Thereafter, the production of this enzyme decreases, with the result that some adults produce little or none. This leads to lactose intolerance, a condition in which ingestion of
milk or milk products causes bloating, flatulence, and painful cramps. These
symptoms result as certain intestinal bacteria vigorously digest the lactose. In
doing so, they generate large amounts of gases, such as hydrogen, H2. To
relieve these symptoms, some milk products are treated with Acidophilus
bifudus, a strain of bacteria that destroy gas-causing bacteria in our digestive
tract. Aside from abstaining from milk products, an alternative solution is to
add a commercially available lactase enzyme to milk or milk products before
consuming them.
Monosaccharides and disaccharides are classified as simple carbohydrates,
where the word simple is used because these food molecules consist of only one
or two monosaccharide units. Most simple carbohydrates have some degree of
sweetness and are also known as sugars.
POLYSACCHARIDES

ARE COMPLEX

CARBOHYDRATES

Recall from Chapter 12 that polymers are large molecules made of repeating
mono mer units. Monosaccharides are the monomers that link to form the biomolecular polymers called polysaccharides, which contain hundreds to thousands
of monosaccharide units. Polysaccharides can be built from any type of mono-

13.2

CARBOHYDRATES
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13.4

Milk and milk products contain
the disaccharide lactose, which is
digested to galactoseand glucose.

o

Lactose

1

Galactose

Glucose

saccharide units. Our bone joints are lubricated by the polysaccharide hyaluronic acid, for example, which consists of alternating glucuronic acid and
N- acetylglucosamine, as shown in Figure 13.5a on page 436.
The exoskeletons (protective shells) of insects and some marine organisms,
such as crabs and shrimp, are made of chitin, a hard, resilient polysaccharide
made of the monosaccharide N-acetylglucosamine, as shown in Figure 13.5b.
Wood varnish once contained chitin from the exoskeletons of insects. In powdered form, chitin is now finding use as a dietary fiber supplement.
Although a polysaccharide can be made of any type of monosaccharide
units, the polysaccharides of the human diet are made only of glucose. These
polysaccharides include starch, glycogen, and cellulose, which differ from one
another only in how the glucose units are chained together. All polysaccharides, but especially the ones in our diet, are known as complex carbohydrates, where complex refers to the multitude of monosaccharide units linked
together.

What makes a simple carbohydrate
complex?

simple and a complex carbohydrate

Was this your answer? Simple carbohydrates are simple in the sense that
they consist of only one or two monosaccharide units per molecule. Complex carbohydrates are complex in the sense of consisting of high numbers
of monosaccharide units per molecule.

Carbohydrates
Simple

Complex

Monosaccharides

Polysaccharides

Glucose
Fructose
Disaccharides

Sucrose
Lactose

Hyaluronic
acid
Chitin
Starch
Glycogen
Cellulose
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(a) Hyaluronic acid, a lubricant
in bone joints, is a polysaccharide
consisting of the monosacchatides glucuronic acid and N
acetylglucosamine. (b) The
exoskdetons of insects, crabs,
shrimp, and lobsters are made of
chitin, a polysaccharide containing only N-acetylglucosamine
units.
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Starch is a polysaccharide produced by plants to store the abundance of glucose formed during photosynthesis, which is the process whereby plants absorb
solar energy and convert it to the chemical energy of sugar molecules. (We shall
return to a discussion of photosynthesis in Chapter 15.) On cloudy days or at
night, the breakdown of starch polymers to glucose gives the plant a constant
energy supply. Animals can also obtain glucose from plant starch, which makes
plant starch an all-important food source. Most plants store the starch they produce either in their seeds or in their roots.
A starch molecule may contain up to 6000 glucose units, although this number
is highly variable and can be as low as 200. Plants produce two forms of starch,
amylose and amylopectin, as illustrated in Figure 13.6. In amylose, the glucose units
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(80%)

Amylose and amylopectin are
two forms of plant starch.
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W

hen iodine is mixed with starch,
the amylose strands coil around
the iodine molecules, forming a
starch-iodine complex that has a
characteristic dark blue color.The
more starch present in a solution, the
deeper the blue. The formation of this
color is used to identify the presence
of starch. In this activity, you will use
an iodine solution to test for the presence of amylose and the amylosedigesting action of your saliva.
WHAT

YOU

NEED

Potato, saucepan, water, two drinking
glasses, iodine solution (from drugstore)
SAFETY

NOTE

While moderate topical application
of disinfecting iodine solution is

regarded as safe, ingestion is not. So
keep your iodine solution away from
children, and be sure not to ingest
any yourself.
PROCEDURE
1.

Prepare a solution of starch by boiling several potato slices in about
two cups of water. Add a teaspoon
of the solution to each glass and
dilute with a tablespoon of water.

2.

Collect a good wad of saliva in
your mouth, and then gracefully
spit into one of the glasses. Swirl
tomix.

3- Wait for a few minutes, and then

add a drop of iodine solution to
each glass. Swirl to mix while looking for a difference in color
between the two samples. Ifno difference is noted, repeat the expert-

T

ment several times, changing one
parameter each time, such as the
number of potato slices boiled.
Youshould look for a noticeable
difference between the intensity of
blue in the glass containing your
saliva and the other glass. The intensity being directly proportional to the
amount of starch present, which
glass should contain the darker solution?Why?
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are linked together in chains that coil. In amylopectin, the glucose units are also
linked together in coiling chains, but in addition there is periodic branching in the
chains. The starch of most starchy foods, such as bread and potatoes, is about
20 percent amylose and 80 percent amylopectin. As these foods are digested, glucose units are broken off the ends of the chains. In Figure 13.6, you can see that,
because of its branching, amylopectin has more ends than amylose does. Therefore, amylopectin releases glucose units at a faster rate than amylose does.
If you hold a piece of bread in your mouth for a few minutes, it begins to taste
sweet, which is a signal that digestion has begun and glucose is being released.

•

Rre--C-K---------------When amylose and amylopectin
ate supply of glucose?

are digested, which one is a more immedi-

Was this your answer? There is more branching in amylopectin and therefore a greater number of ends per molecule. The digestion of amylopectin
produces more glucose molecules per unit of time and therefore is a quicker
and more immediate supply of glucose.

FIGURE

13.7

Animals store some of their excess glucose by converting it to glycogen, a polymer made of hundreds of glucose monomers and sometimes referred to as animal
starch. Glycogen has a structure much like that of amylopectin, but there is more
branching in glycogen, as shown in Figure
13.7. Between meals, when glucose levels
drop, the body metabolizes glycogen to glucose. Glycogen therefore serves as our glucose
reserve. The areas of the body most abundant
in glycogen are the liver and muscle tissue.
Cellulose, a structural component of plant
cell walls, is also a polysaccharide of glucose.
The glucose in cellulose, however, is slightly
different from the glucose in starch and
glycogen. In the glucose of starch and glyco-

The complex carbohydrate glycogen, a polymer made of glucose
monomer units, is found in animal tissue.

Glycogen granules
in muscle tissue
Glycogen
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gen, called a-glucose, the hydroxyl group highlighted in Figure 13.8 faces in one
direction. In the glucose of cellulose, called p-glucose, this hydroxyl group faces
in the opposite direction.
Figure 13.8 illustrates how the linking between
a-glucose units results in a coiling of the polysaccharide strands, but the linking
between p-glucose units results in straight chains, with no coiling possible. In
addition to no coiling, there is also no branching in the chains. These two attributes of cellulose molecules allow the polysaccharide
strands to align much like
strands of uncooked spaghetti. This alignment
maximizes
the number
of hydrogen
bonds
between strands, which makes cellulose a tough
material. Added strength is given as the plant lays
down microscopic
tibers of cellulose in a crisscross fashion, as shown in Figure 13.9.

The glucose units of starch and
cellulose are bonded in different orientations. (a) In starch,
a-glucose units result in polysaccharide strands that tend to coil.
(b) In cellulose, ~-glucose units
result in polysaccharide strands
that do not coil and as a result
can align with one another.
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Strands of cellulose in a plant,
including the plant leaves held by
Maitreya, are joined by hydrogen
bonds. These microscopic fibers
are laid down in a criss-cross pat.
h.
tern to gIve strengt III many
directions.
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b
Cellulose fibers in
a plant cell wall
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Cellulose serves as the primary structural component of all plants. Cotton is
nearly pure cellulose. Wood, made largely of cellulose, can support trees that are
as much as 30 meters tall. Cellulose is by far the most abundant organic compound on Earth.
Most animals, including humans, are not able to break cellulose down to glucose. Instead, the cellulose in the food we eat serves as dietary fiber that helps in
regulating bowel movements. In the large intestine, cellulose-based fiber absorbs
water and has a laxative effect. Waste products are therefore moved along faster,
and with them harmful bacteria and carcinogens. Microorganisms that live in
the digestive tracts of wood-eating termites and grass-eating ruminants (cows,
sheep, and goats) can break cellulose down to glucose. Strictly speaking, termites
and ruminants do not digest cellulose. Rather, they digest the glucose produced
by the cellulose-digesting microorganisms that live inside them, as shown in
Figure 13.10.

• 13.3 lipids Are Insoluble in Water

t;

pid, a" a broad class of biornolecules. Although structurally diverse, all
lipids are insoluble in water because each lipid molecule contains a large
number of nonpolar hydrocarbon units. In this section we discuss two important types oflipids: filtS and steroids.
FIGURE

13.10

FATS ARE USED FOR ENERGY

Termites digest glucose produced
by cellulose-digestingmicroorganisms living in the termites'
digestive tract.

FIGURE

AND
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A fat is any biomolecule formed from the reaction between a glycerol molecule,
C3Hs03, and three fatty acid molecules, as shown in Figure 13.11. A fitty acid is a
long-chain hydrocarbon terminating in a carboxylic acid group. The chain is typically between 12 and 18 carbon atoms long and may be either saturated or unsaturated. Recall from Chapter 12 that a saturated chain contains no carbon-carbon
double bonds; an unsaturated chain contains one, two, or three carbon-carbon

13.11

A typical fat molecule, also

known as a triglyceride, is the
combination of one glycerolunit
and three fatty acid molecules.
Note that this reaction involves
the formation of three ester functional groups.
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double bonds. Note that, like carbohydrates, fats contain only carbon, hydrogen,
and oxygen. Fats and carbohydrates have similar compositions because both
plants and animals synthesize fats from carbohydrates. There is a significant difference in the structures of these two types of biomolecules, however, as you can
readily see by comparing Figures 13.8 and 13.11. Because fats are made from
three fatty acids and glycerol, they are commonly referred to as triglycerides.
Fats are stored in the body in localized regions known as fat deposits. These
deposits serve as important reservoirs of energy. Fat deposits directly under the
skin help to insulate us from the cold-good
news for the walrus shown in
Figure 13.12. In addition, vital organs, such as the heart and kidneys, are cushioned against injury by fat deposits.
The digestion of fat is accompanied by the release of considerably more energy
than is produced by the digestion of an equivalent amount of either carbohydrate
or protein. There are about 38 kilojoules (9 Calories) of energy in 1 gram of fat
but only about 17 kilojoules (4 Calories) of energy in 1 gram of carbohydrate or
protein. (Recall that the energy content of food is often reported in Calories, with
an uppercase C, where 1 Calorie = 1 kilocalorie = 1000 calories.)

CK
Give two reasons animals living in cold climates tend to form a thick layer of
fat just prior to the onset of winter.

The walrus and other polar
speciesare insulated from the
cold by a thick layer of fat
beneath their skin.

Was this your answer? Fat provides a source of energy during the winter,
when food is generally scarce, and it provides insulation from cold winter
temperatures.

As shown in Figure 13.13a, saturated fat molecules are able to pack tightly
together because their saturated fatty acid chains point straight out and align
with one another. Induced dipole-induced dipole attractions hold the aligned
chains together. This gives saturated fats, such as those found within beef, relatively high melting points, and as a result they tend to be solid at room temperature. Unsaturated fats-those made from unsaturated fatty acids-have fatty
acid chains that are "kinked" wherever double bonds occur, as shown in Figure
13.13b. The kinks inhibit alignment, and as a result unsaturated fats tend to
have relatively low melting points. These fats are liquid at room temperature
and are commonly referred to as oils. Most vegetable oils are liquid at room
temperature because of the high proportion of unsaturated fats they contain.
The fat from an animal or plant is a mixture of different fat molecules having
various degrees of unsaturation. Fat molecules containing only one carboncarbon double bond per fatty acid chain are monounsaturated. Those containing
more than one double bond per fatty acid chain are polyunsaturated Table 13.1
on page 442 shows the percentage of saturated, mono unsaturated, and polyunsaturated fats in a number of widely used dietary fats.
STEROIDS

CONTAIN

FOUR CARBON

RINGS

Steroids are a class of lipids that have in common a system of four linked carbon
rings. Cholesterol, shown in Figure 13.14, is the most abundant steroid by far,
and it serves as the starting material for the biosynthesis of most all other
steroids, including the sex hormones estradiol and testosterone, also shown in
Figure 13.14. Hormones are chemicals produced by one part of the body to
influence other parts of the body. For example, estradiol, produced by the
ovaries, and testosterone, produced by the testes, are responsible for the development of secondary sex characteristics in other parts of the body. Cholesterol is

Lipids
Fats
Saturated

Coconut
Unsaturated

Olive

Steroids
Cholesterol
Testosterone
Estradiol
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(a) Saturated fats are typically solid at room temperature because of molecular
attractions between fatty acid chains. (b) Unsaturated fats are typically liquid at
room temperature because molecular attractions are inhibited by the kinked nature
of the fatty acid chains.

13 .1

DEGREE

IN SOME

OF UNSATURATION
Percentage

Fat

Saturated

Coconut
Palm
Lard
Cotton seed
Peanut

93
57
44
26
21

Olive

15
14
14
11

Corn
Soybean
Sunflower
Safflower
Canola

10

6

COMMON

FATS

ofTotal Fatty Acid Content

Monounsaturated

Polyunsaturated

6
36
46
22
49
73
29
24
19
14
58

7
10

52
30
12
57
62
70
76
36

13.3

LIPIDS

HO
Cholesterol

OH

o
Testosterone

OH

HO
Estradiol

FIGURE

13.14

The sex hormones estradiol and testosterone are steroids that the body produces
from the most abundant steroid of all-cholesterol.

found throughout the body. In fact, the human brain is about 10 percent cholesterol by weight. Our bodies synthesize cholesterol in the liver. In addition, we
obtain cholesterol through a diet of animal products.
Many synthetic steroids having a wide variety of biological effects have been
prepared. Prednisone, for instance, is often prescribed as an anti-inflammatory
in the treatment of arthritis. Also available are synthetic steroids that mimic the
muscle-building properties of testosterone. These are the anabolic steroids,
which physicians prescribe to assist patients suffering from hormone imbalances
and those recovering from severe starvation. Athletes have found that these
steroids improve performance, but they have many negative side effects, including impotence, changes in sexual desires and characteristics, and liver toxicity.
Most sports organizations have banned the use of anabolic steroids because of
their deleterious effects. Any athlete should carefully consider whether the
short-term gains provided by these agents are worth the long-term losses. For
further information, start by exploring the steroid website of the National Institute on Drug Abuse at www.steroidabuse.org.

ARE

INSOLUBLE

IN WATER

443

444

CHAPTER

13

CHEMICALS

OF

LIFE

How are fats and steroids similar to each other?
Was this your answer? They are both lipids and, hence, insoluble in water.

• 13-4 Proteins Are Polymers of Amino Acids

Amine group )

Carb~XYlic
acid group

.I

H H

I

H-N-C-C

I

O<E

I!

~ bH
sidegroupJ

The general structure of an
amino acid, with R representing
the side group that makes each
amino acid different from all
others.

Amino acid: a small biomolecule
Polypeptide:

a polymer of amino

acids
Protein: a polypeptide having
biological function

-p

rotdns ace large polymeric biornolecules made of monorner units coiled
amino acids. An amino acid consists of an amine group and a carboxylic
acid group bonded to a central carbon atom, as shown in Figure 13.15. A side
group is also attached to this central carbon. All proteins are made from 20
amino-acid building blocks, and these 20 amino acids differ from one another
by the chemical identity of their side groups, as shown in Figure 13.16.
Amino acids are linked together by peptide bonds, which are formed in a condensation reaction in which the carboxylic acid end of one amino acid is joined
to the amine end of a second amino acid, as illustrated in Figure 13.17. (Recall
from Section 12.4 that a condensation reaction is marked by the loss of a small
molecule, such as water.) A group of amino acids linked together in this fashion
is called a peptide. The number of amino acids in a peptide is indicated by a prefix. A dipeptide is made from two amino acids, a tripeptide from three, a
tetrapeptide from four, and so on. Peptides of ten or more amino acids are generally called po/ypeptides. Proteins are naturally occurring polypeptides that have
some biological function, and they consist of large numbers of amino acids, up
to several hundred. For example, the molecular formula of one of the proteins
found in milk is C1864H30120576N46SS2l>
which gives you an idea of the size and
complexity of some protein molecules.
Plant and animal tissues contain proteins both in solution and in solid form.
Dissolved proteins reside in the liquid found inside cells and in other liquids in
the body, such as blood. Solid proteins form skin, muscles, hair, nails, and
horns. The human body contains many thousands of different proteins, such as
those in Figure 13.18.
PROTEIN STRUCTURE
IS DETERMINED
BY ATTRACTIONS
BETWEEN NEIGH BORING
AMINO ACIDS

The structure of proteins determines their function and can be described on
four levels, illustrated on page 447. The primary structure is the sequence of
amino acids in the polypeptide chain. The secondary structure describes how
various short portions of a chain are either wrapped into a coil called an alpha
helix or folded into a thin pleated sheet. The tertiary structure is the way in which
an entire polypeptide chain may either twist into a long fiber or bend into a
globular clump. The quaternary structure describes how separate proteins may
join to form one larger complex. Each level of structure is determined by the
level before it, which means that ultimately it is the sequence of amino acids
that creates the overall protein shape. This final shape is maintained both by
chemical bonds and by weaker molecular attractions between amino acid side
groups.
In long polypeptides, the number of possible variations in primary structure
is astronomical. For example, the number of 20-unit polypeptides possible
from a single set of20 different amino acids is a whopping 2.43 X 10181 The
number of possible polypeptides when more than 100 units are being combined is seemingly infinite. This diversity is exactly what is needed for building
a living organism.
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These 20 amino acids are the building blocks of proteins. The side groups are highlighted in green, and the names printed in red indicate essential amino acids, discussed in Section 13.8.
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(a) Formation of a peptide bond from the condensation of two amino acids. The
resulting dipeptide contains an amide group. (b) A polypeptide is many amino acids
linked together by peptide bonds.
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Hemoglobin, a transport protein,
is the component of blood that
takes the oxygen we breathe to
our cells.

Structural proteins are found
in skin, hair, and bones.

Contractile proteins in
muscles allow us to move.

Some proteins are hormones
that regulate body metabolism
and growth.
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The variety of proteins in
the human body.

Storage proteins serve as a
source of amino acids in milk.

White blood cells produce antibodies,
which are proteins that fight infections.

Enzymes are proteins that
act as catalysts for reactions
in the body, including the
digestion offood.
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Although functioning proteins have very specific amino acid sequences, slight
variations can often be tolerated. In some cases, however, a slight variation can
be disastrous. For example, some people have a version of hemoglobin-a
protein found in red blood cells-that has one incorrect amino acid in about 300.
That "minor" error is responsible for sickle-cell anemia, an inherited condition
with painful and often lethal effects. The sickle shape characteristic of this disease is shown in Figure 13.19.
Attractions between neighboring amino acids in a polypeptide chain are what
cause the local contortions that constitute the secondary structure of the
polypeptide. This secondary structure takes its alpha-helix form when simpler
amino acids, such as glycine and alanine, are grouped together along the
polypeptide chain. As shown in Figure 13.20, the shape of the alpha helix is
maintained by hydrogen bonds between successive turns of the spiral. Proteins
containing many alpha helices, like wool, can be stretched because of the springlike properties of the alpha helix. The pleated-sheet version of secondary structure forms when predominantly non polar amino acids, such as phenylalanine
and valine, are grouped together. Proteins containing many pleated sheets, like
silk, are strong and flexible but not easily stretched. Secondary structure can vary
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13.19

On the left is a red blood cell
containing the normal hemoglobin protein. On the right, a sickled red blood cell containing
hemoglobin that has one out-ofplace amino acid. The curved
shape is reminiscent of the
curved-blade harvesting tool
known as a sickle.
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Amino acid

Secondary
structure

Pleated sheet

Alpha helix

Tertiary
structure

Quaternary
structure
FIGURE

13.20

Four levelsof protein structure.
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from one portion of a polypeptide chain to another. (For example, one part of a
given chain may have a helical secondary structure while another part of the
same chain has a pleated-sheet secondary structure.)
Tertiary structure refers to the way an entire chain is shaped. As with secondary structure, tertiary structure is also maintained by various chemical attractions between amino acid side groups. For some proteins, such as the
hypothetical one shown in Figure 13.21, these attractions include disulfide
bonds between opposing cysteine amino acids. Also important are the ionic
bonds (also known as salt bridges) that occur between oppositely charged ions.
Hydrogen bonding between side groups can also contribute to tertiary structure,
as can induced dipole-induced dipole attractions between nonpolar side groups,
such as those found in phenylalanine and valine. Because these latter attractions
tend to exclude water, they are also known as hydrophobic attractions.
Hydrophilic attractions between a protein and an aqueous medium, such as
cytoplasm or blood, also help maintain tertiary structure. In a protein dissolved
in an aqueous medium, the polypeptide chain is folded so that non polar side
groups are on the inside of the molecule and polar side groups are on the outside, where they interact with the water.
In keratin, the protein that is the main component of hair and fingernails, an
important force shaping tertiary structure is disulfide bonds cross-linking adjacent alpha helices, as shown in Figure 13.22. The more disulfide crosslinks in
keratin, the tougher this protein is. In general, thicker hair has more disulfide
crosslinks than does fine hair. Also, fingernails are hard because of extensive
disulfide cross-linking.
Disulfide crosslinks enable hair to hold a particular shape, such as a curl.
Figure 13.23 illustrates a permanent wave, which can modify the degree of curl
in hair. The hair is first treated with a reducing agent that cleaves some of the
disulfide crosslinks. This is usually a smelly step because some of the sulfur is
reduced to odorous hydrogen sulfide. Cleaving disulfide crosslinks, however,
allows the keratin to become more flexible. The hair is then set into the desired
shape, using rollers if the desired shape is curls or boards if the desired shape is
straight. An oxidizing agent is then applied to restore the disulfide crosslinks,
which hold the hair in its new orientation.

FIGURE

13.21

Chemical forcesthat maintain
the tertiary structure of a
polypeptide.
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13.22

Parallel polypeptide chains may
be cross-linked by a disulfide
bond between two cysteines.
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Hydrogen bonds between adjacent alpha helices also play an important role
in making keratin a tough material. When keratin gets wet, these hydrogen
bonds are disrupted, which is why fingernails soften in water. Hair also softens
in water. As water molecules slip between the alpha helices, the polypeptide
strands slide past one another to the extent permitted by the disulfide crosslinks.
As water molecules evaporate, hydrogen bonds between alpha helices are
reestablished, and the hair toughens to its original shape-unless, of course, the
hair is mechanically held in a different shape by, for example, rollers. Hair fashioned by wetting maintains its new shape only temporarily, however, because
disulfide crosslinks ultimately pull the hair back to its natural look. Interestingly, a small amount of water in hair enhances the molecular attractions
between alpha helices. Curls therefore hold longer in humid climates than in
dry climates.
Many proteins consist of two or more polypeptide chains. Such proteins have
a quaternary structure resulting from bonding and interactions among these
chains. A good example is hemoglobin (Figure 13.24), the oxygen-holding
component of red blood cells. It is a complex of four polypeptides inside of
which four iron-bearing heme groups are tightly nestled.

Distinguish among hemoglobin's primary, secondary, tertiary, and quaternary structures.
Was this your answer? Hemog lobin's primary structure is its sequence of

amino acids along each polypeptide The twisting of each polypeptide into
an alpha helix is its secondary structure. The folding up of the full length of
each alpha helix into a globular shape is its tertiary structure. The combination of the four polypeptides is the quaternary structure.
Proteins are viable only under very specific conditions, such as a particular
pH and temperature. Changes in these conditions can break the chemical
attractions within a protein and thereby cause a loss of structure, which necessarily means a loss of biological function. A protein with lost structure is said to

FICiURE

13.24

Computer-generated model of
the quaternary structure of
hemoglobin, a protein consisting
of four interlinked polypeptide
chains, each shown in a different
color. Computers are important
tools for the study of biornolecules, as they help scientists visualize complex three-dimensional
structures.
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be denatured A hard-boiled egg, for example, consists of denatured proteins that can in no way support the development of a chick. The same atoms
are there, but, as usual, it is the arrangement of
atoms and their spatial orientations that make all
the difference.
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Enzyme (sucrase)
(sucrose)

r:P

Fructose

CtJ0y

Glucose

CATALYSTS

®

Enzymes are a class of proteins that catalyze (speed
up) biochemical reactions. Their function has
everything to do with their structure. Wad up a
piece of paper, and you will find many nooks and
Substrate
crannies. In a similar fashion, there are nooks and
converted to
crannies on the surface of an enzyme. Some of
products
these sites, called receptor sites, are special in that
reactant molecules, called substrates, are able to fit
inside them. Like a hand in a glove, a substrate
molecule must have the right shape in order to fit a
receptor site. Molecular attractions, such as hydrogen bonding, then hold the substrate molecule in
the receptor site, where the substrate is activated for reaction. The resulting
product molecule or molecules are then released, freeing up the receptor site for
other substrate molecules.
Figure 13.25 shows how an enzyme called sucrase breaks sucrose down to its
monosaccharide units. Once sucrose binds to the empty receptor site on the sucrase,
the enzyme facilitates the breaking of the covalent bond that holds the glucose and
fructose units together. It does so by holding the sucrose molecule in a certain conformation and then changing the electronic characteristics of this covalent bond so
that it easily breaks when attacked by water molecules, which are ever present in living tissue. In the final step, the severed glucose and fructose units are released from
the enzyme, which is then free to catalyze the splitting of another sucrose molecule.
While some enzymes, such as sucrase, split substrate molecules apart, others
join substrate molecules together. In all cases, enzymes are so efficient that a single enzyme molecule may act on thousands or even millions of substrate molecules per second. Without enzymes, most biochemical reactions would not
occur at rates fast enough to support life.
A chemical that interferes with an enzyme's activity is called an inhibitor.
Inhibitors work by binding to an enzyme and thereby preventing a substrate
from binding. They are important regulators of cell metabolism. In many
instances, an inhibitor is the very product created in an enzyme-catalyzed reaction. Once the enzyme produces a given concentration of product, it begins to
shut down because the product molecules kick in as inhibitors. As we shall see in
the next chapter, many drugs act either by inhibiting enzymes or by mimicking
an enzyme's natural substrate.

Enzyme
and substrate
available

Products
released

• 13.5 Nucleic Acids Code for Proteins
ur bodies are built of proteins-from
microscopic cell constituents, such as
enzymes and organelles, to such macroscopic structures as bones, hair, skin,
and teeth. The number of different ways amino acids can link together to make
proteins is fantastic. Yet, somehow our bodies are able to assemble amino acids in
just the right order to build proteins that have highly functional structures.

Substrate binds
to enzyme

FIGURE

13.25

Upon binding to the receptor site
on the enzyme sucrase, the substrate sucrose is split into its two
monosaccharide units, glucose
and fructose.

Proteins (polypeptides
with biological functions)
Structure
Primary
Secondary
Tertiary

Quarternary

Description
Sequence of
amino acids
Alpha helix or
pleated sheet
Overall shape
of single
polypeptide
Complex of two
or more
polypeptides
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In order to understand how the myriad specific
proteins in our bodies are built, you need to know
about nucleotides and nucleic acids. A nucleotide,
Nitrogenous
represented in Figure 13.26, is a structural unit conbase
sisting of a phosphate group, a ribose sugar, and a
nitrogenous base. (Don't worry about these unfamiliar words. Ribose simply means a sugar containing five carbon atoms, and nitrogenous means
"containing nitrogen atoms.") A nucleic acid is a
polymer made up of nucleotide monomers. Proteins
are built by nucleic acids, which are found in almost
Nucleotide
every cell of an organism and hold the instructions
for building every sort of protein. An organism's
nucleic acids are inherited from its parents, which is
why the organism resembles its parents. Thus, like
begets like-bears have baby bears, seals have baby
Nucleic acid
seals, and humans have baby humans.
Figure 13.27 illustrates the two major classes of
nucleic acids, distinguished from each other by the
FIGURE
13.26
type of ribose sugar in the nucleotide monomers. Those without an oxygen
A nucleicacid is a long polymeric atom on one of the carbon atoms in the ring of the ribose sugar are deoxyribchain of nucleotides,each
onucleic acids, or simply DNA. These polymers, which are the primary source
nucleotideconsistingof a
of genetic information in plants and animals, are found in the cell nucleus as
nitrogenousbase,a ribosesugar,
well as in certain organdies known as mitochondria. Nucleic acids that have an
and a phosphate group.
oxygen atom on the carbon of the ribose sugar, as shown in Figure 13.27b, are
ribonucleic acids (RNA). These polymers occur mostly outside the cell nucleus
in the cytoplasm, where they piece together amino acids to make proteins.
There are four types of nucleotides in a DNA polymer (Figure 13.27a). These
four nucleotides differ from one another in the nitrogenous base they contain,
which may be adenine (A), guanine (G), cytosine (C), or thymine (T). There are
also four types of RNA nucleotides used to build the RNA polymer (Figure
13.27b). The RNA nucleotides contain the same nitrogenous bases as found in
DNA nucleotides except for thymine. Instead of thymine, RNA nucleotides
contain the nitrogenous base uracil (D), whose structure is only slightly different
from that of thymine.

What are the two ways in which DNA nucleotides
RNAnucleotides?

differ structurally

from

Was this your answer? All DNAnucleotideslack an oxygen atom on the
ribose sugar. Also, the nitrogenous base in a DNAnucleotide may be adenine, guanine, cytosine, or thymine. The nitrogenous base in a RNA
nucleotide may be adenine, guanine, cytosine, or uracil.
DNA

IS THE TEMPLATE

OF LIFE

The story of our modern-day understanding of genetics began in the 1850s in an
abbey garden, where a monk named Gregor Mendel (1822-1884) documented
how varieties of sweet peas could pass traits, such as flower color, from one generation to the next. From Mendel's work arose the idea that heritable traits are
passed from parents to offspring in discrete units called genes. In the early 1900s,
researchers correlated Mendel's heritable genes to cellular microstructures known
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as chromosomes, which are elongated bundles of DNA and protein that form
whenever a cell is getting ready to divide (Figure 13.28). Each gene, it was found,
resides at a specific location on a particular chromosome. Offspring inherit genes
by receiving replicates of their parents' chromosomes.
Up until the 1940s, it was not known whether the DNA portion or the
protein portion of the chromosomes
was the carrier of genetic information.
Most investigators
were inclined to believe that proteins,
with their great

(a) The nucleotides of DNA have
ribose sugars that are missing an
oxygen on one of the carbons.
The nitrogenous bases of DNA
are adenine, guanine, cytosine,
and thymine. (b) The nucleotides
of RNA have fully oxygenated
ribose sugars. The nitrogenous
bases of RNA are adenine, guanine, cytosine, and uracil.

FIGURE

DNAstrand
Protein

13.27

13.28

Onion cells in the process of
dividing show chromosomes that
consist of DNA and protein molecules clumped together. During
division, the chromosomes duplicate themselves such that each
new cell receives a full set of
chromosomes identical to the set
in the parent cell.
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A ladder made of rope sides and
rigid wooden rungs can be
twisted to create a double helix.
The ropes are the equivalent of
DNA's two sugar-phosphate
backbones, which are shown as
the yellow and orange atoms in
the computer rendition shown
on the right. The rungs represent
pairs of nitrogenous bases,which
are seen in the computer rendition as shades of lavender and
blue.

Twist

Hydrogen bond

\

FIGURE

13.30

The two strands of nucleotides in
a DNA molecule are held
together by hydrogen bonding
between complementary nitrogenous bases:adenine with thymine
and guanine with cytosine.

Double helix

diversity, were the carriers. In the 1940s, however, DNA was found to be a
polymer containing adenine, guanine, cytosine, and thymine. Along the
DNA chain, these bases could be sorted in any order. This potential variability in base sequencing opened up the possibility that DNA was the carrier of
genetic information.
In 1953, James Watson (b. 1928), an American biologist, and Francis Crick
(1916-2004), a British biophysicist, together deduced that DNA occurs as
two separate strands of nucleotides coiled around each other in a double helix,
as illustrated in Figure 13.29. The strands are held together by hydrogen
bonding between opposing nitrogenous bases. What is most critical about
Watson and Crick's model is that hydrogen bonding occurs only between specific bases-guanine
pairs only with cytosine, and adenine pairs only with
thymine, as shown in Figure 13.30. This means that if you know the sequence
of one strand, you can automatically deduce the sequence of the second
strand, also known as the complementary strand. For example, if the first strand
contains the sequence CTGA, the complementary strand must contain the
sequence GACT.
In living tissue, cells divide to create duplicates of themselves. In a maturing organism, cells divide frequently to provide for growth. In a mature
organism, cells divide at a rate sufficient for the replacement of those that die.
Each time a cell divides, genetic information must be preserved. In a process
called replication, DNA strands are duplicated so that each newly formed
cell receives a copy. Replication also allows for copies of DNA to pass from
parent to offspring.
With their model, Watson and Crick proposed that DNA replication begins
with the unraveling of the double helix. Each single strand then serves as a template for the synthesis of its complementary strand. Free nucleotides are coupled
to the single strand of DNA according to the rules of base pairing: guanine +
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cytosine, adenine + thymine. One double helix thus turns into
two, as shown in Figure 13.31. As a cell divides, one of the two
new strands is segregated in each of the two newly formed cells.
For their elucidation of DNA's secondary structure and
function, Watson and Crick, along with biophysicist Maurice
Wilkins (1916-2004), received the 1962 Nobel Prize in Physiology of Medicine. Subsequent research soon led to an understanding of how the nucleotide sequences in DNA translate
into the synthesis of proteins. The Nobellaureates are shown
in Figure 13.32.
ONE

GENE

CODES

FOR ONE

POLYPEPTIDE

As we saw in Section 13.4, the shape of a protein molecule is
determined by the protein's primary structure, which is the
sequence of amino acids. So what, then, controls a protein's
amino acid sequence?The answer to this question, as we are now
ready to explore, is the gene.
In modern terms, a gene is a particular sequence of DNA
nucleotides along the DNA strand in a chromosome. Each gene
codes for the synthesis of one or more proteins in an organism.
Organisms, of course, need enormous numbers of genes to produce all the proteins they need. The number of genes contained
in the 46 chromosomes in a single human cell, for instance, is
estimated to be on the order of 25,000. To accommodate this
many genes, each DNA molecule is very long, containing on the
order of 3.1 billion base pairs. Interestingly, genes make up only
about 20 percent of a DNA molecule. The other 80 percent of
the nucleotides in a DNA strand appear to serve merely as spacers, their main job being to separate genes on the same DNA
molecule. Other functions these spacer nucleotides might have
are not yet fully understood.
RNA

IS LARGELY

RESPONSIBLE

FOR PROTEIN

New
strand

Original
strand

Original
strand

New
strand

'-r---------'

'-r---------'

Double helix

Double helix

SYNTHESIS

The translating of a sequence of DNA nucleotides into a sequence of amino
acids-in other words, into the manufacture of a protein-involves
many
intricate cellular mechanisms that are still the subject of much research. The
overall process, however, is conceptually straightforward, involving two stepstranscription followed by translation. These steps are mediated by the other
major nucleic acid, RNA, of which there are three forms-messenger
RNA
(mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA).
Protein synthesis begins in the cell nucleus with transcription, illustrated in
Figure 13.33. In this step, the cell manufactures a single strand of messenger
RNA. The genetic information encoded in a gene in the cell's DNA is used to
specify the nucleotide sequence in this new strand of messenger RNA. During
transcription, the section of DNA that is the gene unwinds, and then an enzyme
binds free RNA nucleotides to one of the single DNA strands according to a
base-pairing scheme similar to that for DNA replication, with one difference.
Every cytosine on the DNA pulls in a guanine, every DNA guanine pulls in a
cytosine, every DNA thymine pulls in an adenine, but-here's the differenceevery DNA adenine now pulls in not a thymine but rather a uracil. Thus the
mRNA synthesized during transcription contains the four RNA bases, as it
must. The developing mRNA single strand is conformationally different from
DNA because of the additional oxygen on the ribose sugar and as a result does
not bind well to the DNA. Instead, the information-rich mRNA strand migrates

FIGURE

13.31

The replication of DNA. CD Double
helix of DNA unwinds. (2)Each
single strand serves as a template for
the formation of a new DNA strand
containing the complementary
sequence. @ Two daughter double
helices are formed, each containing
one of the parent strands.

•
• Initially, scientists estimated
there were about 100,000 different human genes. Over the past
decade, however, this estimate
has been gradually reduced to
about 25,000 genes, which is only
about 5000 genes greater than
the lowly roundworm.
MORE

TO

EXPLORE,

www.orn1.gov/sci/techresoUTces/
Human Genomelfaql
qenenumber.shtrnl
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(b)

(a)

(cl

13.32

(a) Watson and Crick in 1953 with their model of the DNA double helix. In discovering this model, Watson and Crick relied heavily on the experimental evidence
gathered by other researchers; most notably, the research team of (b) Maurice
Wilkins and (c) Rosalind Franklin (l921~1958) provided the X-ray images of DNA
crystals critical to Watson and Crick's elucidation of DNA's structure. Franklin did
not share in the 1962 Nobel prize because it is never awarded posthumously.

Free RNAnucleotides

Transcription resembles DNA
replication except that only one
of the two DNA strands is copied
and the newly synthesized
mRNA single strand does not
remain associated with its template DNA strand.

Template
strand of DNA

DNA
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RNA codons are threenucleotide units that either code
for specific amino acids in a protein being synthesized or else signal the synthesis to either start or
stop. For example, the codon
CUA codes for the amino acid
leucine.

Arg

CGG

1

1

GGC
GGA
GGG

Gly
G

away from the DNA, exiting the cell nucleus and entering the cytoplasm, where
the protein will be built.
In the next step, translation, the sequence of nucleotides in the newly synthesized mRNA strand is used to determine the sequence of amino acids in the
protein to be synthesized. This is done by way of a genetic code, which was fully
deciphered by 1966 and is shown in Figure 13.34. According to the genetic
code, it takes three mRNA nucleotides-each
three-nucleotide
unit is called a
codon-to code for a single amino acid. The mRNA nucleotide sequence AGU,
for example, codes for the amino acid serine, and AAG codes for lysine. (Note
from Figure 13.34 that more than one codon can call for the same amino acid.)
A few codons, such as AUG and UGA, are the signals for protein synthesis to
either start or stop.
When using Figure 13.34 to determine which amino acid a particular codon
codes for, you can quickly locate the codon by using the three colored strips.
First run your finger down the red strip until you come to the first letter in the
codon, then run your finger to the right until it is under the letter in the yellow
strip that matches the second letter of the codon, then run your finger either up
or down this column until your finger is aligned with the letter in the blue strip
that matches the third letter of the codon. There you can identity which amino
acid the codon codes for.
The key player in translation is transfer RNA, which has an angular conformation and is illustrated
in Figure 13.35. Cells contain large numbers
of
tRNA molecules, as well as large numbers of free amino acids (which came
from some protein food the organism ate). On the lower tip of each tRNA
molecule as drawn in Figure 13.35 lie three nucleotides
that complement
a
codon on mRNA. These three tRNA nucleotides are called the anticodon. On
the opposite end of the tRNA molecule is an attachment
site for an amino
acid. This site is unique for a particular amino acid. One tRNA containing
a
particular
anticodon,
for example, might attach only to the amino acid
glycine, while another tRNA containing
a different anticodon
might attach
only to the amino acid alanine.

•
• Scientists are learning that having a gene for a particular trait is
no guarantee that the trait will
be realized. An organism's environment, it turns out, has a much
more pronounced effect than has
been traditionally thoug ht For
example, a gene associated with
depression has been found to
express itself on ly when the individual possessing that gene
experiences deeply stressful
events. Similarly, humans with a
gene for unusual aggression
(called the "violence gene") are
twice as likely to grow into normal adults when raised in a loving and non abusive family.
Nature determines whether an
organism has a particular gene.
Whether that gene is expressed
or not greatly depends upon how
the organism is nurtured. In
ot h er words, the course of your
life is not predetermined by your
DNA.There is much you can do to
nurture good physical and mental health.
MORE

TO

EXPLORE,

National Youth Survey Family
Study
www.colorado.edu/ibs/ NYSFS/
geb.html
http://en.wikipedia.org/wiki/
Nature - versus nurture
-
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13.35
--------Amino acid

Translation involvestransfer
RNA. (a)The structure of a
transfer RNA molecule, with an
anticodon at one end and an
amino acid attachment site at the
other end. (b) A highly simplified
symbol for tRNA. The anticodon
is a seriesof three nucleotides
that complement the mRNA
codon and code for a specific
amino acid at the amino acid
attachment site.

attachment

site

Hydrogen bond

--.-----

--------RNA polynucleotide

chain

Anticodon
Codon

~

(a)

(b)

As the mRNA leaves the cell nucleus in which it was created and enters the
cytoplasm, it binds with specialized structures called ribosomes, as shown in
Figure 13.36. Ribosomes are microscopic complexes of rRNA and proteins, and
they are the site where proteins are built. As the mRNA is scrolled sequentially
over the ribosome, the anticodon end of a free tRNA molecule binds to an
mRNA codon. In this manner, tRNA molecules and their tag-along amino
acids are placed adjacent to one another along the mRNA strand. The amino
acids then chemically bond with one another, forming a long polypeptide chain
that breaks away from the tRNA as it forms. This process continues until a stop
mRNA codon, for which there are no tRNA anticodons, is encountered. At this
point, the primary structure of a new protein has been built.

How many codons are there in the mRNA sequence AUG CUU AAAAGU CAA
GCA UAA,and how many amino acids does this sequence code for?
Was this your answer? A codon is a triplet of mRNA nucleotides holding
instructions for the buildtnq of a polypeptide strand, and so this sequence
contains seven codons. The first and last are start/stop instructions, however, and so the number of amino acids coded for is only five. The sequence is
Leu-Lys-Ser-Gln-Ala.
GENETIC

ENGINEERING

As they learned how proteins are made from nucleic acids, scientists developed
tools to alter and map this process in order to do such things as treat human
disease, uncover submicroscopic archaeologic evidence, and create new agricultural crops. All these activities come under the title of genetic engineering.
One of the most important early advances in genetic engineering was the discovery of a class of enzymes, called restriction enzymes, that cleave long strands
of DNA into smaller fragments. Restriction enzymes reside in bacteria and
viruses as a means of self-defense-they protect the host organism by degrading
any invading foreign DNA molecules. Most restriction enzymes recognize a specific nucleotide sequence in the foreign DNA. By random chance, the sequence
occurs many times throughout any DNA strand. The enzyme latches onto these
sites and then catalyzes a cut across the double helix.
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Ribosomes are where messenger
RNA is translated into a
polypeptide chain by way of the
action of transfer RNA.

Ribosome

tRNA

mRNA attaches
to ribosome.

Anticodons oftRNA
couple to codons of mRNA.

New peptide
bond forming

®

Amino acids on adjacent
tRNA molecules chemically
bond to one another.

/'

Polypeptide

Polypeptide chain
separates from tRNA.
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The profile of a seriesof DNA
fragments separated by gel
electrophoresis.

Figure 13.37 shows how fragments of DNA created by restriction enzymes can
be separated from one another by a process based on differences in molecular size.
The technique, called gel electrophoresis, takes advantage of the fact that nucleic
acids are negatively charged and therefore attracted to a positive electrode. As they
move through a gel toward the positive electrode, the shorter fragments travel
faster than the longer ones. The result is a series of bands, each containing fragments having the same size. The pattern these bands form is characteristic of both
the type of restriction enzyme used and the identity of the DNA. Treating DNA
with a series of different restriction enzymes can result in a gel electrophoresis pattern that is quite intricate and extremely characteristic not only of the species but
of the individual. What forensic experts call a DNA fingerprint, used to identify a
crime suspect, is an example of a gel electrophoresis pattern.
Nucleotide sequences recognized by restriction enzymes are usually symmetrical such that the two strands of the double helix have the same base sequences
but in opposite directions. The base sequences shown here in blue, for example,
are symmetrical:

CAGCGAATTCTGCACTG
GTCGCTTAAGACGTGAC
(

'-y-------/

Symmetrical

sequence

Some restriction enzymes cleave a symmetrical sequence in a staggered manner
such that the nucleotide chain is cleaved at one place on one of the strands of
the double helix and at a different place on the other strand, as shown at the top
of Figure 13.38. The DNA fragments resulting from staggered cleaving thus
have one strand of the double helix longer than the other. These single-strand
ends are called sticky ends because they have complementary base sequences and
so tend to reassociate by base pairing.
Sticky ends allow the formation of recombinant DNA (pronounced reeOM-bin-ant), which is formed by combining DNA from different organisms,
as shown in Figure 13.38. DNA molecules from two sources are cleaved with
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DNA from another organism

DNA from one organism

The formation of recombinanr
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the same restriction enzyme, yielding two sets of fragments having identical
sticky ends. When these fragments are mixed together, the complementary base
pairs of the sticky ends combine to form modified new DNA.

r

~CK
What are restriction enzymes? What is their function, and how do scientists
exploit this function?

Were these your answers? They are enzymes that catalyze the cleavage of
the DNA double helix. They occur naturally in bacteria and viruses and are
used as a means of self-defense. Scientists use restriction enzymes to splice
together DNAfragments from different organisms.

A great significance of recombinant DNA technology lies in the ease with
which large amounts of selected DNA sequences, such as human genes, can be
synthesized. This is done by inserting a desired sequence into bacterial cells and
allowing the sequence to be replicated as the bacterial cells multiply. This technique, called gene cloning, is illustrated in Figure 13.39 and is now a routine
procedure in biological laboratories. Growing large batches of the bacteria containing the inserted gene yields large quantities of the gene, meaning all these
genes are now available to produce large quantities of the protein for which they
code. Currently, various medicinally important proteins that are otherwise difficult to obtain are manufactured in this manner. These include human insulin
for diabetes; human growth hormone for osteoporosis and growth disorders in
children; epidermal growth factor for skin regeneration in burn victims; interferon, which is a promising anticancer agent; and bovine growth hormone,
which increases milk production in cows by up to 20 percent.

• The gene cloning described here
is markedly different from
cloning a whole organism, which
is done by transplanting the
entire DNAsequence of an
organism into an egg that then
gets implanted into a surrogate
uterus. In 1996, a sheep named
Dollywas the first mammal to be
cloned. Sheep normally live to
about age 12, but Dollywas put
down in 2003 at age 6 because
she was suffering from symptoms of premature aging. Since
Dolly,other mammals such as
pigs, horses, and bulls have also
been cloned. Whole organism
cloning is still very experimental
and fraught with risks for the
cloned individual. Most nations
already clearly prohibit the
cloning of a human.
MORE

TO

EXPLORE,

http://en.wikipedia.org/wiki/
Dolly_the _sheep
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13.39

A gene is splicedinto bacterial
DNA. Bacteriacontaining the

recombinant DNA multiply,and
the many copiesof the human
gene now present in the bacteria
are availableto produce large
quantities of protein.

There are many potential uses for recombinant DNA technology. Agricultural products, as is discussed in Chapter 15, can be made bug-resistant and
spoil-resistant. The technology may also be used to treat genetic disorders, such
as sickle-cell anemia, muscular dystrophy, cystic fibrosis, and lupus, and may
even address the question of why our bodies deteriorate with age.
Toward these and other goals, scientists from around the world are working
on the Human Genome Project, which aims to identity all the genes in human
DNA and the proteins they code for. (A genome is the collection of all the genes
in an organism.) In June 2000, the Human Genome Project announced that it
had sequenced nearly all of the 3.1 billion nucleotide base pairs of human
DNA-a historical milestone on a par with our landing on the moon. It will
likely take many more years, perhaps decades, before all our genes and the proteins they code for are identified. This will be an accomplishment like none
other ever achieved by humans, allowing for truly revolutionary advances in
medicine. The impact of this new knowledge will also be far-reaching, raising
numerous ethical, philosophical, and even religious issues.

• 13.6 Vitamins Are Organic, Minerals Are Inorganic
n addition to carbohydrates, lipids, proteins, and nucleic acids, our bodies
require vitamins and minerals in order to survive. Vitamins are organic
chemicals that, by assisting in various biochemical reactions, help us maintain
good health. Minerals are inorganic chemicals that play a variety of roles in the
body. Some, such as iron in hemoglobin, are vital components ofbiomolecules.
Others, such as calcium in bone, are integral parts of structures. Deficiencies in
vitamins or minerals are the cause of certain diseases. Lack of vitamin C, for
example, leads to scurvy, a disease marked by a deterioration of the gums. Lack of
iron leads to anemia, which results in general fatigue and an irregular heartbeat.
Vitamins are classified as either lipid soluble or water soluble, as shown in
Table 13.2. The lipid-soluble vitamins tend to accumulate in fatty tissue, where
they may be stored for years. Adults can remain free of deficiency diseases for
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TABLE

13.2

Vitamin

Lipid Soluble
Vitamin A

Vitamin D
(calciferol)
Vitamin E
(tocopherol)

Vitamin K
(phylloquinone)
Water Soluble
Bvitamins
Vitamin C
(ascorbic acid)

SOME

VITAMINS

NEEDED

BY THE HUMAN

VITAMINS

ARE ORGANIC,

ARE INORGANIC
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BODY

Function

Deficiency Syndrome

Precursor to rhodopsin, a chemical
used for vision; assists in inhibiting
bacterial and viral infections
Helps incorporate calcium into
body
Inhibits oxidation of polyunsaturated
fats; free radical scavenger; helps
maintain circulatory and nervous
systems
Helps maintain ability to form
blood clots

Night blindness (retinol)

Coenzymes in biochemical reactions
for growth and energy production
Antioxidant; assists in inhibiting
bacterial and viral infections

MINERALS

Weak bones
Diminished hemoglobin

Abnormal bleeding

Various nerve and
skin disorders, anemia
Scurvy

quite some time because of these vitamin reserves. Children, on the other hand,
because they have yet to build up these reserves, are particularly vulnerable to
these diseases. In developing nations, for example, many children suffer permanent blindness because of a lack of vitamin A.
A lack of lipid-soluble
vitamins can be detrimental,
but so can excessive
amounts, particularly of vitamins A and D, which can accumulate to dangerous
levels. Too much vitamin A causes dry skin, irritability, and headaches. Excessive amounts of vitamin D lead to diarrhea, nausea, and calcification of joints
and other body parts. Vitamins E and K are less harmful in large quantities
because they are readily metabolized.
The water-soluble vitamins are not retained by the body for long periods of
time. Instead, because they are soluble in water, they are readily excreted in urine
and must therefore be ingested frequently. It is difficult to harm yourself by taking in too much of the water-soluble vitamins. Your body simply absorbs what it
immediately needs and excretes the rest. Foods boiled in water tend to lose vitamins Band C because of the solubility of these vitamins in water. The vitamins
are then poured down the drain along with the water. For this reason, many
people prefer steaming or microwaving their vegetables. Also, foods should not
be overcooked, as both lipid-soluble
and water-soluble
vitamins are destroyed
by heat.
All minerals are ionic compounds of various elements. They are classified according to the quantities we need. Macrominerals, the ones we need in greatest quantity,
make up about 4 percent of our body weight. Macrominerals
are listed in Table
13.3. The amounts of macro minerals we need are measured in grams. The amounts
of trace minerals we ingest daily are measured in milligrams. Beyond trace minerals
are ultratrace minerals, which we use on the micro gram or even picogram scale.
The body requires balanced amounts of minerals, meaning that too much is
as harmful as too little. Ultratrace minerals are particularly toxic when taken in
large quantities. Cadmium, chromium, and nickel, for example, are potent carcinogens, and arsenic is a well-known poison. Yet our bodies need micro quantities of these minerals if we are to stay healthy. Eating a well-balanced
diet is

•
• "Who was the 'discoverer' of vitamins? This question has no clear
answer. So often in the development of science, a fundamental
idea is foreshadowed in many
quarters but has long to wait
before it emerges as a basis of
accepted knowledge. As in other
cases, so with recognition of vitamins as physiological necessities.
Their existence was foreshadowed long ago, but a certain right
moment in the history of the science of nutrition had to arrive
before it could attain to universal
recognition. Some workers had
discovered suggestive facts, but
failed to realize their full significance. On the other hand, the
work and words of true pioneers
lay forgotten because published
when average minds were not
ready to appraise them at their
right value."
Sir Frederick Hopkins, Nobel
Laureate for "his discovery of the
growth-stimulating vitamins."
Excerpt from his 1929 Nobel
lecture.
MORE

TO

EXPLORE,

http://nobelprize.org/medicine/
1aureates/ic 29/hopkms-l ecture.
html
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SOME

Macromineral
(Ionic Form)

Sodium (Na")

Potassium (K+)

Calcium (Ca2+)
Magnesium (Mg2+)
Chlorine (Cl")

Phosphorus (H2P04-)
Sulfur (5°42-)

• Livinginside each of our cells are
small organelles called mitochondria, which are the major
source of our ATP.lnteresting ly,
mitochondria have their own
DNAand their own genetic code,
which suggests that mitochondria were once separate living
entities with whom we now live
sym biotically. Mitochondria
reproduce themselves by cloning.
They are then passed down from
one generation to the next only
through the mother. That most
all modern humans have mitochondrial DNAof nearly the same
genetic makeup suggests that
we all arose from the same single
ancestral mother. Variations in
mitochondrial DNAamong different populations result
because DNAnaturally mutates.
Knowing DNA'srate of natural
mutation has allowed scientists
to estimate that our common
mother may have lived about
15°,000 years ago. Byfar, the
greatest variations occur in
native Africans, which suggests
that she lived in Africa. Allthis is
in agreement with the fossil
record of homo sapiens, which
suggests that we are all one very
big family.
MORE

TO

EXPLORE,

http://enwikipedia.org/wiki/
Mitochondrial DNA

MACROMINERALS

NEEDED

BY THE

HUMAN

BODY

Some Functions

Deficiency Syndrome

Transportation of molecules
across cell membrane, nerve
function
Transportation of molecules
across cell membrane, nerve
function
Bone and tooth formation,
nerve and muscle function
Enzyme function

Muscle cramps, reduced
appetite

Transportation of molecules
across cell membrane, digestive
fluid, nerve function
Bone and tooth formation,
nucleotide synthesis
Amino acid component

Muscular weakness,
paralysis, nausea, heart
failure
Retarded growth, possible
loss of bone mass
Nervous system
disturbances
Muscle cramps, reduced
appetite
Weakness, calcium loss
Protein deficiency

often the best way to obtain a good balance of minerals. Mineral supplements
may also be taken, but doses should be monitored carefully.
Two of the most abundant minerals in our diet are the ions of potassium and
sodium. Both these ions are involved in nerve-signal transmission and in the
transpon of molecules into and out of cells. For good health, we need more
potassium ions than sodium ions. So do all other living organisms, including the
plants and animals we eat. When we eat these plants or animals without additives and without excessive processing, our need for greater amounts of potassium is met because these organisms naturally contain more potassium than
sodium. When food is boiled or deep-fried, however, both potassium ions and
sodium ions are stripped away along with the liquids in which they are dissolved. Salting the food with sodium chloride then puts the sodium ion content
way above the potassium ion content.
Another important dietary mineral is phosphorus, which comes to us as the
phosphate ion, H2P04-. As you can see by checking back to Figure 13.26 on
page 452, phosphate ions form the backbone of nucleic acids. In addition, they
are components of the energy-packed compound adenosine triphosphate
(ATP), shown in Figure 13.40, which is produced in the oxidation of carbohydrates, lipids, and proteins.
ATP is the direct source of energy for most of the energy-requiring processes
in the body, such as tissue building, muscle contraction, transmission of nerve
impulses, heat production, and movement of molecules into and out of cells.
The human body goes through lots of ATP-about 8 grams per minute during
strenuous exercise. It is a short-lived molecule and so must be produced continuously. The many chemical pathways by which foods are oxidized to yield ATP
have been mapped extensively by biochemists.
Various poisons act by blocking the synthesis of ATP. Carbon monoxide, for
example, binds to the iron of hemoglobin, thereby preventing hemoglobin from
carrying oxygen. The reason the body needs oxygen, however, is so that it can
be used to oxidize carbohydrates, lipids, and proteins to form ATP. So without
oxygen, the body becomes starved of energy-yielding ATP and quickly dies.
Cyanide also blocks the synthesis of ATP but does so by incapacitating enzymes
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part of the ATP molecule.
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that play an important role in ATP synthesis. Interestingly, ATP is also used by
the body to allow muscles to relax after contraction. When the body dies, no
matter what the cause, ATP synthesis comes to a halt, and all body muscles
become stiff-a condition known as rigor mortis.

• 13.7 Metabolism Is the Cycling of Biomolecules
Through the Body
our body takes in biomolecules in the food you eat and breaks them down
to their molecular components. Then one of two things happens: either
your body "burns" these molecular components for their energy content through
a process known as cellular respiration, or these components are used as the building blocks for your body's own versions of carbohydrates, lipids, proteins, and
nucleic acids. The sum total of all these biochemical activities is what we call
metabolism. Two forms of metabolism are catabolism and anabolism, and Figure
13.41 shows the major catabolic and anabolic pathways ofliving organisms.
All metabolic reactions that involve the tearing down of biomolecules are
grouped under the heading of catabolism. Digestion and cellular respiration are
examples of catabolic reactions. Digestion begins with the hydrolysis of food molecules, a reaction in which water is used to sever bonds in the molecules. The small
molecules formed in digestion, such as the glucose units of complex carbohydrates,
then migrate to all the various cells of the body and take part in cellular respiration. There the small food molecules lose electrons to the oxygen that was inhaled
through our lungs and as a result break down to even smaller molecules as carbon
dioxide, water, and ammonia, which are excreted. Through this process, highenergy molecules, such as ATP, are created. These high-energy molecules are able
to drive reactions that produce body heat, muscle movement, and nerve impulses.
They also are responsible for allowing anabolism, which is the general term for all
the chemical reactions that produce large biomolecules from smaller molecules.
The types of biomolecules produced by anabolism are the same as the types
found in food-carbohydrates,
lipids, proteins, and nucleic acids. These products of anabolism are, if you will, the host's own version of what the food once
was. And if the host ever becomes food, anabolic reactions in the subsequent
host will result in different versions of the molecules. Thus, organisms in a food
chain live off one another by absorbing one another's energy via catabolic reactions and then rearranging the remaining atoms and molecules via anabolic
reactions into the biomolecules they need to survive.
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Metabolic pathways for the food
we ingest. Catabolic pathways are
indicated by the purple arrows,
anabolic pathways by the blue
arrow.
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Catabolism and anabolism work together. In healthy muscle tissue, for example, the rate of muscle degradation (catabolism) is matched by the rate of muscle
building (anabolism). If you increase your food supply and exercise vigorously, it
is possible to favor the muscle-building
anabolic reactions over the muscledestroying catabolic reactions. The result is an increase in muscle mass. Stop eating and exercising, however, and these anabolic reactions lose out to the catabolic
reactions. The result is a decrease in muscle mass-you
begin to waste away.

Anabolic steroids help people gain muscle mass. If there were such a thing
as a catabolic steroid, what would be its effect?
Was this your answer? Anabolic? Catabolic? Which is which? Many students recognize the term anabolic steroids from the sports news media,
which are quick to report on famous athletes caught using these steroids for
improved performance. Anabolism therefore is muscle-buildinq, and so
catabolism must be muscle-degrading. A catabolic steroid would cause a
loss of muscle mass.

• 13.8 The Food Pyramid Summarizes a Healthful Diet

-1

he food pyramid, shown in Figure 13.42, summarizes the food intake and
exercise recommendations
of the United States Department
of Agriculture
(USDA). According to this pyramid, an individual's daily diet should consist
mostly of bread, cereals, grains, pastas, fruits, and vegetables, with the amount of
dairy products and meats fairly limited and foods high in sugars or fats consumed
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The USDA MyPyramid Food
Guidance System. MyPyramid is
a personalized guide that people
can use to assesstheir current
diet and physical activity levels
and to make changes in their
food intake and physical activity
patterns. To learn more about
this pyramid, go to
www.MyPyramid.gov.

J

Meat and
Beans

only sparingly. We can get some insight into the reasons behind these recommendations by looking at how the body handles the biomolecules contained in these
foods.
CARBOHYDRATES

PREDOMINATE

IN MOST

FOODS

Breads, cereals, grains, pastas, fruits, and vegetables are important sources of food
primarily because they contain a good balance of all nutrients-carbohydrates,
fats, proteins, nucleic acids, vitamins, and minerals. The predominant component of these foods is carbohydrates, however.
There are two types of carbohydrates-nondigestible,
called dietary fiber, and
digestible, mainly starches and sugars. As discussed in Section 13.2, dietary fiber
helps keep things moving in the bowels, especially in the large intestine. There
are two kinds of fiber-water insoluble and water soluble. Insoluble fiber consists mainly of cellulose, which is found in all food derived from plants. In general, the less processed the food, the higher the insoluble-fib er content. Brown
rice, for example, has a greater proportion of insoluble fiber than does white
rice, which is made by milling away the rice seed's outer coating (along with
numerous vitamins and minerals).
Soluble fiber is made of certain types of starches that are resistant to digestion in
the small intestine. An example is pectin, which is added to jams and jellies because
it acts as a thickening agent, becoming a gel when dissolved in a limited amount of
water. Soluble fiber tends to lower cholesterol levels in the blood because of how it
interacts with bile salts, which are cholesterol-derived substances produced in the
liver and then secreted into the intestine. As shown in Figure 13.43, one of the functions of bile salts is to carry ingested lipids through the membranes of the intestine
and into the bloodstream. The bile salts are then reabsorbed by the liver and cycled
back to the intestine. Soluble fiber in the intestine binds to bile salts, which are then
efficiently passed out of the body rather than being reabsorbed. The liver responds
by producing more bile salts, but to do so it must utilize cholesterol, which it collects from the bloodstream. By this indirect route of binding with bile salts, soluble
fiber tends to lower a person's cholesterol level. Foods rich in soluble fiber include
fruits and certain grains, such as oats and barley.
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Carbohydrates
Nondigestible (dietary fiber)
Insoluble (cellulose)
Soluble (certain starches)
Digestible
Starches and sugars
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(3) Liver removes
cholesterol from
bloodstream to
synthesize additional
bile salts to replace
those lost.
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Soluble fiber

Bile salts from
the liver are
secreted into
intestine.

(3) Bile salts carry

G) Bile salts bind
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and pass out
of body.

Lipid/bile salt
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(a) With no soluble fiber present, bile salrs recycle TO the liver and no new ones need
to be made. (b) In the presence of soluble fiber, bile salts are removed from the body.
The liver then must use cholesterol from the blood TO make new supplies of bile
salrs. Thus by binding with bile salts, soluble fiber indirectly decreases the amount of
cholesterol in the blood.

n•
• Your blood sugar level needs to
remain within a very narrow
range. When the blood sugar
level gets too high, your body produces the hormone insulin,
which sequesters glucose molecules from the blood for the formation of glycogen. Muscles,
however, also play a large role in
the removal of glucose from the
bloodstream. Interestingly, muscles that are in shape are much
more effective at removing blood
glucose than muscles that are
not in shape. Regular exercise,
therefore, effectively lowers the
glycemic index of the foods you
eat. A regular sedentary lifestyle
puts nearly all the burden of
removing blood sugar upon
insulin, which can remove only so
much. The result can be type 11
diabetes.
MORE

TO

EXPLORE,

Spotlig ht on Muscle Fitness, page
428

During digestion, the digestible carbohydrates-both
starches and sugarsare transformed to glucose, which is absorbed into the bloodstream through the
walls of the small intestine. The body then utilizes this glucose to build energy
molecules, such as ATP .
Carbohydrate-containing
foods are rated for how quickly they cause an
increase in blood glucose levels. This rating is done with what is known as the
glycemic index. The index compares how much a given food increases a person's
blood glucose level relative to the increase seen when pure glucose is ingested,
with the latter increase assigned a standard value of 100. In general, foods that
are high in starch or sugar but low in dietary fiber are high on the glycemic
index, a baked potato being a prime example. The glycemic index for a particular food can vary greatly from one person to the next. How the food was prepared can also make a big difference. Thus, index values, such as the ones
shown in Table 13.4, are to be taken lightly-merely
as ballpark figures. Given
this qualification, however, the index provides valuable information
for people,
such as those with diabetes, who need to pay close attention
to their blood
sugar levels.
There are a number of problems associated with eating carbohydrate
foods
that have a high glycemic index. For example, the rapid spike in blood glucose
level causes the body to produce extra insulin, a blood-soluble
protein that
causes glucose to be moved out of the blood and into cells to be metabolized.
Insulin is very effective at what it does, however, and soon the extra insulin in
the blood leads to a depletion of blood glucose. The body responds by releasing
glucose-yielding
glycogen but also by triggering a sense of hunger, even if the
person just ate. A meal rich in foods high on the glycemic index therefore promotes overeating, which usually leads to obesity.
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TABLE

13.4

GlYCEMIC

Food

Glucose
Baked potato
Cornflakes
Microwaved potato
Jellybeans
Vanilla wafers
French fries
Cheerios
White bread
Mashed potato
Life-Savers candy
Shredded Wheat
Wheat bread
Sucrose
Raisins
Mars candy bar
High-fructose corn syrup
White rice

INDEX

FOR

Glycemic Index

100
85
83
82
80
77
75
74
71
70
70
69
68
64
64
64
62
58

SELECT
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FOODS
Glycemic Index

Food

Honey
Sweet corn
Brown rice
Popcorn
Oatmeal cookies
Sweet potato
Banana
Milk chocolate
Orange
Snickers candy bar
Pinto beans
Apple
Spaghetti, boiled 5 minutes
Skim milk
Whole milk
Grapefruit
Soybeans
Peanuts

Source: Jennie Brand Miller et al., The Glucose Revolution: The Authoritative
Index. Sydney: Marlowe & Company, 1999.

58
55
55
55
55
54
54
49
44
40
39
38
36
32
27
25
18

• Many people suffer from a condition in which the body produces
too much msulin in response to a
rapid rise in blood sugar. The
excess insulin causes the blood
sugaT level to drop to abnormally
low levels, which creates numerous symptoms, such as fatigue,
mood swings, trembling, faintness, and more. The condition is
called hypoqlycemia and it is best
controlled throug h a diet that
minimizes the ingestion of sugar,
white flour, alcohol, caffeine, and
tobacco.
MORE

TO

EXPLORE,

www.hypoglycemia.org
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Guide to the Glycemic

Many professional organizations, such as the American Diabetes Association,
caution that priority should be given to the quantities of carbohydrates ingested
rather than to the glycemic index of the food containing those carbohydrates.
What really counts is the total number of calories absorbed, not whether these
calories came from foods high or low on the index. For most people, however,
ingesting foods low on the index makes maintaining a healthful caloric intake
more manageable.
Another advantage of eating carbohydrates from foods that are low on the
index is that these foods provide energy to the body over an extended period of
time. They do this because the glucose molecules they contain are released slowly.
Furthermore, maintaining moderate glucose levels in the blood allows the body
to continue using fats for its energy needs. As discussed in Section 13.3, fats provide much more energy per gram (and thus more ATP) than do carbohydrates.
For athletes, a diet rich in foods low on the index, such as spaghetti, translates
to greater endurance. Interestingly, this greater endurance is just as useful for
bodybuilders as it is for marathon runners. The energy required for building
muscles is far more critical than the supply of raw materials needed. Furthermore,
the body's metabolism is versatile enough to generate proteins out of glucose (just
as it is able to generate glucose out of proteins). Thus, the bodybuilder's supply of
proteins is assured. A diet rich in carbohydrates is therefore more effective at
allowing a bodybuilder to build muscles than is a diet rich in proteins.
Despite the many advantages of eating carbohydrates low on the glycemic
index, foods rich in carbohydrates high on the index, such as sucrose, are now
more popular than ever. Many of these foods are highly processed and are found
at the apex of the food pyramid. Although they are good at providing energy, the
USDA recommends that they be consumed only sparingly because they lack
many of the essential nutrients present in the foods of the lower two tiers.

A candy bar is good for
a quick energy fix, but
chow down on a spaghetti
feast the night before a
strenuous workout
for
long-run energy.

oo
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UNSATURATED
FATS ARE GENERALLY
THAN SATURATED FATS

MORE

HEALTHFUL

Because your body uses saturated fats to synthesize cholesterol, the more saturated fats you ingest, the more cholesterol your body is able to synthesize. Unsaturated fats, by contrast, are not ideal starting materials for cholesterol synthesis.
Another reason unsaturated fats are more healthful has to do with how fats associate with cholesterol. Fats and cholesterol are both nonpolar lipids, which, on their
own, are insoluble in blood. In order to move through the bloodstream, these compounds are packaged with bile salts, as was discussed earlier. Most lipids, however,
are made water soluble by being packaged with water-soluble proteins in complexes
called lipoproteins. Lipoproteins are classified according to density, as noted in Table
13.5. Very-low-density lipoproteins (VLDL) serve primarily in the transport of fats
throughout the body. Low-density lipoproteins (LDL) transport cholesterol to the
cells, where it is used to build cell walls. High-density lipoproteins (HDL) bring
cholesterol to the liver, where it is transformed to a variety of useful biomolecules.
A diet high in saturated fats leads to elevated VLDL and LDL levels in the
bloodstream. This is undesirable because these lipoproteins tend to form fatty
deposits called plaque in the artery walls. Plaque deposits can become inflamed
to the point where they rupture, releasing blood-clotting factors into the bloodstream. A blood clot formed around the rupture site is let loose into the bloodstream, where it can become lodged and block the flow of blood to a particular
region of the body. When that region is in the heart, the result is a heart attack.
When that region is in the brain, the result is a stroke.
In contrast to saturated fats, unsaturated fats tend to increase blood HDL
levels, which is desirable because these lipoproteins are effective at removing
plaque from artery walls.

CK
For what two reasons are unsaturated

fats better for you than saturated

fats?

Was this your answer? Unsaturated fats are not so readily used by your
body to synthesize cholesterol. They also tend to increase the proportion of
high-density lipoproteins, which lower the level of cholesterol in your blood
and help relieve the buildup of arterial plaque.

Unsaturated fats, as noted in Section 13.3, tend to be liquids at room temperature. They can be transformed to a more solid consistency, however, by hydrogenation, a chemical process in which hydrogen atoms are added to carbon-carbon
double bonds. Mix a partially hydrogenated vegetable oil with yellow food coloring, a little salt, and the organic compound butyric acid for Havor, and you have
margarine, which become popular around the time of World War II as an alternative to butter. Many food products, such as chocolate bars, contain partially

TABLE

13.5

THE

CLASSIFICATION

Lipoprotein

OF

Percent Protein

Very-low-density (VLDL)
Low-density (LOL)

5
25

High-density (HDL)

50

L1POPROTEINS

Density (g/mL)

Primary Function

1.006-1.019

Fat transport
Cholesterol transport
(to cells to build cell
walls)
Cholesterol transport
(to liver for processing)

1.019-1.063
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Hydrogenation can lead to trans
double bonds in the fatty acid
chain, which as a result points
straight out, much as the chain of
a saturated fatty acid does.

5

=

0

~

Partially hydrogenated
vegetable oil

o

hydrogenated vegetable oils so that they are of a consistency that sells well in the
marketplace. Hydrogenation increases the percentage of saturated fats, however,
and therefore makes these fats less healthful. Furthermore, as Figure 13.44 shows,
some of the double bonds that remain are transformed to the trans structural isomer (see Hands-On Chemistry: Twisting Jelly Beans on page 398). Because carbon chains containing trans bonds tend to be less kinked than chains containing
cis bonds, the partially hydrogenated fat has straighter chains. This means the fat
is more likely to mimic the action of saturated fats in the body.
OUR INTAKE OF ESSENTIAL
BE CAREFULLY MONITORED

AMINO

ACIDS

SHOULD

Proteins are useful for their energy content, just as starches, sugars, and fats
are, but perhaps the greatest importance of proteins lies with how our bodies
use them for building such structures as enzymes, bones, muscles, and skin.

SIZZLE

D

id you ever notice that butter
and margarine sizzle on a hot
griddle but vegetable oil does
not? The sizzling is the sound of
water boiling away rapidly as the
butter or margarine hits the hotterthan-ioo'C griddle. The sizzling subsides once the water is gone.
Vegetable oil contains no appreciable quantities of water, and so it does
not sizzle. Different brands of margarine contain different proportions
of water, which is the subject ofthis
investigation.
WHAT

YOU

NEED

Several brands of margarine (be sure
to include a number of "light"
spreads), series of same-sized drink-

47'

Double bond in
configuration

Saturated chain ~

E

THE

ing glasses, microwave oven, kitchen
baster or eye dropper
PROCEDURE
1.

2.

Place each margarine sample in a
separate glass. Add enough margarine so that it is at least 0.5 inch
deep.
Label each glass with the brand it
contains.

3. Melt all the samples in the
microwave oven. (Watch carefully
because this doesn't take long.) As
the margarine melts, the water
and lipid layers separate.
4. Note the relative water content of
the various brands by comparing
the depths of the water layers.

SOURCES

T

5. Use the eye dropper or kitchen
baster to pull off on ly the water
layer, which will be beneath the
lipid layer. (001 the lipid layers in
the refrigerator, and then look for
differences in consistencies.
Based on the consistencies you
noted in step 5,which sample do you
suppose contains the greatest proportion of saturated fats?
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ESSENTIAL

AMINO

ACIDS

Arginine
Histidine
Isoleucine
Leucine
Lysine
Methionine

Essential for children
Essential for adults

Phenylalanine
Threonine
Tryptophan
Valine

Of the 20 amino acids the human body uses to build proteins, the adult
body is able to produce 12 of them in amounts sufficient for its needs-it
produces these amino acids from carbohydrates and fatty acids. The remaining 8, listed in Table 13.6, must be obtained from food. Because the body
needs these eight amino acids but cannot synthesize them, they are called
essential amino acids, in the sense that it is essential we get adequate amounts
of them from our food. To support rapid growth, infants and children
require, in addition to the eight amino acids listed for adults in Table 13.6,
large amounts of arginine and histidine, which can be obtained only from
the diet. Infants and juveniles therefore have a total of 10 essential
amino acids. (The term essential is unfortunate because, in truth,
all 20 amino acids are vital to our good health.)
Tryptophan
Why our bodies produce ample amounts of some amino acids and
Methionine
not others can be explained by looking at the
chemical structures of the amino acid side groups,
shown in Figure 13.16 back on page 445. The
Valine
nonessential amino acids have side groups that
Threonine
Phenylalanine
tend to be simple and therefore can be produced by
Leucine
the body without much effort. The essential amino
acids, however, tend to be biochemically more difCorn and other grains
ficult to make. The body therefore can save energy
by obtaining these amino acids from outside
sources. Over the course of evolution, our capacity
Isoleucine
to
build these amino acids diminished. In a similar
Lysine
manner, we lost the capacity to build vitamins,
Beans and other legumes
which are also complex molecules more efficiently
obtained through our diet. In other words, we let
other living organisms go through the metabolic
FIGURE
13.45
expense of building these biomolecules, and then we eat those organisms.
Sufficient protein can generally
In general, the more closely the amino acid composition of ingested protein
be obtained in a vegetarian diet
resembles the amino acid composition of the animal eating the protein, the
by combining a legume, such as
higher the nutritional quality of that protein. For humans, mammalian protein
peas or beans, with a grain, such
is of the highest nutritional quality, followed by fish and poultry, then by fruits
as wheat or corn. Familiar meals
and vegetables. Plant proteins in particular are often deficient in lysine, methiocontaining such a combination
nine, or tryptophan. A vegetarian diet provides adequate protein only if it coninclude a peanut butter sandtains a variety of protein sources, with a deficiency in one source being
wich, corn tortillas and refried
compensated for by an excess in another source, as shown in Figure 13.45.
beans, and rice and tofu.

KEY

TERMS
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• In Perspective

_T
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adage "you are what you eat" has a literal foundation. With the exception of the oxygen you obtain
through your lungs, nearly every atom or molecule in your body
got there by first passing through your mouth and into your
stomach. All the biomolecules needed for the energy and
growth of a fetus growing in the womb, like Maitreya Suchocki
in Figure 13.46, must first pass
through the lungs and mouth of
her mother, which is why it is so
vital that her mother eat right and
maintain a healthfullifestyle while
pregnant. And then, a mere 40
weeks later, her mother's food has
been transformed by the actions of
Maitreya's DNA into a whole new
body ripe for exploring the world
around her.

1

(b)

(al
3.46

(a) As a fetus, Maitreya is undergoing the most rapid growth rate
of her life, and thus her dependence on a healthful diet is as great
as it will ever be. (b) As a baby,
Maitreya'snutritional needs are
still great, as is her ability to imitate her mother during a copyedit session.

KEY TERMS
Carbohydrate A biomolecule that contains only
carbon, hydrogen, and oxygen atoms and is produced
by plants through photosynthesis.

Nucleic acid A long polymeric chain of nucleotide
monomers.

Saccharide Another term for carbohydrate. The
prefixes mono-, di-, and poly- are used before this term
to indicate the length of the carbohydrate.

Deoxyribonucleic acid A nucleic acid containing a
deoxygenated ribose sugar, having a double helical
structure, and carrying genetic code in the nucleotide
sequence.

Glycogen A glucose polymer stored in animal tissue
and also known as animal starch.

Ribonucleic acid A nucleic acid containing a fully
oxygenated ribose sugar.

Lipid A broad class ofbiomolecules that are not
soluble in water.
Fat A biomolecule that packs a lot of energy per gram

Chromosomes An elongated bundle of DNA and
protein that appears in a cell's nucleus just prior to cell
division.

and consists of a glycerol unit attached to three fatty
acid molecules.

Replication The process by which DNA strands are
duplicated.

Protein A polymer of amino acids, also known as a
polypeptide.

Gene A nucleotide sequence in the DNA strand in a
chromosome that leads a cell to manufacture a
particular polypeptide.

Amino acid The monomers of polypeptides, each
monomer consisting of an amine group and a carboxylic
acid group bonded to the same carbon atom.
Enzymes A protein that catalyzes biochemical reactions.
Nucleotide A nucleic acid monomer consisting of
three parts: a nitrogenous base, a ribose sugar, and an
ionic phosphate group.

Transcription The process whereby the genetic
information of DNA is used to specify the nucleotide
sequence of a complementary single strand of
messenger RNA.
Translation The process of bringing amino acids
together according to the codon sequence on mRNA.

474

CHAPTER

13

CHEMICALS

OF LIFE

Recombinant DNA A hybrid DNA composed of
DNA strands from different organisms.

Metabolism The general term describing all chemical
reactions in the body.

Gene cloning The technique of incorporating a gene
from one organism into the DNA of another organism.

Catabolism Chemical reactions that break down
biomolecules in the body.

Vitamin Organic chemicals that assist in various
biochemical reactions in the body and can be obtained
only from food.

Anabolism Chemical reactions that synthesize
biomolecules in the body.

Mineral Inorganic chemicals that play a wide variety
of roles in the body.

I CHAPTER

HIGHLIGHTS

I
BIOMOLECULES
IN CELLS

ARE

PRODUCED

AND

UTILIZED

2. What are the four major categories of biomolecules
discussed in this chapter?
GIVE

ACIDS

CODE

FOR

PROTEINS

17. What is the difference between a nucleic acid and a
nucleotide?

1. Do plant cells have a plasma membrane?

CARBOHYDRATES
AND ENERGY

NUCLEIC

STRUCTURE

3. Are all carbohydrates digestible by humans?
4. How does the chemical structure of the monosaccharide glucose differ from that of the monosaccharide
fructose?
5. Why do plants produce starch?
6. Which monosaccharide do starches and cellulose
have in common?

18. Where in the cell are ribonucleic acids found?
19. Where in the cell are deoxyribonucleic acids
found?
20. Which four nitrogenous bases are found in DNA?
In RNA?
21. Are codons found in DNA or in RNA?
22. On what form of RNA are anticcdons found?
VITAMINS
ARE
ARE INORGANIC

ORGANIC,

MINERALS

23. What are two classes of vitamins?

7. What is the most abundant organic compound on
Earth?

24. Why is it often more healthful to eat vegetables that
have been steamed rather than boiled?

L1PIDS

METABOLISM
IS THE CYCLING
OF BIOMOLECULES
THROUGH

ARE

INSOLUBLE

IN WATER

8. What are the structural components of a triglyceride?

THE

BODY

9. What makes a saturated fat saturated?

25. What is the general outcome of catabolism?

10. What do all steroids have in common?

26. What is the general outcome of anabolism?

PROTEINS

ARE

POLYMERS

OF

AMINO

ACIDS

11. What are the building blocks of a protein molecule?
12. How do various amino acids differ from one
another?
13. What do a peptide, polypeptide, and protein all
have in common?
14. What does disulfide cross-linking do for a protein?
15. What is the role of enzymes in the body?
16. What holds a substrate to its receptor site?

THE FOOD
PYRAMID
A HEALTHFUL
DIET

SUMMARIZES

27. Which type ofbiomolecule does the food pyramid
recommend we eat the most of?
28. Are all dietary fibers made of cellulose?
29. Which type oflipoproteins has a greater association with the formation of plaque on artery wall: LDLs
or HDLs?
30. Why doesn't the human body synthesize the essential amino acids?

CONCEPT

CONCEPT

31 .•

BUILDING

•

BEGINNER

•

Does a carbohydrate contain water?

32 .• What is another biological use for carbohydrates
besides energy?
33 .• In what ways are cellulose and starch similar to each
other? In what ways are they different from each other?
34 .• Why does starch begin to taste sweet after it has
been in your mouth for a few minutes?
35 .•

How does amylose differ from amylopectin?

36 .•

Why are lipids insoluble in water?

INTERMEDIATE

•

BUILDING
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EXPERT

Distinguish among the primary, secondary, and tertiary
structures of this protein.
45 .• Why do changes in pH interfere with the function of proteins? For your answer, consider the acidbase character of many amino acid side chains.
46 .• What are the two most common secondary
structures in a protein? The two most common tertiary
structures?

+

47.
Name the four structural levels possible in a protein, and describe the details of each.

37 .• Why is it important to have cholesterol in your
body?

48 .• What is the difference between transcription and
translation?

38 .• Could a food product containing glycerol and
fatty acids but no triglycerides be advertised as being fatfree? If so, how might such advertising be misleading?

49 .• Which amino acid is coded for by the
nitrogenous-base sequence AGG?

39 .•

Silk is more waterproof than cotton. Why?

40 .• You are a beautician about to apply a reducing
agent to a customer with fine hair who wants to have
his hair curly. Should the reducing agent be regular
strength, concentrated, or diluted?
41 .•

Why is a permanent wave not really permanent?

+

42.
Why can't your body produce proteins from carbohydrates and fats alone?

+

43.
When an unknown peptide containing five
amino acids is treated with an enzyme that hydrolyzes
only the serine-leucine peptide bond, the fragments
Leu -Cys, Ser, Leu -Ser are formed. What was the original amino acid sequence in the peptide?
44 .• Identity the molecular attractions occurring in
this large protein at the locations a, b, and c:

a

50 .•

What is a restriction enzyme, and what does it do?

51 .• What is a sticky end in a DNA fragment, and
how are sticky ends useful in the formation of recombinant DNA?
52 .• List codon, gene, nucleic acid, and nucleotide in
order of increasing size.

+

53. A common source of DNA damage is the spontaneous loss of the amine group on cytosine and the formation of an amide. This occurs at a rate of about 100
times a day. Fortunately, the body produces enzymes
able to detect and repair such degraded cytosines. Given
this information, suggest why DNA differs from RNA
in possessing the nucleotide thymine rather than uracil.

+

54.
Which amino acid does the DNA sequence ATG
code for?
55 .• Why is the number of adenines in a DNA molecule always the same as the number of thymines?
56 .• What polypeptide is coded for by the mRNA
sequence AUGGACCCAGCGUGAUGUA?
57 .• What polypeptide would be coded for by the
mRNA sequence in exercise 56 if the second G from
the left were somehow deleted? What problems might
this change cause in a gene?

c

58 .• Why does mRNA not remain associated with
DNA after being generated through transcription?
59 .• How many symmetrical sequences can you find
in the following DNA segment?
AGTTAACCAGTCCGGA
TCAATTGGTCAGGCCT
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60 .• Both water-soluble and water-insoluble vitamins
can be toxic in large quantities. Our bodies are much
more tolerant of the water-soluble ones, however. Why?

66 .• Is it possible to eat a food low on the glycemic
index and still experience a significant increase in blood
glucose?

61. • The dietary minerals must be in ionic form in
order for the body to make use of them. Why?

67 .• Mammals cannot produce polyunsaturated fatty
acids. How is it then that the lard obtained from beef
fat contains up to 10 percent polyunsaturated fatty
acids?

62 .• A friend of yours loads up on vitamin C once a
week instead of spacing it out over time. She argues the
convenience of not having to take pills every day. What
advice do you have for her?
63 .•

Which statement is more accurate?

a. Vitamins are needed by the body to avoid vitamindeficiency diseases, such as scurvy.
b. Vitamins are needed by the body so that many of
its catabolic and anabolic reactions can proceed
efficiently.
64 .• Suggest why the glycemic index for sucrose is
only about 64 percent that of glucose.

68 .• Peanut butter has more protein per gram than a
hard-boiled egg, and yet the egg represents a better
source of protein. Why?
69 .• The human body stores excess glucose as glycogen and excess fat as fatty tissue that can accumulate
beneath the skin. How does the body store any excess
amino acids?
70 .• Cold cereal is often fortified with all sorts of
vitamins and minerals but is deficient in the amino acid
lysine. How might this deficiency be compensated for
in a breakfast meal?

65 .• Suggest why starch takes longer to break down
to glucose in the intestine than does sucrose.

DISCUSSION

QUESTIONS

71. Some diets, most notably the Atkins diet, call for
large amounts of protein and fat and small amounts of
carbohydrate. One of the claims of such diets is that for
the same number of calories, a meal high in protein and
fat leaves a person with less of an urge to eat later on.
One of the arguments against such diets is that they are
hard on the kidneys and liver and that they fail to
emphasize the importance of regular exercise. What are
your thoughts on effective dieting?
72. Some athletes continue to use anabolic steroids
despite the negative side effects of these drugs. What
legal consequences, if any, should such an athlete face?
Should these steroids be banned? Should it be illegal for
physicians to prescribe them for athletic use? Is it the
right of the individual to make the decision of what goes
into his or her own body?
73. The Human Genome Project is being conducted
by both private groups and government agencies. This
raises the issue of who should profit from the information gathered and to what degree. What do you think?

Should all the information gathered be in the public
domain so that anyone has the right to capitalize on
this information? Alternatively, should some of the
information be owned privately so that it can be sold to
help recover expenses and/or to make a profit?
74. Are we simply products of DNA or is there more to
what makes us each unique individuals? What is the
nature of consciousness? Why do we even have consciousness? Do two clones share the same consciousness?
75. Rather than cloning a whole individual, it may one
day be possible to clone specific organs of an individual. For example, you could have a new heart cloned
from yourself for yourself if your old heart were in need
of replacement. How soon do you think this clone
replacement therapy might be available? What sorts of
ethical and social issues might arise around such technology? What if you were in need of a new brain?
Might you retain the same consciousness if rather than
replacing your brain all at once, you had it replaced little bits at a time?

EXPLORING

FURTHER
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"for spread purposes only, not for cooking." Why do
you suppose this is so?

PIT

The amylose-iodine complex is
shown here. Amylase, an enzyme
in your saliva, broke down the
amylose in the solution you spit
into, meaning there is less starch
present to react with the iodine
and consequently a lighter blue
solution.
The reason you had to wait a few
minutes before adding the iodine
has to do with how the amylase
attacks each starch molecule. The
enzyme does not attack in the middle of an amylose strand so that the
strand is broken first in half, then in
quarters, and so on. Instead, the
amylase attacks only at the two ends
of each strand, cleaving only one
glucose unit at a time from each
end and so destroying the starch
molecule only very slowly.
Here are some questions relating to this activity.
Enzymes such as amylase are destroyed by heat-how
could you confirm this experimentally? If you boil one
starch solution for only a few minutes and a second
starch solution for an excessively long time, which will
be light blue and which will be dark blue when you add
iodine? Many instant Cream of Wheat cereals contain
papain, an enzyme related to amylase. Can it be said
that these instant cereals are being digested beftre reaching your mouth?

EXPLORING

www.oml.gov/TechResources/Human_Genome/
home.html
IIIl

Site [or the Human Genome Project, which began in 1990
with the goal of identifying all the genes in human DNA.
Follow the link to "Medicine"fOr a detailed overview of
topics such asgene therapy.

www.asgt.org/
11

This is the home page fOr the American Society of Gene
Therapy. Follow the link to "Gene Therapy in the News "fOr
the latest infOrmation on gene therapy.

http://vm.cfsan.fda.gov/list.html
!I

Site fOr the Food and Drug Administrations CenterfOr
Food Safety and Applied Nutrition. Here you will find
links to the FDA s stance on such topics as dietary supplements, fOod labeling, and nutrition.

www.fda.gov/fdadfeatures/2003/503jats.html
11

This is the web page fOr an article published by the US.
Food and Drug Administration explaining the nature of
transfats and why their intake should be minimized.

www.dietitian.com
The question-and-answer site ofJoanne Larsen, a reputable
expert in thefield of dietetics. Peruse her ioell-formed
answers, and you'll find ample use of the many terms and
concepts introduced in this chapter.
www.healthcentral.com
protein diet)
11

With the chilled lipid layers, you can assume that, in
general, the more solid the sample, the higher its proportion of saturated fats.
As you should have discovered from this activity, the
"light" brands of spread contain fewer calories simply
because they contain a greater proportion of water.
Rather than water, some brands whip air into the
spread. Either way, the net result is fewer lipid molecules per serving, which for saturated fats is not too bad
a deal. Note that many of the "light" brands are labeled

FURTHER

(keyword search: high

Use this site to explore the issuesregarding high-protein,
low-carbohydrate diets.
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14·4
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Mimic Pregnancy

14·5
14·6

14·7

of certain plants. In
Dioscorides

in which he described

plants known to have medicinal

were

properties.

wrote

about 600

Included in this

list was the opium poppy, shown in this chapter's

opening

Incisions in the seed capsules of this plant yield

a milky sap. When air-dried and kneaded, the sap forms a soft
material
alkaloids

known as opium, which contains
known

for their

effects. The molecule
abundant

pain-killing

opioids, a class of

and tranquilizing

shown is morphine,

one of the more

and potent opioids.

With the development

of chemistry in the early 1800s came

The Nervous System Is a

the understanding

Network of Neurons

properties

Psychoactive Drugs Alter the
Mind or Behavior

example, morphine

nine, a drug useful in fig hting malaria, was isolated from the

Pain Relievers Inhibit the

bark of the cinchona tree. Soon, compounds

Transmission

laboratory

or Perception

of Pain

14·8

properties

the Greek physician

Medica, a treatise

photograph.
14.2

•

shows that early civilizations

keen ly aware of the medicinal

Materia

14.1

evidence

DRUG

Drugs for the Heart Open
Blood Vessels or Alter Heart
Rate

that natural products owe their medicinal

to certain

substances

they contain.

In 1806, for

was isolated from opium, and in 1820 qui-

produced

were also found to have medicinal

the 1840s, for example, anesthetic

in the

properties.

In

activity was found in the

synthetic chemicals chloroform, nitrous oxide, and ethyl ether,
making painless surgery and dentistry possible.
In the 1860s, Louis Pasteur (1822-1895) confirmed
theory of disease
the discovery

with his discovery of bacteria.

of the antiseptic

related compounds,
be used

to prevent

advance

toward

properties

which, as discussed
bacterial

curing

bacterial

This led to

of phenol

and

in Chapter 12,could

infection.
diseases

The first

major

was not made

until the 1930S, however, when sulfur-containing
known as sulfa drugs were developed.

the germ

compounds

Next came penicillin,
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an antibiotic derived from extracts of the mold Penicillium

notaturn. Sub-

sequent research has led to an ever-expanding array of drugs-both
ural and synthetic. Today,there are more than
and

300,000

25,000

nat-

prescription drugs

nonprescription drugs available in the United States.

This chapter describes the major categories of drugs and the methods
used in developing new drugs. It also addresses some of the social issues
arising from our reliance on these chemicals .

•
• 14.1

Drugs Are Classified by Safety, Social
Acceptability, Origin, and Biological Activity

oosely defined, a drug is any substance other than food or water that affects
how the body functions. A drug having therapeutic properties is also
referred to as a medicine. Drugs, some legal and others illegal, are also used for
nonmedical purposes. Legal nonmedical drugs include alcohol, caffeine, and
nicotine. Illegal nonmedical drugs include heroin and cocaine.
There are a variety of ways to classify drugs. As Table 14.1 shows, the
Drug Enforcement Agency (DEA) classifiesthem according to safety and social
acceptability. Drugs found to be safest are designated over-the-counter (OTe)
drugs, which means they may be bought without a prescription. Prescription
drugs are those that should be taken only under the supervision of a physician
because of their strong potency or their potential for misuse or abuse. The DEA
further classifies drugs according to abuse potential, using the schedule system
shown in Table 14.1.
Drugs may also be classified according to origin, as is done in Table 14.2.
Drugs that are natural products come directly from terrestrial or marine plants
or animals. Drugs that are chemical derivatives are natural products that have
been chemically modified to increase potency or decrease side effects. Synthetic
drugs are those that originate in the laboratory.
Perhaps the most common way to classify drugs is according to their primary biological effect, which is how they are presented in this chapter. It
must be noted, however, that most drugs exhibit a broad spectrum of activity
and therefore may fall under several classifications. Aspirin, for example,

u.s.

Bacterial infections, not cancer or heart
attacks. were the leading cause of death
in the United States prior to the
discovery of antibiotics in the 1930s

lAB

14.1

U.S.

DRUG

ENFORCEMENT

AGENCY

CLASSIFICATION

OF

DRUGS

Classification

Description

Examples

Over-the-counter (OTe)drugs
Permitted nonmedical drugs

Available to anyone
Available in food, beverages, and tobacco
products
Require physician authorization

Aspirin, coug h medicines
Alcohol, caffeine, nicotine

No medical use, hig h abuse potential
Some medical use, high abuse potential
Prescription drugs, abuse potential

Heroin, LSD,mescaline, marijuana
Amphetamines, cocaine, morphine, codeine
Barbiturates, tranquilizers

Prescription drugs
Controlled substances
Schedule 1
Schedule 2
Schedule 3

Antibiotics, birth control pills

14.1

TABLE

14.2

DRUGS

THE ORIGIN

ARE

CLASSIFIED

OF SOME

BY SAFETY,

COMMON

SOCIAL

ACCEPTABiliTY,

ORIGIN,

DRUGS

Origin

Drug

Biological Effect

Natural product

Caffeine
Reserpine
Vincristine
Penicillin
Morphine
Prednisone
Ampicillin

Nerve stimulant
Hypertension reducer
Anticancer agent
Antibiotic
Analgesic
Antirheumatic
Antibiotic
Hallucinogenic
Antimalarial
Contraceptive
Antidepressant
Antihistamine
Sedative-hypnotic
Veterinaryanesthetic
Analgesic

Chemical derivative
of natural product

LSD

Chloroquinine
Ethynodiol diacetate
Valium
Benadryl
Allobarbital
Phencyclidine
Methadone

Synthetic

relieves pain, but it also reduces fever and inflammation, thins the blood,
causes ringing in the ears, and may lead to Reye's syndrome in children.
Morphine relieves pain, but it also constipates and suppresses the urge to
cough.
At times, the multiple effects of a drug are desirable. Aspirin's pain-reducing
and fever-reducing properties work well together in treating flu symptoms in
adults, for instance, and its blood-thinning ability is useful in the prevention of
heart disease. Morphine was widely used during the American Civil War both
for relieving the pain of battle wounds and for controlling diarrhea. Often, however, the side effects of a drug are less desirable. Ringing in the ears, Reye's syndrome, and upset stomach are a few of the negative side effects of aspirin, and a
major side effect of morphine is its addictiveness. A main goal of drug research,
therefore, is to find drugs that are specific in their action and have minimal side
effects.
Although two drugs being taken together may have different primary
activities, they may share a common secondary activity that can be amplified
when the two drugs are taken together. One drug enhancing the action of
another is called the synergistic effect, and a synergistic effect is often more
powerful than the sum of the activities of the two drugs taken separately.
One of the great challenges of physicians and pharmacists is keeping track of
all the possible combinations of drugs and potential synergistic effects. The
synergism that results from mixing drugs that have the same primary effect is
particularly hazardous. For example, a moderate dose of a sedative combined
with a moderate amount of alcohol may be lethal. In fact, most drug overdoses are the result of a combination of drugs rather than the abuse of a single drug.

CR
Distinguish between a drug and a medicine.
Was this your answer? A drug is any substance administered to affect body
function. A medicine is any drug administered for its therapeutic effect. All
medicines are drugs, but not all drugs are medicines.

AND

BIOLOGICAL

ACTIVITY
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• 14.2

The Lock-and-Key Model Guides Chemists
in Synthesizing New Drugs

o find new and more effective medicines, chemists use various models that
describe how drugs work. By far, one of the most useful models of drug
action is the lock-and-key model. The basis of this model is the connection
between a drug's chemical structure and its biological effect. For example, morphine and all related pain-relieving opioids, such as codeine and heroin, have
the T-shaped structure shown in Figure 14.1.
According to the lock-and-key model, illustrated in Figure 14.2, biologically
active molecules function by fitting into receptor sites on proteins in the body,
where they are held by molecular attractions, such as hydrogen bonding. When
a drug molecule fits into a receptor site the way a key fits into a lock, a particular
biological evenr is triggered, such as a nerve impulse, a change in the shape of a
protein, or even a chemical reaction. In order to fit into a particular receptor
site, however, a molecule must have the proper shape, just as a key must have
properly shaped notches in order to fit a lock.
Another facet of this model is that the molecular attractions holding a drug to
a receptor site are easily broken. (Recall from Chapter 7 that most molecular
attractions are many times weaker than chemical bonds.) A drug is therefore
held to a receptor site only temporarily. Once the drug is removed from the
receptor site, body metabolism destroys the drug's chemical structure and the
effects of the drug are said to have worn off. Using this model, we can understand why some drugs are more potent than others. Heroin, for example, is a
more potent pain killer than is morphine because the chemical structure of
heroin allows for tighter and longer binding to its receptor sites.
The lock-and-key model has developed into one of the central tenets of pharmaceutical study. Knowing the precise shape of a target receptor site allows

N
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Tshaped threedimensional structure
found in all opioids
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14.1

All drugs that act like morphine havethe samebasicthree-dimensionalshape as
morphine.
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14.2

Many drugs act by fitting into
receptor sites on molecules found
in the body, much as a key fits
into a lock.
Receptor site

Lock

O-H

chemists to design molecules that have an optimum fit and a specific biological
effect. Biochemical systems are so complex, however, that our knowledge is still
limited, as is our capacity to design effective medicinal drugs. For this reason,
most new medicinal drugs are still discovered instead of designed. One important avenue for drug discovery is ethnobotany.
An ethnobotanist is a researcher
who learns about the medicinal plants used in indigenous cultures, such as the
root of the Bobgunnua tree, shown in Figure 14.3. Today there are hundreds of
clinically useful prescription drugs derived from plants. About three-quarters
of
these came to the attention of the pharmaceutical
industry as a result of their use
in folk medicine.
Another important method of drug discovery is the random screening of vast
numbers of compounds.
Each year, for example, the National Cancer Institute
screens some 20,000 compounds for anticancer activity. One successful hit was
the compound
Taxol, shown in Figure 14.4. This compound
has significant
activity against several forms of cancer, especially ovarian cancer.
A drug isolated from a natural source is not necessarily better or more benign
than one produced in the laboratory. Aspirin, for example, is a human-made
chemical derivative, and it is certainly more benign than cocaine, which is
100 percent natural. The main advantage of natural products is their great
diversity. Each year, more than 3000 new chemical compounds
are discovered
from plants. Many of these compounds are biologically active, serving the plant
as a chemical defense against disease or predators. Nicotine, for example, is a
naturally occurring insecticide produced by the tobacco plant to protect itself
from insects.

•
• Since 1999, the Billand Melinda
Gates Foundation has granted
over $5 billion to global health
plans. This includes the
$750,000,000
Vaccine Fund to
support the immunization of
children in 74 countries through
the purchase of new vaccines. A
$42 million Gates Foundation
grant was also used to help support the Institute for OneWorld
Health, the first non profit pharmaceutical company in the
United States. The mission of
OneWorld Health is to develop
safe, effective, and affordable
new medicines for people with
infectious diseases in the developing world. Despite the Gates'
admirable contributions, less
than 2 percent of all health care
donations originate from private
corporations. Seeking to change
that are programs such as American Express® Red.
MORE

FIGURE

ro

EXPLORE,

www.gatesfoundation.org
www.oneworldhealth.org

14.3

Ethnobotanists directed natural-products
chemists to the yellow coating on the
root of the Mrican Bobgunnua tree.
Indigenous people have known for many
generations that this coating has medicinal properties. From extracts of the coating, the chemists isolated a compound
that is highly effective in treating fungal
infections. This compound, produced by
the tree to protect itself from root rot,
shows much promise in the treatment of
the opportunistic fungal infections that
plague those suffering from AIDS.
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Originally isolated from the bark
of the Pacificyew tree, Taxol is a
complex natural product useful
in the treatment of various forms
of cancer.

FIGURE

It has been estimated that only 5000 plant species have been studied exhaustively for possible medical applications. This is a minor fraction of the estimated
250,000 to 300,000 plant species on our planet, most of which are located in
tropical rainforests. That we know little or nothing about much of the plant kingdom has raised justified and well-publicized concern, for as these forests are being
destroyed, also being destroyed are species that might yield useful medicines.
A recent laboratory approach intended to mimic nature's chemical diversity is
known as combinatorial chemistry, which is a method of generating a large
"library" of related compounds. Combinatorial chemistry takes advantage of the
many different ways in which a series of chemicals may be combined. Microquantities of reagents are combined in a grid so as to maximize the number of possible
products, as is illustrated in Figure 14.5a. The result is a great number of closely
related compounds that can be screened for biological activity. The most active
derivatives are analyzed for chemical structure and then synthesized on a larger
scale for further testing or clinical trials. A typical array is shown in Figure 14.5b.

14.5

(a) Eight hypothetical starting
materials A through D and 1
through 4 can be combined in
various ways to yield 16 products, each of which may have
some biological activity not
found in any of the starting
materials. (b) A multitude of
products are thus immediately
availableto be screened for
medicinal activity.

Tiny well or test tube
in which reagents
Band 4 are mixed.

A

B

c
D

"Library" of products
(a)

(b)

14.3

•

CHEMOTHERAPY

CURES

THE

HOST

BY KilLING

THE

485

DISEASE

Why are organic chemicals so suitable for making drugs?

Was this your answer? Because their vast diversity permits the manufacture of the many different types of medicines needed to combat the many
different types of illnesses humans are subject to.

• 14.3 Chemotherapy Cures the Host by Killing
the Disease
~f

drugs that destroy disease-causing agents without destroying the
~~i:~l °host is known as chemotherapy. This approach is effective in the
treatment of many diseases, including bacterial infections, viral infections, and
cancer. It works by taking advantage of the ways a disease-causing agent, also
known as a pathogen, is different from a host.

1

SULFA DRUGS

AND

ANTIBIOTICS

TREAT BACTERIAL

INFECTIONS

Sulfa drugs are synthetic drugs that were first used to treat bacterial infections in
the 1930s. They work by taking advantage of a striking difference between
humans and bacteria-even though both must have the nutrient folic acid in
order to remain healthy, we humans can absorb folic acid from what we eat, but
bacteria cannot. Instead, bacteria must make their own supply of folic acid. For
this, they possess enzymes that help make folic acid from a simpler molecule
found in all bacteria, para-aminobenzoic acid (PABA). The PABA attaches to its
specific receptor site on the bacterial enzyme and is converted to folic acid, as
shown in Figure 14.6.
Sulfa drugs have a close structural resemblance to PABA. When taken by a
person suffering from a bacterial infection, a sulfa drug is transformed by the
body to the compound sulfanilamide, which attaches to the bacterial receptor
sites designed for PABA, as shown in Figure 14.7, thereby preventing the synthesis of folic acid. Without folic acid, the bacteria soon die. The patient, however, because he or she receives folic acid from the diet, lives on.
Antibiotics are chemicals that prevent the growth of bacteria. They are produced by such microorganisms as molds, other fungi, and even bacteria. The first
antibiotic discovered was penicillin. Many derivatives of penicillin, such as the
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In the body all sulfa drugs are
metabolized to sulfanilamide,
which binds to the bacterial
enzymes and keeps them from
doing their job.
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penicillin G shown in Figure 14.8, have since been isolated from microorganisms
as well as prepared in the laboratory. Penicillins and the closely related compounds known as cephalosporins, also shown in Figure 14.8, kill bacteria by inactivating an enzyme responsible for strengthening
the bacterial cell wall. Without
this enzyme, bacterial cell walls grow weak and the cells eventually burst.

How is sulfanilamide

poisonous to bacteria but not to humans?

Was this your answer? Sulfanilamide is poisonous to bacteria because it
prevents them from synthesizing the folic acid they need to survive.
Humans utilize folic acid from their diet, and so they are not bothered by
sulfanilamide's ability to disrupt the synthesis offolic acid.

FIGURE

14.8

Penicillins, such as penicillin G and cephalosporins,
such as cephalexin, as well as
most other antibiotics, are
produced by microorganisms
that can be mass-produced in
large vats. The antibiotics are
then harvested and purified.

Penicillin G

Cephalexin
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Viruses are much smaller than
bacteria and many times smaller
than animal cells. (Notice the
small dot representing the virus.)
The smallest of all pathogens,
viruses consist mostly of nucleic
acids enclosed in a protein coat.

•
• An unusual feature of the herpes
viruses is their preference for
nerve cells. Stress to the nervous
system, such as emotional stress
or sun burn, can cause the virus to
replicate, which leads to an outbreak through the skin. When
they are not replicating, these
viruses remain in nerve cells
where they are not detected by
the body's immune system, which
has little activity in nerve cells.
While remaining dormant in the
nervous system, the viruses evade
not only the immune system but
antiviral drugs as well.
MORE
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Before a nucleoside, such as guanosine, can be incorporated into RNA or DNA, it
must be activated by having three phosphate groups attached to it.
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SOfar, chemotherapy has been more successful in treating bacterial infections than
in treating viral infections. Perhaps the gteatest obstacle to effective viral treatment
lies in the nature of viruses. When not attached to a host, a virus is an inert, lifeless
bundle ofbiomolecules-and
it's difficult to kill something that's not alive!A typical virus, shown in Figure 14.9, consists of only one or several strands of either
RNA or DNA encapsulated by a protein coat. Some viruses infect by attaching to
a cell and then injecting their genetic contents into the cell. Once inside the cell,
the virus's genetic information is incorporated into the host DNA and replicated
by the host cell. Eventually, the cell bursts because it is overstuffed with a multitude of viral replicates, which then spread to infect other host cells.
The most common antiviral drugs are derivatives of nucleosides, which are
similar to nucleotides (Section 13.5) but do not have a phosphate group. Nucleosides roam freely in all cells and are used by the cells to create RNA or DNA.
Before being used, however, the nucleosides must first be primed with three
phosphate groups, as shown in Figure 14.10. Various synthetic derivatives of
nucleosides are readily primed by virus-infected cells but not by uninfected cells.
Two synthetic nucleoside derivatives, both shown in Figure 14.11, are acyclovir,
sold under the trade name Zovirax, and zidovudine, sold under the trade name
AZT. Once incorporated in the RNA or DNA of a virus-infected host cell,
these nucleoside derivatives disrupt protein synthesis, and the infected cell dies
before replicating the virus. Proliferation of the virus, though not halted, is thus
brought under control.
Acyclovir is useful in the treatment of herpes. Oral herpes is caused by the
herpes simplex virus 1 (HSV-l), and genital herpes is caused by the herpes simplex virus 2 (HSV-2). More than 90 percent of the world's population is
infected with the oral herpes virus, though there are many infected people who
do not exhibit symptoms. Genital herpes is the most prevalent noncurable sexually transmitted disease. In the United States, there are about 30 million people infected with HSV-2 and an estimated 200,000 to 500,000 new cases each
year.
Zidovudine is used to suppress the replication of the human immunodeficiency virus (HIV), which is responsible for aquired immune deficiency syndrome, AIDS (Figure 14.12). According to the World Health Organization, by
the beginning of 2005 about 40 million people were infected with HIV and
about 20 million people around the world had already lost their lives to AIDS.
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Acyclovir (Zovirax) is a derivative
of the nucleoside deoxyguanosine, and zidovudine (AZT) is a
derivative of the nucleoside
deoxythymidine.
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HIV research has led to a new class of antiviral agents known as protease
inhibitors. The life cycle of many viruses, including HIV, depends on the actions of

FIGURE

enzymes known as proteases, which break down proteins. A protease, for example,
might be used by a virus to penetrate the proteins on the cell membrane of a host
cell or to break down the host's polypeptides to create a supply of amino acids necessary for viral replication. Drugs that block the action of proteases control viral
proliferation. An example of an effective protease inhibitor is nelfinavir, sold under
the trade name Viracept and shown in Figure 14.13. Patients receiving a "cocktail"
of a protease inhibitor and nucleoside antiviral agents may have their HIV count
brought below detectable levels. Though it is unlikely that this regimen can totally
eliminate HIV from the body, the highly reduced viral counts tend to significantly
delay the onset of AIDS and reduce the patient's infectiousness to others.

14.12

(a) The small green bodies
covering this white blood cell
are human immunodeficiency
viruses. (b) The anatomy of
HIV. After the initial infection, the infected person's
immune response eliminates
most of the virus. Some of the
virus, however, remains dormant in infected cells and
evades the immune response.
Over a period of years, HIV
reactivates itself, the immune
system collapses, and the person succumbs to opportunistic diseases, such as cancer or
pneum011la.
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The protease inhibitor nelfinavir.
A virus is so much simpler than a bacterium.

Why then are viruses so much
more difficult to target with chemotherapeutics?

Was this your answer? Chemotherapeutics
act by interfering with one or
more of the chemical reactions a pathogen needs in order to exist. The more
complex a pathogen, the more ways there are to interfere with its life cycle.
That viruses are so simple means we have few avenues for a chemotherapeutic approach.
CANCER

CHEMOTHERAPY

ATTACKS

RAPIDLY

GROWING

CELLS

Cells periodically lose the ability to control their own growth and begin multiplying rapidly. Normally, these renegade cells are recognized by the immune
system and destroyed. Occasionally, however, they escape this line of defense
and continue to multiply unchecked. The result is a hard mass of tissue, called a
tumor, that deprives healthy cells of oxygen and nutrients. Cells from a tumor
may break away and be carried to other sites in the body, where they lodge and
continue to multiply, forming additional tumors. As tumors multiply, more and
more healthy cells suffer and eventually die. Ultimately, the whole body may
die. This is cancer, the second leading cause of death in most developed nations.
At present mortality rates, one in six of us will die of this disease.
Cancer is actually not a single disease but rather a group of many different
kinds of disease, each having its own behavior and its own susceptibility to treatment. While some cancers respond to chemotherapy
alone, most require a combination of chemotherapy,
radiation therapy, and surgery.
Chemotherapy
is most effective at the early stages of cancer because drugs
work best on cells that are in the process of dividing, a process called cellular
mitosis, shown in Figure 14.14. When a tumor is young, most of its cells are
undergoing
mitosis. As the tumor ages, however, the fraction of cells in this
growth phase decreases, and so drug sensitivity is reduced. Drugs also have a difficult time destroying all the cells in a large tumor. A 1aa-gram tumor, for example, may contain about 100 billion cells. Killing 99.9 percent of these cells
would still leave 100 million cells-too
many for the patient's immune response
to control. The same treatment against a 50-milligram tumor containing about
a million cells would leave only about 1000 cells, which can be controlled by the
immune system. Survival rates from cancer are therefore greatly increased by
early diagnosis. Hence, you are advised to keep close watch over your body for
unusual signs and schedule regular checkups with your physician.

•
• There are over 200 different types
of cancer, which can affect nearly
any type of body tissue. The most
common cancer of them all is
nonmelanoma skin cancer with
more than 1 million new cases in
the United States each year,
which is about half ofthe total of
all diagnosed cancers. In second
place is colon cancer with about
100,000 new cases in the United
States each year. The deadliest is
pancreatic cancer, which has a
l-year survival rate of about
3 percent. One of the main reasons for this low survival rate is
because the symptoms of pancreatic cancer do not typically
appear until the cancer has
already reached a later stage.
MORE

TO

EXPLORE,

National Cancer Institute
www.nci.nih.gov
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During cellular mitosis, DNA and certain cellular proteins bundle together into
chromosomes, which are visible under a microscope. These chromosomes duplicate
themselvesand then divide evenly into two separate cells called daughter cells.

Unfortunately, cancerous cells are not the only cells in the body that divide.
Normal cells divide periodically, and some types of cells, such as those in the
gastrointestinal tract and in hair follicles, are always in a state of cellular division.
As a consequence, cancer chemotherapeutics are noted for their toxicity, with
patients undergoing treatments often experiencing gastrointestinal problems
and hair loss.
DNA is the target of many anticancer compounds because during cellular
mitosis strands of DNA are unwound and therefore susceptible to chemical
attack. A variety of chemicals may be used to selectively kill cells that are in the
process of dividing. The compound 5-fluorouracil, for example, shown in Figure
14.15, is mistaken by a cell for the nucleotide base uracil. Once incorporated
into the DNA of the cancerous cell, 5-fluorouracil's nonnucleotide structure
interferes with the normal DNA workings, and the cell dies. Harsher agents,
such as cyclophosphamide and cisplatin, also shown in Figure 14.15, destroy
DNA's ability to function by chemically bonding to the DNA or by cross-linking the two strands of the double helix.

FIGURE

14.15

These anticancer agents all kill
dividing cells by targeting the
cells'DNA.

5-Fluorouracil

Cyclophosphamide

Cisplatin

14.3

CHEMOTHERAPY

CURES

THE

HOST

BY KilliNG

THE

DISEASE

491

Vincristine

Some anticancer drugs kill cancerous cells without acting on DNA. Certain
alkaloids, such as vincristine, shown in Figure 14.16, and taxol, kill dividing
cells by preventing the formation of cellular microstructures needed for division.
As another point of attack, cancerous cells have high metabolic rates, which
means they rely heavily on biochemical nutrients, such as the dihydrofolic
acid shown in Figure 14.17. The anticancer agent methotrexate is structurally
very similar to dihydrofolic acid and works by binding to dihydrofolic acid
receptor sites in the cancerous cells, thereby interfering with metabolic reactions in the cells.
Cancer chemotherapy combined with radiation therapy and/or surgery can
be effective in restraining or even curing many forms of cancer. As our understanding of cellular mechanics continues to grow, so will our ability to increase
the overall survival rates of cancer patients.
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Vincristine is a naturally occurring alkaloid that has significant
anticancer activity. It is isolated
from a plant closelyrelated to the
periwinkle, a common ornamental plant of tropical and temperate regions.
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Methotrexate disturbs the metabolism of cancerous cellsby substituting for dihydrofolic acid at
dihydrofolic acid receptor sites.
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• 14.4 Some Drugs Either Block or Mimic Pregnancy

•

r~
• Birth control hormones can also
be delivered through the skin
using a skin patch. Of 800,000
women using the patch, however,
about a dozen have died from
blood clots believed to be related
to the patch. Is this an acceptable
risk? Consider that pregancy
itself poses significant risks. In
developed nations, for every
100,000 live births there are
about 20 maternal deaths. In
the developing nations of subSaharan Africa, by contrast, the
num ber of maternal deaths per
100,000 live births is around 920.
MORE

TO

EXPLORE,

www.who.int/reproductivehealth/g lobal_ monitoring/
index.html

T A El L E. 14.3

D RUG 5 FOR

B I R THe

n the 1930s, it was found that injected doses of the hormone progesterone
maintain a state of false pregnancy during which a woman does not ovulate
and therefore cannot conceive. Oral administration of progesterone does not have
the same effect because the progesterone is quickly broken down by the digestive
system. In the early 1950s, chemists developed compounds that were very similar
to progesterone but retained their birth control properties when taken orally. The
first birth control pill was marketed in 1960 and contained the progesterone mimicker norethynodrel as well as an estrogen derivative, mestranol, to help regulate
the menstrual cycle. Many other derivatives of progesterone and estrogen have
since been formulated into birth control pills, which are about 99 percent effective at preventing pregnancy. Table 14.3 illustrates some drugs used for birth control. Today, more than 60 million women worldwide use birth control pills.
Progesterone derivatives that block rather than mimic the action of progesterone are also effective as a form of birth control. Progesterone is vital to maintaining a pregnancy. Without it, or when its activity is blocked, the lining of the
uterus is sloughed away, along with any fertilized ovum bound to the lining. A
most effective progesterone blocker currently available is mifepristone, also
known as RU-486. A controversy surrounding mifepristone is that, rather than
preventing fertilization, it prevents a fertilized ovum from establishing itself in
the uterus. Those who view a fertilized ovum as a human life tend to be opposed
to the use of mifepristone. Those who differentiate between a fertilized ovum
and a developing fetus, on the other hand, are more likely to approve of its use.
Birth control may also involve a spermicide, such as the nonoxynol-9 shown
in Table 14.3. When used in conjunction with a barrier device, such as a condom or a cervical diaphragm, spermicides can be close to 95 percent effective at
preventing pregnancy.
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Birth control can also be achieved by causing a drop in a man's sperm count.
This can be done by injecting testosterone, which at high blood levels inhibits
the production of sperm. Recent advances have provided formulations of testosterone that may be taken orally. Such male birth control pills have been shown
to lower the sperm count in semen from normal values of about 100 million
sperm per milliliter to less than 3 million sperm per milliliter, which is considered a very low concentration.
Taken correctly, these pills are about as effective
at preventing pregnancy as female birth control pills. There appears to be a
strong demand for these contraceptives,
including in developing nations, where
the need for birth control methods are greatest.

• 14.5 The Nervous System Is a Network of Neurons
FIGURE

~rugs
function by affecting the nervous system. To understand how
Il;~~~drugs
work, it is important to know the basic structure and functions of the nervous system.
Thoughts, physical actions, and sensory input all involve the transmission of
electrical signals through the body. The conduit for these signals is a network of
neurons, which are specialized cells capable of sending electrical impulses. First,
in what is called the resting phase, a neuron primes itself for an impulse by ejecting sodium ions, as shown in Figure 14.18a. More sodium ions outside the neuron than inside creates a separation of charge. And a separation of charge gives
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(a) The resting phase of a neuron
maintains a greater concentration
of sodium ions outside the cell.
This results in a voltage of about
270 rnillivolts across the cell
membrane. (b) In the impulse
phase, sodium ions flush back
into the cell to give a voltage of
about 130 millivolts across the
cell membrane.
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rise to an electric potential of around -70 millivolts across the cell membrane.
As shown in Figure 14.18b, a nerve impulse is a reversal in this electric potential
that travels down the length of the neuron to the synaptic terminals. The reversal
of the electric potential in an impulse occurs as sodium ions flush back into the
neuron. After the impulse passes a given point along the neuron, the cell again
ejects sodium ions at that point to reestablish the original distribution of ions
and the potential of -70 millivolts.
Unlike the wires in an electric circuit, most neurons are not physically connected to one another. Nor are they connected to the muscles or glands on which
they act. Rather, as Figure 14.19 shows, they are separated from one another or
from a muscle or gland by a narrow gap known as the synaptic deft. In the
synaptic terminal of every neuron are bubblelike compartments called vessels. A
nerve impulse reaching a synaptic cleft causes these vesselsto release neurotransmitters into the cleft. Neurotransmitters are organic compounds that are
released by a neuron and are capable of activating receptor sites. Once released
into the synaptic cleft, a neurotransmitter migrates across the cleft to receptor
sites on the opposite side. If the receptor sites are located on a postsynaptic neuron,
as shown in Figure 14.19, the binding of the neurotransmitter may start a nerve
impulse in that neuron. If the receptor sites are located on a muscle or organ,
then binding of the neurotransmitter may start a bodily response, such as muscle
contraction or the release of hormones.
Two important classes of neurons are stress neurons and maintenance neurons.
Both types are always firing, but in times of stress, as when facing an angry bear
or giving a speech, the stress neurons are more active than the maintenance neurons. This condition is the fight-or-flight response, during which fear causes
stress neurons to trigger rapid physiological changes to help defend against
impending danger: the mind becomes alert, air passages in the nose and lungs

FIGURE
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erVeimpulses can travel in a neuron at speeds of up to 100 meters
per second (250 miles per hourl),
but neurotransmitters travel across
the synaptic cleft at only about 10-5
meter per second. One of the reasons
for this comparative slowness is the
process that moves the neurotransmitters across the synaptic cleft. Once
the neurotransmitters are released
into the cleft, they are prodded to the
other side merely by the random
bumping of jigg ling molecules in the
cleft-a process known as diffusion.
Recallfrom Section 1.6 that molecules slow down with decreasing

temperature. The effect of temperature on diffusion can be readily seen
by adding food coloring to water.
WHAT

YOU

2.

NEED

Food coloring, three drin king glasses,
ice-cold water, warm water, hot
water
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NEURONS

Add a drop of food coloring to
each glass. The drop will sin k to
the bottom and then begin to
diffuse. Observe how long it
takes until the water is uniform ly
colored.

PROCEDURE
1.

Fillone glass with the ice-cold
water, one with the warm water,
and one with the hot water. Allow
the glasses of water to stand for a
couple of minutes so that the
water is perfectly still.

open to bring in more oxygen, the heart beats faster to spread the oxygenated
blood throughout the body, and nonessential activities such as digestion are
temporarily stopped. In times of relaxation, such as sitting down in front of the
television with a bowl of potato chips, the maintenance neurons are more active
than the stress neurons. Under these conditions, digestive juices are secreted,
intestinal muscles push food through the gut, the pupils constrict to sharpen
vision, and the heart pulses at a minimal rate.

What is a neurotransmitter?
Was this your answer? A neurotransmitter
is a small organic molecule
released by a neuron into a synaptic cleft. It influences neighboring tissue,
such as the postsynaptic mem brane of a neuron on the opposite side of the
cleft, by binding to receptor sites.
NEUROTRANSMITTERS
INCLUDE NOREPINEPHRINE,
DOPAMINE,
SEROTONIN,
AND CiABA

ACETYLCHOLINE,

On the chemical level, stress and maintenance neurons can be distinguished by
the types of neurotransmitters they use. The primary neurotransmitter for stress
neurons is norepinephrine, and the primary neurotransmitter for maintenance
neurons is acetylcholine, both shown in Figure 14.20. As we shall see in the following sections, many drugs function by altering the balance of stress and maintenance neuron activity. In addition to norepinephrine and acetylcholine, a host
of other neurotransmitters contribute to a broad range of effects. Three examples are the neurotransmitters dopamine, gamma aminobutyric acid, and serotonin, all shown in Figure 14.21.
Dopamine plays a significant role in activating the brain's reward center,
which is located in the hypothalarnus, an area at the lower middle of the brain,
as illustrated in Figure 14.22. The hypo thalamus is the main control center for
emotional response and behavior. Stimulation of the reward center by dopamine

OH
HO~NH2

HO
Norepinephrine

Acetylcholine

FIGURE

14.20

The chemical structures of the
stress neurotransmitter norepinephrine and the maintenance
neurotransmitter acetylcholine.
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14.21

The chemical structures of three important neurotransmitters.

Hypothalamus

FIGURE

14.22

The human brain.

• Recently developed drugs, known
as ampakines, have been clinically
shown to enhance learning and
memory skills.These "smart pills"
are being developed as a possible
treatment for narcolepsy, attention deficit disorder, and
Alzheimer's disease. Once
approved by the FDA,physicians
can prescribe them for off-label
uses, such as jet lag or age-related
forgetfulness. These agents act
primarily within the central nervous system (brain and spinal
cord), and they do not cause the
jitteriness commonly associated
with caffeine or amphetamines.
MORE

TO

EXPLORE

www.cortexpharm.com
http://nootropics.com

results in a pleasurable sense of euphoria, which is
an exaggerated sense of well-being.
The control of physical responses ultimately
allows us to perform such complex tasks as driving a
car or playing the piano. The control of emotional
responses allows us to refine our behavior, such as
overcoming anxiety in tense social interactions or
Cerebellum
remaining calm in an emergency. The brain controls
both physical and emotional responses by inhibiting
the transmission of nerve impulses. The neurotransmitter responsible
for this inhibition-gamma
amino butyric acid (GABA)-is
the major inhibitory
neurotransmitter
of the brain. Without it, coordinated movements and emotional skills would not be
possible.
Serotonin is another neurotransmitter
used by the
brain to block unneeded nerve impulses. To make sense of the world, the frontal
lobes of the brain selectively block out a multitude of signals coming from the
lower brain and from parts of the nervous system. We are not born with this ability to selectively block out information. In order to have an appropriate focus on
the world, newborns must learn from experience which lights, sounds, smells, and
feelings outside and inside their bodies must be dampened. A healthy, mature
brain is one in which serotonin successfully suppresses lower-brain nerve signals .
Information that does make it to the higher brain can then be sorted efficiently.
Drugs that modify the action of serotonin alter the brain's ability to sort information, and this alters perception. LSD is one such drug. While hallucinating,
an
LSD user rarely sees something that isn't there. Rather, the user has an altered perception of something that does exist.

I"

C ::t::

___
___
___

~h~~~u~otTansmitterto its primaryfunction
norepinephrine
a. inhibits nerve transmission
acetylcholine
b. stimulates reward center
dopamine
c. selectively blocks nerve impulses
serotonin
d. maintains stressed state
GABA
e. maintains relaxed state

Were these your answers? d, e, b, c, a.
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• 14.6 Psychoactive Drugs Alter the Mind or Behavior
~g
affecting the mind or behavior is classified as psychoactive. In
"~~sa::~tion
we focus on three classes of psychoactive drugs: stimulants,
hallucinogens, and depressants.
STIMULANTS

ACTIVATE

THE STRESS NEURONS

By enhancing the intensity of our reactions to stimuli, stimulants cause brief
periods of heightened awareness, quick thinking, and elevated mood. Four
widely recognized stimulants are amphetamines, cocaine, caffeine, and nicotine.
Amphetamines are a family of stimulants that include the parent compound
amphetamine (also known as "speed") and such derivatives as methamphetamine
and pseudoephedrine. As you can see by comparing Figure 14.23 with Figures
14.20 and 14.21, these drugs are structurally similar to the neurotransmitters norepinephrine and dopamine. As might be expected, amphetamines bind to receptor
sites for these neurotransmitters, thereby mimicking many of their effects, including
the fight-or-flight response and the ability to give a person a sense of euphoria.
Amphetamines not only mimic the action of norepinephrine and dopamine;
they also boost the levels of these neurotransmitters in a synaptic cleft by blocking their removal. Normally, neurotransmitters are reabsorbed by presynaptic
neurons after they have exerted their effect on postsynaptic receptor sites. This
process, commonly called neurotransmitter reuptake and illustrated in Figure
14.24, is the body's way of recycling neurotransmitters, molecules that are difficult to synthesize. Special membrane-embedded proteins are required to pull
once-used neurotransmitter molecules back into a presynaptic neuron. Amphetamines inactivate norepinephrine and dopamine reuptake proteins by binding
to them. As a consequence, the concentration of these stimulating neurotransmitters in the synaptic cleft is maintained at a higher-than-normallevel.
The stimulating and mood-altering effects of amphetamines give them a high
abuse potential. Side effects include insomnia, irritability, loss of appetite, and
paranoia. Amphetamines take a particularly hard toll on the heart. Hyperactive
heart muscles are prone to tearing. Subsequent scarring of tissue ultimately leads
to a weaker heart. Furthermore, amphetamines cause blood vessels to constrict
and blood pressure to rise, conditions that increase the likelihood of heart attack
or stroke.

Amphetamine

Methamphetamine

FIGURE

14.23

Amphetamines are a family of
compounds structurally related
to the neurotransmitters norepinephrine and dopamine.

Pseudoephedrine

498

CHAPTER

FIGURE

14

THE

CHEMISTRY

OF DRUGS

14.24

<D Neurotransmitters bind to
their postsynaptic receptors.
~ Neurotransmitters are reabsorbed by the presynaptic neuron
that released them through proteins embedded in the presynaptic membrane. ® A drug that
interferes with reuptake causes a
buildup of neurotransmitters in
the synaptic cleft.

Presynaptic neuron

Postsynaptic
membrane

Neurotransmitter
receptor site

•
• In 1900, about 2 to 5 percent of
the US population was addicted
to morphine and cocaine, which
were the prime and usually
secret ingredients of unregulated
potions advertised to alleviate
practically any illness. This drug
addiction was reduced dramatically after the passage of the
1906 Pure Food and Drug Act.
Three important aspects of this
act were (1) The creation of the
Food and Drug Administration,
which was given authority to
approve all foods and drugs
meant for human consumption,
(2) The requirement that certain
drugs could be sold only by prescription, and (3)The requirement that habit-forming
medicines be labeled as such.
MORE

TO

EXPLORE,

wwwdruglibraryorg/schaffer/

History/whttebt.htrn

c

Neurotransmitter

!!Drug

that blocks
reuptake mechanism

Drug addiction is not completely understood, but scientists do know that it
involves both physical and psychological dependence. Physical dependence is the
need to continue taking the drug to avoid withdrawal symptoms, which for
amphetamines include depression, fatigue, and a strong desire to eat. Psychological
dependence is the craving to continue drug use. This craving may be the most serious and deep-rooted aspect of addiction in that it can persist even after withdrawal
from physical dependence, frequently leading to renewed drug-seeking behavior.
One of the more notorious and abused stimulants is cocaine, a natural product isolated from the South American coca plant, shown in Figure 14.25. Once
in the bloodstream, cocaine produces a sense of euphoria and increased stamina. It is also a powerful local anesthetic when applied topically. Within a few
decades of its first isolation from plant material in 1860, cocaine was used as a
local anesthetic for eye surgery and dentistry-a
practice that stopped once
safer local anesthetics were discovered in the early 1900s.
Cocaine and amphetamines share a similar profile of addictiveness, though
cocaine's addictive properties are more intense. The cocaine that is inhaled
nasally is the hydrochloride salt. The free-base form of cocaine, called crack
cocaine, is also abused. As with the street drug "ice," which is the free-base form
of methamphetamine, crack cocaine is volatile and may be smoked for what is
an intense bur profoundly dangerous and addictive high.
Amphetamines and cocaine work the same way in the body, but cocaine is
much more vigorous at blocking the reuptake of dopamine. How cocaine works
is illustrated in Figure 14.26. The great buildup of dopamine in synaptic clefts
in the brain's reward center is the source of cocaine's euphoric effect. As cocaine
keeps dopamine from being reabsorbed by the presynaptic neuron, the
dopamine remains active in the synaptic cleft, and as a result the reward center
stays stimulated. This euphoric state is only temporary, however, because
enzymes in the cleft metabolize, and hence deactivate, the dopamine. Once the
cocaine is metabolized by enzymes, dopamine reuptake is again permitted. By
this time, however, there is very little dopamine in the cleft to be reabsorbed.
Nor is there an adequate supply of dopamine in the presynaptic neuron, which
is unable to make sufficient quantities of dopamine without the recycling
process. The net result is a depletion of dopamine that causes severe depression.
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14.25

The South American coca plant
has been used by indigenous cultures for many years in religious
ceremonies and as an aid to staying awake on long hunting trips.
Leaves are either chewed or
ground to a powder that is
inhaled nasally.

Long-term cocaine or amphetamine abuse leads to a deterioration of the nervous
system. The body recognizes the excessive stimulatory actions produced by these
drugs. To deal with the overstirnulation, the body creates more depressant receptor
sites for neurotransmitters
that inhibit nerve transmission. A tolerance for the drugs
therefore develops. Then, to receive the same stimulatory effect, the abuser is forced
to increase the dose, which induces the body to create even more depressant receptor sites. The end result over the long term is that the abuser's natural levels of
dopamine and norepinephrine
are insufficient to compensate for the excessive
number of depressant sites. Lasting personality changes are thus often observed.

14.26

Cocaine affects dopamine levels
in the synaptic clefts of the
brain's reward center.

{J Cocaine

o Dopamine
GD

FIGURE

Deactivated dopamine

'V0 Deactivated

cocaine

~ Enzyme

Presynaptic neuron
Reuptake protein
blocked by cocaine

o

o

••
()

o

Dopamine

o

/)

receptor site

Postsynaptic neuron

Cl)

High levels of dopamine remain active
in the synaptic cleft as cocaine blocks
dopamine reuptake sites. This causes
cocaine's euphoric effect.

o

Dopamine is metabolized and
deactivated as it loiters in the
synaptic cleft awaiting reuptake.

®

After cocaine is metabolized and
deactivated, dopamine reuptake is
no longer blocked, but there is very
little dopamine in the synaptic cleft
or in the neurons, and the cocaine
user experiences extreme depression.
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What are two ways in which amphetamines

and cocaine exert their effects?

Was this your answer? Amphetamines and cocaine in the synaptic cleft
both mimic the action of neurotransmitters.
They also block the reuptake of
neurotransmitters,
which results in an increase in the concentration ofneurotransmitters in the cleft. The main action of amphetamines
is their mimicking of neurotransmitters,
whereas the main action of cocaine is the
blocking of neurotransmitter
reuptake.

Caffeine

FIGURE

14.27

A coffeeplant with its ripening,

caffeine-containing beans.

A much milder and legal stimulant is caffiine, depicted in Figure 14.27. A
number of mechanisms have been proposed for caffeine's stimulatory effects. Perhaps the most straightforward mechanism is caffeine's facilitating of the release of
norepinephrine into synaptic clefts. Caffeine also exerts many other effects on the
body, such as dilation of arteries, relaxation of bronchial and gastrointestinal muscles, diuretic action on the kidneys, and stimulation of stomach-acid secretion.
The caffeine we ingest comes from various natural sources, including coffee
beans, teas, kolanuts, and cocoa beans. Kolanut extracts are used for making cola
drinks, and cocoa beans (not to be confused with the cocaine-producing coca
plant) are roasted and then ground to a paste used for making chocolate. Caffeine
is relatively easy to remove from these natural products using high-pressure carbon dioxide, which selectively dissolves the caffeine. This allows for the economical production of "decaffeinated" beverages, many of which, however, still
contain small amounts of caffeine. Interestingly, cola drink manufacturers use
decaffeinated kolanut extract in their beverages. The caffeine is added in a separate
step to guarantee a particular caffeine concentration. In the United States, about
2 million pounds of caffeine is added to soft drinks each year. Table 14.4 shows
the caffeine content of various commercial products. For comparison, the maximum daily dose of caffeine tolerable by most adults is about 1500 milligrams.
Another legal, but far more roxic, stimulant is nicotine. As noted earlier,
tobacco plants produce nicotine as a chemical defense against insects. This compound is so potent that a lethal dose in humans is only about 60 milligrams. A
single cigarette may contain up to 5 milligrams of nicotine. Most of it is
destroyed by the heat of the burning embers, however, so that less than 1 milligram is typically inhaled by the smoker.
Nicotine and the neurotransmitter acetylcholine, which acts on maintenance
neurons, have similar structures, as Figure 14.28 illustrates. Nicotine molecules
are therefore able to bind to acetylcholine receptor sites and trigger many of
acetylcholine's effects, including relaxation and increased digestion, which
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0 N TE N T OF VARIOUS

Product

Caffeine Content

Brewed coffee
Instant coffee
Decaffeinated coffee
Blacktea
Cola drink
Chocolate bar
Over-the-counter stimulant
Over-the-counter analgesic

100-150
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mq/cup
z-jo mq/cup
50-150 mg/cup
50-100

35-55 mq/iz oz
1-2

mg/oz

100
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PRODUCTS

14.6

PSYCHOACTIVE

DRUGS

CH3

r~/

H COl
3

<, /

C

"'--CH3

ALTER

THE

MIND

OR

BEHAVIOR

501

Nicotine is able to bind to receptor sites for acetylcholine because
of structural similarities.

CH3

11

o

Nicotine

Acetylcholine

explains the tendency of smokers to smoke after eating meals. In addition,
acetylcholine is used for muscle contraction, and so the smoker may also experience some muscle stimulation immediately after smoking. After these initial
responses, however, nicotine molecules remain inertly bound to the acetylcholine receptor sites, thereby blocking acetylcholine molecules from binding.
The result is that the activity of these neurons is depressed.
Recall that maintenance neurons and stress neurons are both always working.
Thus inhibiting the activity of one type increases the activity of the other type. So,
as nicotine depresses the maintenance neurons, it favors the stress neurons, thereby
raising the smoker's blood pressure and stressing the heart. Up in the brain, nicotine
affects the stress system directly by enhancing the release of stress neurotransmitters, such as norepinephrine. Nicotine also increases the levels of dopamine in the
reward center. Furthermore, when inhaled, nicotine is a fast-acting drug. All of
these factors give nicotine a high level of addictiveness. Animal studies show
inhaled nicotine to be about six times more addictive than injected heroin. Because
nicotine leaves the body quickly, withdrawal symptoms begin about 1 hour after a
cigarette is smoked, which means the smoker is inclined to light up frequently.
Figure 14.29 on page 502 shows what a smoker's lungs look like after years of
smoking. In the United States, about 450,000 individuals die each year from
such tobacco-related health problems as emphysema, heart failure, and various
forms of cancer, especially lung cancer, which is brought on primarily by
tobacco's tar component. Some relief from the addiction can be obtained with
nicotine chewing gum and nicotine skin patches. In order for any method to be
effective, however, the smoker must first genuinely desire to quit smoking.

•
• In addition to serving as a stimulant, nicotine also has some analgesic properties, which means
that it enhances the ability to
tolerate pain. A structurally
related analog of nicotine,
known as epibatidine (shown
below), is even better at producing analgesia and has been
shown to be over 200 times
more analgesic than morphine.

Cl

CK
Caffeine and nicotine both add stress to the nervous system, but they do so
by different means. Briefly describe the difference.
Was this your answer? Caffeine stimulates the release of the stress neurotransmitter norepinephrine, and nicotine both depresses the action of the
maintenance neurotransmitter
acetylcholine and enhances the release of
norepinephrine.
HALLUCINOGENS

AND

CANNABINOIDS

ALTER PERCEPTIONS

A hallucinogen, also known as a psychedelic, is any drug that can alter visual perceptions and skew the user's sense of time. Hallucinogens have a pronounced
effect on moods, thought patterns, and behavior. Two main categories ofhallucinogens are represented by the compounds lysergic acid diethylamide (LSD)
and mescaline. A closely related category of drugs is the cannabtnoids, the psychoactive components of marijuana. Cannabinoids do not alter visual perceptions and so are not true hallucinogens. They are similar to hallucinogens in
other regards, however, such as in their ability to alter our sense of time.
LSD is the prototypic hallucinogen. Its molecular structure, shown in Figure
14.30, is very similar to that of serotonin, and this similarity permits LSD to

Epibatidine

Further studies show that epibatidine and nicotine bind to a different analgesia-producing
receptor site than morphine,
which means that nicotine
analogs represent a whole new
class of analgesics. Epibatidine is
isolated from the skin of a poisonous frog of Ecuador. Its toxicity is too great to allow for
clinical applications. Medicinal
chemists are working hard, however, to discover other nicotine
analogs that have optimal analgesic effects with minimal toxicities and, ideally, a low level of
addictiveness.
MORE

TO

EXPLORE,

www.phc.vcu.edu/Feature/
01dfeature/epi fin dexz.htm 1
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Cigarette manufacture

FIGURE

14.29

The path of tobacco from the
field to a smoker's lungs. About
46 million Americans smoke
despite an awareness of the dangers of this habit.

Blackened lungs
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The side chain of serotonin can
rotate into a number of conformations. Upon binding to a
receptor site, however, the side
chain is likely to be held in conformation 3. Note how the LSD
molecule can be superimposed on
structure 3. LSD may therefore
be thought of as a modified serotonin molecule in which the side
chain is held in the ideal conformation for receptor binding.
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~NH2

Methylened ioxya m phetamine

Phenylethylamine

(MDA)

Mescaline

FIGURE

activate serotonin receptors even better than serotonin does. This means that
unusually high numbers of nerve impulses are blocked, increasing our normal
dampening powers. It is LSD's ability to interfere with serotonin's work that
causes LSD users to experience an altered sense of reality. Because LSD also stimulates the reward center, the change in sensory organization is usually, bur not
always, characterized as a favorable experience. LSD also triggers the stress neurons, resulting in enlarged pupils, elevated blood pressure and heart rate, nausea,
and tremors. These stress effects can shift the mood of an affected person to
panic and anxiety. Because the LSD molecule is nonpolar, quantities may be
trapped and hidden away in nonpolar fatty tissue, only to be released months
later and result in a mild recurrence of the experience.
In the early 1970s, there was a significant rise in the street use of hallucinogenic derivatives of the compound phenylethylamine, shown in Figure 14.31.
Initial interest was given to mescaline, the hallucinogenic component of several
species of cacti used in religious ceremonies by Native American tribes in the
western United States. One plant yielding this compound is pictured in Figure
14.32. Synthetic derivatives, such as methylenedioxyamphetamine (MDA), also
became popular. Unlike LSD, these hallucinogens do not exert their effects by
binding to serotonin receptor sites. Rather, they stimulate the release of excess
quantities of serotonin. This pathway is not as effective as LSD's direct
approach, and as a result these drugs are 200 to 4000 times less potent than
LSD. Because larger doses of mescaline and MDA are required, a multitude of
other effects are seen, such as a marked stimulation of the stress neurons. In
addition, the regular use of these compounds causes withdrawal symptoms.
Cannabinoids are the psychoactive components of marijuana, which has the
species name Cannabis sativa. Concentrations of cannabinoids vary greatly from
plant to plant. The original strains of this plant species contain very little of
these psychoactive components and have been used for many centuries for their
great fiber qualities. Strains of Cannabis that may be smoked for psychoactive
effects on average contain abour 4 percent cannabinoid derivatives. The most
active of these derivatives is the compound ~9 -tetrahydrocannabinol (THC),
shown in Figure 14.33 on page 504.
How THC exerts its psychoactive effect is not completely understood. In
1990, a specific receptor site for the THC molecule was discovered. A few
years later, a peptide occurring naturally in the body was found to bind to this

14.31

Hallucinogenicderivativesof
phenylethylamine.

FIGURE

14.32

The peyotecactusis a sourceof
the hallucinogenmescaline.
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The major psychoactive
component of marijuana is
A9 -tetrahydrocannabinol.

~9-Tetrahydrocannabinol (THC)

receptor and initiate marijuana-like responses. These results suggest that THC
functions by mimicking this naturally occurring peptide.
Most notably, cannabinoids accumulate in the area of the brain where shortterm memories are sorted. Every experience we ever have goes through this center.
Some things-the image of a sidewalk crack you saw on a morning walk, sayget thrown out. Other experiences, like your first date, get filed away in long-term
memory storage. Cannabinoids disrupt this filing system so that memories are not
sorted appropriately. In addition, people under the influence of cannabinoids may
have a distorted sense of time and unclear thoughts. Anomer effect of cannabinoids is unrestful sleep. The brain sorts through memories during a phase of sleep
marked by rapid eye movement (REM). People who smoke marijuana lose REM
sleep time, which results in irritability the following day. Once the memory filing
center is cleared of the drug, which may take days or even weeks, the brain makes
up for lost time by having extra long periods of REM .

•
• Alcoholic beverages seasoned in
wooden caskets, such as whiskies
or red wines, tend to have significant amounts of methanol,
CH30H, also known as wood alcohol. The toxicity of the methanol
explains why these beverages
tend to give harsher hangovers
upon drinking too much. On an
unrelated note, according to a
2004 Australian study, drivers
using "hands-free" cells phones
are about four times more likely
to be in a traffic accident. In other
words, driving under the influence of a telephone conversation
is comparable to drivinq under
the influence of alcohol.
MORE

TO

EXPLORE,

British Medical Journal
wwwstudentbmj.com/issues/
021 06/education 1184. php

Why is marijuana

not considered a true hallucinogen?

Was this your answer? The chemicals in marijuana
perceptions.
DEPRESSANTS INHIBIT
THE ABILITY
TO CONDUCT IMPULSES

do not alter visual

OF NEURONS

Depressants are a class of drugs that inhibit the ability of neurons to conduct
impulses. Two examples of depressants are ethanol and benzodiazepines.
Ethanol, also known simply as alcohol, is by far the most widely used depressant. Its structure is shown in Figure 14.34. In the United States, about a third
of the population, or about 100 million people, drink alcohol. It is well established that alcohol consumption leads to about 150,000 deaths each year in the
United States. The causes of these deaths are overdoses of alcohol alone, overdoses of alcohol combined with other depressants, alcohol-induced violent
crime, cirrhosis of the liver, and alcohol-related traffic accidents.
Benzodiazepines are a potent class of anti anxiety agents. Compared with many
other types of depressants, benzodiazepines are relatively safe and rarely produce
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One of the initial effectsof alcohol is a depression of social inhibitions, which can serve to
bolster mood. Alcohol is not a
stimulant, however.From the
first sip to the last, body systems
are being depressed.

Ethanol

cardiovascular and respiratory depression. Their anti anxiety effects were identified in 1957 by chance. During a routine laboratory cleanup, a compound that
had been sitting on the shelf for 2 years was submitted for routine testing despite
the fact that compounds thought to have similar structures had shown no promising pharmacologic activity. This particular compound, however, shown in
Figure 14.35 and now known as chlordiazepoxide, contained an unusual sevenmembered ring. Chlordiazepoxide showed a significant calming effect in
humans and by 1960 was marketed under the trade name Librium as an
antianxietyagent. Shortly thereafter, a derivative, diazepam, was found to be five
to ten times more potent than chlordiazepoxide. In 1963 diazepam hit the market under the trade name Valium.
A primary way in which alcohol and benzodiazepines exert their depressant
effect is by enhancing the action of GABA. As shown in Figure 14.36, GABA
keeps electrical impulses from passing through a neuron by binding to a receptor site on a channel that penetrates the cell membrane of the neuron. Figure
14.36a shows that when GABA binds to the receptor site, the channel opens,

The benzodiazepines Librium
and Valium.

Cl

Cl

Chlordiazepoxide
(Librium)

Diazepam
(Valium)
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14.36

(a) When GABA binds to its
receptor site, a channel opens to
allow negatively charged chloride
ions into the neuron. The high
concentration of negative ions
inside the neuron prevents the
electric potential from reversing
from negative to positive.
Becausethat reversalis necessary
if an impulse is to travel through
a neuron, no impulse can move
through the neuron. (b) Alcohol
mimics GABA by binding to
GABA receptor sites.

FIGURE

~

allowing chloride ions to migrate into the neuron. The resulting negative charge
buildup in the neuron maintains the negative electric potential across the cell
membrane, thereby inhibiting a reversal to a positive potential and preventing
an impulse from traveling along the neuron. (If you are having trouble understanding this, go back and review Figure 14.18 and the text describing it.)
Alcohol mimics the effect of GABA by binding to GABA recepror sites,
allowing chloride ions to enter the neuron, as shown in Figure 14.3Gb. The
effect of alcohol is dose-dependent-the
greater the amount drunk, the greater
the effect. At small concentrations, few chloride ions are permitted into the neuron; these low concentrations of ions decrease inhibitions, alter judgment, and
impair muscle control. As the person continues to drink and the chloride ion
concentration inside the neuron rises, both reflexes and consciousness diminish,
eventually to the point of coma and then death.
Recall from our discussion of cocaine and amphetamines that the body
responds to the long-term abuse of these stimulants by creating more depressant
receptor sites. Likewise, the body recognizes the excessive inhibitory actions
produced by alcohol and tries to recover by increasing the number of synaptic
receptor sites that lead to nerve excitation. A tolerance for alcohol therefore
develops. To receive the same inhibitory effect, the drinker is forced to drink
more, which induces the body to create even more excitable synaptic receptor
sites. Eventually, an excess of these excitatory receptor sites leads to perpetual
body tremors, which can be subdued either by more drinking or, with greater
difficulty, by a long-term cessation of alcohol consumption.
Figure 14.37 illustrates how benzodiazepines exert their depressant effects by
binding to receptor sites located adjacent to GABA receptor sites. Benzcdi-

14.37

The receptor site for a benzodiazepine is adjacent to the GABA
receptor site. Ca)A benzodiazepine cannot open up the
chloride channel on its own.
(b) Rather, the benzodiazepine
helps GABAin its channelopening task.
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Benzodiazepine
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azepine binding helps GABA bind. Because benzodiazepines don't directly open
chloride-ion channels, overdoses of these compounds are less hazardous than
overdoses of alcohol. For this reason, benzodiazepines have become a drug of
choice for treating symptoms of anxiety.

Does the activity of a neuron increase or decrease as chloride ions are
allowed to pass into it?
Was this your answer? Chloride ions inside the neuron help maintain the
negative electric potential. This inhibits the neuron from conducting an
impulse (see Figure 14.18). Chloride ions therefore decrease the activity of a
neuron.

• 14.7 Pain Relievers Inhibit the Transmission
or Perception of Pain
hysical pain is a complex body response to injury.
On the cellular level, pain-inducing biochemicals
are rapidly synthesized at the site of injury, where they
initiate swelling, inflammation, and other responses that
get your body's attention. These pain signals are sent
through the nervous system to the brain, where the pain
is perceived. To alleviate pain, drugs act at various stages
of this process, as shown in Figure 14.38.
Anesthetics prevent neurons from transmitting sensations to the brain. Local anesthetics are applied either topically to numb the skin or by injection to numb deeper
tissues. These mild anesthetics are useful for minor surgicalor dental procedures. As described earlier, cocaine was
the first medically used local anesthetic. Others having
fewer side effects soon followed, such as the ones shown
in Figure 14.39 on page 508. In general, molecules that
have strong local anesthetic properties have an aromatic ring linked to an amine
group by an intermediate chain of a particular length. Benzocaine lacks an amine
group and so has low activity, which permits its use as an over-the-counter topical
anesthetic good for mouth sores and sunburn.
A general anesthetic blocks out pain by rendering the patient unconscious.
Gaseous general anesthetics are commonly used because with them the anesthesiologist has excellent control over how much anesthetic is given. As discussed
in Section 12.3, diethyl ether was one of the first general anesthetics. Two of the
more popular gaseous general anesthetics used by anesthesiologists today are
those shown in Figure 14.40 on page 508, sevoflurane and nitrous oxide. When
inhaled, these compounds enter the bloodstream and are distributed throughout the body. At certain blood concentrations, general anesthetics render the
individual unconscious, which is useful for invasive surgery. General anesthesia
must be monitored very carefully, however, so as to avoid a major shutdown of
the nervous system and subsequent death.
Analgesics are a class of drugs that enhance our ability to tolerate pain without
abolishing nerve sensations. Over-the-counter analgesics, such as aspirin, ibuprofen, naproxen, and acetaminophen, inhibit the formation of prostaglandins, which,
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(anesthetics)

FIGURE

14.38

Injury to tissue causes the transmission of pain signals to the
brain. Pain relieversprevent this
transmission, inhibit the inflammation response, or dampen the
brain's ability to perceive the
pam.
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Local anesthetics have similar
structural features, including an
aromatic ring, an intermediate
chain, and an amine group. Ask
your dentist which ones he or she
uses for your treatment.

Benzocaine

Procaine
(Novocaine)

Lidocaine
(Xylocaine)

Cocaine

Aromatic
ring

H

H

I
I
F-C-O-C-CF
I
I
H

3

CF3

Sevoflurane

The chemical structures of
sevoflurane and nitrous oxide.

Intermediate
chain

Amine
group

as Figure 14.41 illustrates, are biochemicals the body quickly synthesizes to generate
pain signals. Analgesics also reduce fever because of the role prostaglandins play in
raising body temperature. In addition to reducing pain and fever, aspirin, ibuprofen, and naproxen act as anti-inflammatory agents because they block the formation of a certain type of prostaglandin responsible for inflammation. Acetaminophen does not act on inflammation. These four analgesics
are shown in Figure 14.42 on page 510.
The more potent opioid analgesics-morphine,
codeine,
and heroin (see Figure 14.1 )-moderate
the brain's perception of pain by binding to receptor sites on neurons.
Initial discovery of these receptor sites raised the question
of why they exist. Perhaps, it was hypothesized, opioids
mimic the action of a naturally occurring brain chemical.
Endorphins, a group of polypeptides that have strong opioid activity, were subsequently isolated from brain tissue. It
Nitrous oxide
has been suggested that endorphins, an example of which is
shown in Figure 14.43 on page 510, evolved as a means of
suppressing awareness of pain that would otherwise be
incapacitating in life-threatening situations. The "runner's
high" experienced by many athletes after a vigorous workout is caused by endorphins.
Endorphins are also implicated in the placebo effict, in which patients experience a reduction in pain after taking what they believe is a drug but is actually a
sugar pill. (A placebo is any inactive substance used as a control in a scientific
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14.41

(a) Prostaglandins, which cause pain signals to be sent to the brain, are synthesized by
the body in response to injury. The starting material for all prostaglandins is arachidonic acid, which is found in the plasma membrane of all cells. Arachidonic acid is
transformed to prostaglandins with the help of an enzyme. There are a variety of
prostaglandins, each having its own effect, but all have a chemical structure resembling the one shown here. (b) Analgesics inhibit the synthesis of prostaglandins by
binding to the arachidonic acid receptor site on the enzyme. With no prostaglandins,
no pain signals are generated.

experiment.) Through the placebo effect, it is the patients' belief in the effectiveness of a medicine rather than the medicine itself that leads to pain relief. The
involvement
of endorphins
in the placebo effect has been demonstrated
by
replacing the sugar pills with drugs that block opioids or endorphins from binding to their receptor sites. Under these circumstances, the placebo effect vanishes.
In addition to acting as analgesics, opioids can induce euphoria, which is
why they are so frequently abused. With repeated use, the body develops a tolerance to these drugs: more and more must be administered
to achieve the
same effect. Abusers also become physically dependent
on opioids, which
means they must continue to take the opioids to avoid severe withdrawal symptoms, such as chills, sweating, stiffness, abdominal
cramps, vomiting, weight
loss, and anxiety. Interestingly, when opioids are used primarily for pain relief
rather than for pleasure, the withdrawal symptoms are much less dramaticespecially when the patient does not know he or she has been taking these
drugs.

• The ioth-century chemist Felix
Hoffman created aspirin, acetylsalicylic acid, by adding the acetyl
functional group to salicylic acid.
Two weeks after doing so, he
applied the same chemistry to
morphine to create diacetylmorphine. The company he was working for, Bayer,named and
marketed this product "heroin"
for the "heroic"feeling it inspired
in users. It was erroneously
advertised as being a nonaddictive alternative to morphine.
More important, however, heroin
is a powerful cough suppressant.
At the time, tuberculosis and
pneumonia were the leading
causes of death. Heroin became a
highly welcomed medicine as it
allowed people sick from these
diseases to obtain a restorative
nig ht's sleep. By1913,the negative
aspects of heroin became widely
known and Bayer stopped producing it, instead focusing on the
selling of aspirin.
MORE

TO

EXPLORE,

http://opioids.com/heroin/
heroin history.htm 1

510

CHAPTER

14

THE

CHEMISTRY

OF

DRUGS

o

o
C

o

11

o

11

"'--OH

H

C

11

C

11

©r~'OH

~

"'--OH

\
C-CH
!I
3

'ClI,

OH

o

Naproxen
(Aleve)

Ibuprofen
(Advil, Motrin)

Aspirin

FIGURE

Acetaminophen
Datril)

14.42

Aspirin, ibuprofen, and naproxen block the formation of prostaglandins responsible
for pain, fever, and inflammation. Acetaminophen blocks the formation only of
prostaglandins responsible for pain and fever.
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Mer-enkephalin is just one of
many endorphins, which are
pain-relieving polypeptides produced by the body. Studies show
a similarity between the structure
of opioids and the structure of
the tyrosine-glycine-glycine portion of this macromolecule, a
similarity that supports the
notion that endorphins and opioids fit the same receptor sites.

Tyrosine

~

Glycine

N---.C

I

H

I ~C;/O

H

)

H-N
/

H-C-H¥
(.
Glycine

CH3

I

\~

C

T

-,
N

CH2
102
I <, C
11
H
"'--C

CH
I

1

H
Phenylalanine

~

Met-enkephalin

.

-N

CH20

I----C___.~

H

1

~
Methionine

"'--OH
..

J

14.8
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FOR THE
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OPEN

BLOOD

VESSELS

OR ALTER

The most widely used approach to treating opioid addiction is methadone
maintenance. Methadone, shown in Figure 14.44, is a synthetic opioid derivative that has most of the effects of other opioids, including euphoria, bur differs in that it retains much of its activity when taken orally. This means that
doses are very easy to control and monitor. The withdrawal symptoms of
methadone are also far less severe, and the addict may be slowly weaned off
the opioid without excessive stress. An addict may be freed of physical
dependence in a matter of months. The psychological dependence, however,
usually persists throughout the individual's life, which is why the relapse rate
is so high.

r:

HEART

RATE
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Methadone

C£PdiECK

Distinguish between an anesthetic

and an analgesic.

Was this your answer? An anesthetic blocks pain signals from reaching the
brain, and an analgesic facilitates the ability to manage pain signals once
they are received by the brain.

• 14.8 Drugs for the Heart Open Blood Vessels

Methadone/Morphine

or Alter Heart Rate
FIGURE

-l-6ease
is any condition that diminishes the heart's ability to pump
"~~~~~~sA common heart disease is arteriosclerosis, a buildup of plaque on
the inside walls of arteries. As discussed in Section 13.8, plaque deposits are
mostly an accumulation of low-density lipoproteins, which are high in cholesterol and saturated fats. Plaque-filled arteries are less elastic and have a decreased
volume. Both these effects make pumping blood more difficult, and the heart
becomes overworked and weakens. Accumulated damage to heart muscle from
arteriosclerosis or other stresses can result in abnormal heart rhythms, known as
arrhythmia. Chest pains, known as angina, result from an insufficient oxygen
supply to heart muscles. Ultimately, the weakened heart does not adequately circulate blood to the body. People with heart disease have decreased stamina and
frequently need to catch their breath.
As discussed in Section 13.8,'another great danger of arteriosclerosis is the
potential for a blood clot around the site of plaque formation. Such a clot is carried through the bloodstream until it clogs a blood vessel, effectively cutting off
the blood supply to tissue, which then begins to die. A heart attack occurs when
the dying tissue is heart muscle. Some heart attacks progress slowly, allowing the
victim time to seek medical assistance, which may involve the administration of
a quick-acting clot-dissolving enzyme. Other heart attacks are more rapid,
killing the victim within minutes. Surviving a heart attack means living with a
heart weakened by dead tissue.
Vasodilators are a class of drugs that increase the blood supply to the heart by
expanding blood vessels. They are useful for treating angina. They also reduce
the workload of the heart because opening up the blood vessels makes pumping
blood easier. Traditional vasodilators include nitroglycerin and amyl nitrite,
both shown in Figure 14.45. They can be administered by a number of routes,
including orally, sublingually (under the tongue), or as a transdermal patch. A
benefit of the latter two approaches is that they allow the drug to enter the body
slowly, in contrast to what happens when the drug is taken orally or by injection. These organic nitrates are metabolized to nitric oxide, NO, which has been
shown to relax muscles in blood vessels.

14.44

The structure of methadone
(black) superimposed on that of
morphine (blue and black).
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The vasodilators nitroglycerine
and amyl nitrite.
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Drugs that relax the pumping action of the heart have also been developed.
When bound to receptor sites called beta-adrenoceptors in heart muscle, the neurotransmitters norepinephrine and epinephrine stimulate the heart to beat faster. A
series of drugs called beta blockers slow down and relax an overworked heart by
blocking norepinephrine and epinephrine from binding to the beta-adrenoceptors,
The first beta blocker developed, propranolol (Inderal), shown in Figure 14.46, is
useful for treating angina, arrhythmias, and high blood pressure.
Another group of drugs that relax heart muscle are the calcium-channel
blockers. One example is nifedipine, shown in Figure 14.46. Muscle contraction
is initiated as a nerve impulse signals calcium ions to enter muscle cells. As their
name implies, calcium-channel blockers inhibit the flow of calcium ions into
muscles, thereby inhibiting muscle contraction. The heart rate slows down, and
muscles of blood vessels relax and dilate, lowering blood pressure.

FIGURE

14.46

Propranolol is a beta blocker, and
nifedipine is a calcium-channel
blocker.
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CAUSES
OF DEATH
BY AGE GROUP

IN THE

Age Group (Years)

Cause

15-24
25-44
45-64

Accident
HIV infection
Cancer
Heart disease

>65

'

UNITED

STATES,

NUMBER-ONE

PERSPECTIVE

CAUSE

Top Ten Causes,
All Ages Combined

Cancer
2. Heart Disease
J Stroke
4. Lungdisease
5. Accident
6. Pneumonia
7. Diabetes
8. Suicide
9. HIV infection
10. Homicide
1.

In the United States and in most other developed nations, heart disease is the
number-one cause of death for individuals over the age of 65. Because most people in these nations live past this age, heart disease is actually the leading cause of
death for all age groups combined, as noted in Table 14.5.

Why do long-time alcoholics require relatively greater doses of a beta
blocker in order to relax cardiac muscle?
Was this your answer? Asdiscussed in Section 14.6, long-time excessive
drinking leads to an increase in the num ber of receptor sites for stress neurotransmitters. With more of these receptor sites to block,the alcoholics
require a corresponding ly greater dose of the beta blocker to achieve the
desired degree of cardiac relaxation.
Remember, seven

• In Perspective

-p

echa,,, nowher is the impact of chemistry nn society more evident than
in the development of drugs. On the whole, drugs have increased our life
span and improved our quality of living. They have also presented us with a
number of ethical and social questions. Should an abortion pill such as mifepristone be allowed? How do we care for an expanding elderly population? What
drugs, if any, should be permissible for recreational use? How do we deal with
drug addiction-as
a crime, as a disease, or both? As we continue to learn more
about ourselves and our ills, we can be sure that more powerful drugs will
become available. All drugs, however, carry certain risks that we should be
aware of. As most physicians would point out, drugs offer many benefits, but
they are no substitute for a healthy lifestyle and preventative approaches to
medicine.

days without

exercise makes
one weak!
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I KEY TERMS

I

Synergistic effect One drug enhancing the effect of
another.

Psycho active Said of a drug that affects the mind or
behavior.

Lock-and-key model A model that explains how
drugs interact with receptor sites.

Neurotransmitter reuptake A mechanism whereby a
presynaptic neuron absorbs neurotransmitters from the
synaptic cleft for reuse.

Combinatorial chemistry The production of a large
number of compounds in order to increase the chances
of finding a new drug having medicinal value.
Chemotherapy The use of drugs to destroy pathogens
without destroying the animal host.
Neuron A specialized cell capable of receiving and
sending electrical impulses.
Synaptic cleft A narrow gap across which
neurotransmitters pass either from one neuron to the
next or from a neuron to a muscle or gland.

Physical dependence A dependence characterized by
the need to continue taking a drug to avoid withdrawal
symptoms.
Psychological dependence
a drug.

A deep-rooted craving for

Anesthetic A drug that prevents neurons from
transmitting sensations to the brain.
Analgesic A drug that enhances the ability to tolerate
pain without abolishing nerve sensations.

Neurotransmitter
An organic compound capable of
activating receptor sites on proteins embedded in the
membrane of a neuron.

CHAPTER

HIGHLIGHTS

DRUGS
ARE CLASSIFIED
BY SAFETY,
SOCIAL
ACCEPTABILITY,
ORIGIN,
AND BIOLOGICAL
ACTIVITY

SOME
DRUGS
EITHER
OR MIMIC
PREGNANCY

11. How effective are birth control pills at preventing
pregnancy?

1. What are three origins of drugs?

12. How does the action of mifepristone differ from
that of the progesterone-based birth control pill?

2. Are a drug's side effects necessarily bad?
3. What is the synergistic effect?
THE LOCK-AND-KEY
IN SYNTHESIZiNG

MODEL
GUIDES
NEW DRUGS

CHEMISTS

4. In the lock-and-key model, is a drug viewed as the
lock or the key?
5. What holds a drug to its receptor site?
6. What are most receptor sites made of?
CHEMOTHERAPY
THE DISEASE

CURES

THE

HOST

BY KILLING

7. Why do bacteria need PABA but humans can do
without it?
8. When is chemotherapy most effective against cancer?
9. What is cancer?
10. How does methotrexate work?

BLOCK

THE NERVOUS
OF NEURONS

SYSTEM

IS A NETWORK

13. What are some of the things going on in the body
when maintenance neurons are more active than stress
neurons?
14. Which neurotransmitter functions most in the
brain's reward center?
15. What is the role of GABA in the nervous system?
PSYCHOACTIVE
OR BEHAVIOR

DRUGS

ALTER

THE

MIND

16. What is neurotransmitter reuptake?
17. Of the different psychoactive drugs presented in
this chapter, which act by blocking the reuptake of
neurotransmitters?

CONCEPT

BUILDING
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18. What is one mechanism for how caffeine stimulates
the nervous system?

26. What biochemical is thought to be responsible for
the placebo effect?

19. Which neurotransmitter does nicotine mimic?

27. How does methadone work in treating opioid
addiction?

20. Which neurotransmitter does LSD mimic?
21. Is marijuana better described as a drug that has few
side effects or a drug that has many?

OR

22. What drugs enhance the action of GABA?

28. What is angina, and what is its cause?

PAIN

29. What role does nitrogen oxide play in the treatment of angina?

OR

RELIEVERS
PERCEPTION

INHIBIT
OF

THE

TRANSMISSION

PAIN

DRUGS

FOR

ALTER

THE

HEART

HEART

RATE

OPEN

BLOOD

VESSELS

30. How does a vasodilator reduce the workload on the
heart?

23. What is an anesthetic?
24. What is an analgesic?
25. Where are the major opioid receptor sites located?

I

CONCEPT

BUILDING

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

31 .• Why are organic chemicals so suitable for making drugs?

42 .• What is an advantage of synaptic clefts between
neurons rather than direct connections?

32 .• Aspirin can cure a headache, but when you pop
an aspirin tablet, how does the aspirin know to go to
your head rather than your big toe?

43 .• How does a neuron maintain an electric potential difference across its membrane?

33 .• What advantages are there to synthesizing a naturally occuring medicine, such as taxol, in the laboratory rather than isolating it from nature?
34 .• How is the laboratory method called combinatorial chemistry similar to the search for drugs in nature?
35 .• Which is better for you: a drug that is a natural
product or one that is synthetic?
36 .• When might two drugs taken together not exert
a synergistic effect?
37 .• Why is cancer treated most successfully in its
earliest stages?
38 .• Would formulating a sulfa drug with PABA be
likely to increase or decrease its antibacterial properties?
39 .• Why do protease inhibitors work so well when
used in conjunction with antiviral nucleosides?
40 .• Why do some antiviral agents exhibit anticancer
activity?
41 .• About 60 million women use birth control pills,
which when taken correctly are about 99 percent effective in preventing pregnancy. Build an argument for
whether such pills have had a major or a minor impact
on the growth of the human population, which now
stands at more than 6 billion.

44 .• What are the symptoms that a person's stress
neurons have been activated?
45 .• Why do so many stimulant drugs result in a
depressed state after an initial high?
46 .• How is a drug addict's addiction similar to our
need for food? How is it different?
47 .• Nicotine solutions are available from lawn and
garden stores as an insecticide. Why must gardeners
handle this product with extreme care?
48 .• Seeds of the morning glory plant contain the
natural product lysergic acid, and yet they are only
marginally hallucinogenic. Why?
49 .• Suggest why withdrawal symptoms are observed
after repeated use of MDA but not after repeated use of
LSD.
50 .• Why do heavy drinkers have a greater tolerance
for alcohol?
51 .• One of the active components of marijuana,
f..9-tetrahydrocannabinol, is available as a prescription
drug under the trade name Marinol, which is taken
orally. What advantage and what disadvantage does
Marinol hold for a person suffering from nausea?
52 .• A variety of gaseous compounds behave as general anesthetics even though their structures have very
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little in common. Does this support the role of a receptor site for their mode of action?

56 .• Why is methadone not very useful in the treatment of cocaine addiction?

53 .• How might the structure of benzocaine be modified to create a compound having greater anesthetic
properties?

57 .• What are the problems associated with a buildup
of plaque on the inner walls of blood vessels?

54 .• At one time, halothane, CF3CHBrCl, was widely
used as a general anesthetic. Suggest why its use is now
banned.
55 .• Which is the more appropriate statement: Opioids have endorphin activity, or endorphins have opioid
activity? Explain your answer.

I DISCUSSION

58 .• How is psychological dependence distinguished
from physical dependence?
59 .• Distinguish between a beta blocker and a calciumchannel blocker.
60 .• A person may feel more relaxed after smoking a
cigarette, but his or her heart is actually stressed. Why?

QUESTIONS

I
i

61. Alcohol-free and caffeine-free beverages have been
quite successful in the marketplace, while nicotine-free
tobacco products have yet to be introduced. Speculate
about possible reasons.

effect, such as increased susceptability to infections, or a
major side effect, such as a weakening of heart tissue?
What if there are no significant side effects except for a
doubling of the average life span of humans?

62. Would making tobacco illegal help or hurt people
trying to kick the habit of using tobacco products such
as cigarettes? What unintended consequences might
arise from the prohibition of tobacco? How can society
best dissuade people from picking up the tobacco habit?

66. Why might someone find it more challenging to
take a drug for a mental illness versus a physical illness?

63. Within the United States beginning in 1914, drug
abuse has been viewed by government as criminal
behavior. Advances in medicine, however, show the
complexity of drug abuse, leading people to believe it
should be viewed and treated as a disease. This view
suggests that education and medical treatment, not
fines and jail sentences, should be the major weapons
combating drug abuse. Assume this newer view is the
predominant legal one, and prioritize where you think
resources should be spent to help alleviate drug abuse.
Under what circumstances do you think a drug user
should be incarcerated?
64. Worldwide, tuberculosis and malaria are far greater
killers than AIDS. Why, then, does there seem to be
more of a focus on AIDS and AIDS prevention?
65. Research suggests that skin loses its Hexibliry as we
get older because of how sugar molecules are able to
bind to the skin protein called collagen. New classes of
drugs that prevent this from happening and are even
able to reverse the process may hit the market within a
decade, promising a long-lasting youthful look for
everyone. Should such drugs be sold as prescription or
over-the-counter medicine? What if there is a minor side

67. The "just say no" to drugs campaign was widely
publicized in the 1980s and 1990s. Should this campaign be reimplemented? Why or why not?
68. Should citizens of the United States have the right
to buy prescription drugs from Canada at competitive
prices? Why does the U.S. federal government discourage such a practice?
69. According to Families USA (FamiliesUSA.org),
large pharmaceutical companies spend about $45 billion each year on marketing expenses and about $19 billion each year on drug research. According to the Pharmaceutical Research and Manufacturers of America
(PhRMA.org), these companies spend about $21 billion
each year on marketing and about $33 billion each year
on drug research. Identify the biases each of these organizations may have in reporting these estimates. Who do
you think might be more believable? What might be
done to encourage pharmaceutical companies to dedicate more money towards drug research?
70. Should you be permitted access to any drug that
might save your life? What if you had no health insurance and could not afford the drug? What if you were
an impoverished citizen of Bangladesh? What should be
the moral, social, and economic responsibilities of a
company that develops and produces pharmaceuticals?
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www.nida.nih.gov
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EXPLORING

• A primary mission of the National Institute on Drug Abuse
is to ensure that science, not ideology or anecdote, forms the
foundation for our nations drug abuse policies. This website
is designed to ensure the rapid and effictive transfer ofscientific data to policy makers, health care practitioners, and
the general public.
www.norml.org/
11

Since its founding in 1910, the National Organization to
Reform Marijuana Laws has been the principal national
advocate for legalizing marijuana. Today NORML serves
as the umbrella group fOr a national network of activists
committed to ending marijuana prohibition.

www.cancer.org
The American Cancer Society has been the lead organization
in the fight against cancer since its inception in the early
19005. At this site, you will find information on the history
of our understanding of cancer as well as information regarding the latest treatments for the different forms of cancer.
www.americanheart.org
ill!

Explore the site of the American Heart Association to learn
about early warning signs of heart disease and about what
you can do to decrease your risk. This site is a good place to
start researching the statistics of heart disease and latest
trends in heart research.

www.lungusa.org
11

This sitefor the American Lung Association can lead you to
information about all kinds of lung disease, the air you
breathe, and events and services in your area. Since 1904, the
association has worked tofight lung disease by belping people
quit smoking, fUnding research, improving indoor and outdoor air quality, and educating millions about asthma.

FURTHER

www.usdoj.gov/dea
•
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ority is the long-term immobilization of major drug trafficking organizations through the jailing of their leaders, termination of their trafficking networks, and seizure of their
assets in order to support further enforcement activities.

INSIGHTS

Because molecules slow down with decreasing temperature, the rate at which neurotransmitters
are able to diffuse across the synaptic cleft decreases with temperature.
This is one of the reasons cold-blooded animals become
sluezish at colder temperatures. As neurotransmitters
tak~longer to diffuse across the synaptic cleft, the rate at
which nerve signals can reach target muscles slows down.
When stuck outside in the cold without adequate
clothing, you may find your extremities becoming
numb and your muscles sluggish. This isn't just because
of a decrease in the rate of diffusion in your synaptic
clefts. Your body responds to cold by diverting blood
from your extremities to your internal organs. The speed
of neuron transmission, however, depends on blood
supply. As the blood supply diminishes, neurons lose
out on needed oxygen and nutrients and thus begin to
shut down. The result is a numbing effect or loss of
muscle control. The same thing happens to your foot
after you've been sitting on it for too long and it has.
"gone to sleep." Ice packs work by the same mechamsm.
Most but not all neuron connections rely on the passage of neurotransmitters
across a synaptic cleft. The
neurons that connect to muscles controlling eye movement, however, are different in that they have what are
called eLectricaL synapses, which are direct connections
between the neurons and the muscles (there's no gap).
The high speeds of these direct connections pro:ide for
eye motion that is quick and jerky-a
useful trait. Some
fish have electrical synapses in their tails, an arrangement that provides for rapid escape from predators.
As an interesting aside, you might find that the
descending drop of food coloring in this activity resembles a neuron, complete with knoblike synaptic terminals.

I

FURTHER

Home page for the Drug Enforcement Administration, the
lead federal agency fOr the enfOrcement of narcotics and
controlled-substance laws and regulations. The agencys pri-
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children in developing countries

become irreversibly blind because of a deficiency of vitamin A.
In an effort to stop this tragedy, scientists recently created a
new strain of rice enriched in the orange pigment ~-carotene,
which the body uses to make vitamin A. The amount of
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~-carotene in this rice gives the rice a golden hue. Current
plans are to provide this golden rice free of charge to farmers
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Natural and Synthetic

in developing nations, such as Vietnam and Bangladesh,
where the need is greatest
Developing a new strain of a crop to meet our nutritional
needs is nothing new. Most of our major crops are the result

Fertilizers Help Restore Soil

of centuries, if not rnillenma, of selective breeding, a process

Fertility

whereby plants that offer more nutritional value are selec-

Pesticides

Kill Insects, Weeds,

tively bred over ones of less nutritional value. Today's potato

and Fungi

plant, for example, was once a small, wild shrub with tiny but

There Is Much to Learn

nutritious root nodules growing in the Andes of South Amer-

from Past Agricultural

ica. What is different about golden rice is that it was created

Practices

over a single generation, by inserting genes from a daffodil

High Agricultural

Yields

Can Be Sustained

with Proper

Practices

and a bacterium into the DNAof a strain of rice. Golden rice
is therefore an example of a transqenic plant-one

in which

genes of different species have been artificially combined.
15·8

A Crop Can Be Improved

by Inserting a Gene
from Another Species

This chapter is a showcase of the chemistry involved in the
production of food, primarily the food derived from plants,
which feeds both us and our livestock. Along the way,you will
be introduced

to many of the fundamental

concepts of

agriculture, which may be loosely defined as the organized
use of resources for the production of food. Special attention
is paid to chemistry-related

aspects of agriculture, such as

soil composition, fertilizers, and pesticides. Also discussed are
many of the new approaches to agriculture, including the
creation of transgenic crops, which offer many advantages
but also require our careful consideration .
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i

Humans Eat at All Trophic Levels

he formarion of wod begins wirh photosynthesis, the biochemical pmce"
used by plants to create carbohydrates and oxygen from solar energy,
water, and atmospheric carbon dioxide:
Sunlight
Carbon
dioxide

Water

Carbohydrate

Oxygen

Each day, only about 1 percent of the solar energy reaching Earth's surface is
used in photosynthesis. On a global scale, this is enough to produce 170 billion
tons of organic material per year. The energy content in this amount of organic
matter is the total annual energy budget for virtually all living organisms.
The route food energy takes through a community of organisms is determined by the community's trophic structure, which is the pattern of feeding
relationships in the community. Trophic structures, also known as ftod chains,
consist of a number of hierarchical levels, shown in Figure 15.1. The first
trophic level is producers, most of which are photosynthetic organisms that use
light energy to power the synthesis of organic compounds. Plants are the main
producers on land. In water, the main producers are photosynthetic organisms
known as phytoplankton (phyto- means "plants").
Producers support all other trophic levels, collectively called consumers.
Organisms that consume producers are primary consumers. These are herbivores
("grass-eaters"), such as grazing mammals, most insects, and most birds. The
primary consumers in aquatic environments are the many microscopic organFICURE

15.1

Terrestrial and marine trophic
structures. Energy and nutrients
pass through the trophic levels
when one organism feeds on
another. The shaded blocks represent the amount of energy
transferred from one trophic level
to the next.
Tertiary
consumers

Secondary
consumers

Primary
consumers

A TERRESTRIAL
TROPHIC STRUCTURE

A MARINE
TROPHIC STRUCTURE

15.1

HUMANS

isms collectively known as zooplankton. Above the primary consumers, the
trophic levels are made of carnivores ("meat-eaters"), each level eating consumers
from lower levels. Secondary consumers eat primary consumers, tertiary consumers eat secondary consumers, and quaternary consumers eat tertiary consumers. Any organism that dies before being eaten becomes subject to the action
of decomposers, organisms that break down organic material into simpler substances that then act as soil nutrients. Common decomposers are earthworms,
insects, fungi, and microorganisms.
With each transfer of energy from one trophic level to the next, there is a significant loss of energy. Typically, not more than 10 percent of the energy contained in the organic material of one trophic level is incorporated into the next
higher level. The availability of food energy is therefore greatest for the organisms lowest on the food chain. A grasshopper, for example, will find many more
blades of grass to feed on than a field mouse will find grasshoppers. And the field
mouse will find more grasshoppers than a snake will find field mice. This dwindling supply of food resources quickly limits the number of trophic levels, which
rarely exceeds the quaternary level. Accordingly, the higher the trophic level, the
smaller the possible population of organisms.
We humans eat at all trophic levels. When we eat such things as fruits, vegetables, or the grains shown in Figure 15.2, we are primary consumers; when we
eat beef or other meat from herbivores, we are secondary consumers. When we
eat fish like trout or salmon, which eat insects and other small animals, we are
tertiary or quaternary consumers. Our great and growing numbers, however, are
possible only because of our ability to eat as primary consumers.
Eating meat is a luxury. For the people who will eat the chickens shown in
Figure 15.3, for instance, the amount of biochemical energy they will obtain
from eating the chickens is minuscule compared with the amount ofbiochemical energy used in raising the chickens. In the United States, more than 70 percent of grain production is fed to livestock. Producing meat therefore requires
that more land be cultivated, more water be used for irrigation, and more fertilizers and pesticides be applied to croplands. If people in the United States ate
10 percent less meat, the savings in resources could feed 100 million people! As
the human population expands, it is likely that meat consumption will become
even more of a luxury than it is today.

FIGURE

15.2

Most people are primary consumers, with a diet consisting
primarily of grains.

FIGURE

15.3

In affluent countries, eating meat
is quite common. In the United
States, for example, chickens outnumber people 44 to 1.

EAT AT ALL TROPHIC

LEVELS
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• Off the coast of Newfoundland,
Canada, the ocean remains relatively shallow for hundreds of
miles in an area known as the
Canadian Grand Banks. For centuries, the Grand Banks have
been known for thriving fish populations, especially cod, a tertiary
consumer with a life span of
about 25 years. The cod were once
so plentiful that boats had trouble pushing through them. Bythe
1980s, overfishing had removed
the bulk of sexually mature
adults. Furthermore, trawling of
the floor of the Grand Banks
destroyed vital habitats. By1993,
the cod were depleted to the
point that the fishery industry
there collapsed, throwing some
4°,000 people out of work. A
moratorium on cod fishing
remains but cod stocks have yet
to recover. A similar situation is
now occuning in the North Sea
of Europe.
MORE

TO

EXPLORE,

MonteTey BayAquarium
www.mbayaq.orq/cr/
CT _seafoodwatch/sfw _of.asp
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•

CK
The orca killer whale eats both sharks and phytoplankton-feeding
whales. In which case is the orca eating at a higher trophic level?

gray

Was this your answer? Sharks feed on fish and marine mammals, which
makes them secondary, tertiary, or quaternary consumers. Phytoplan ktonfeeding gray whales, however, are primary consumers. When an orca feeds
on a shark, it is eating at a higher trophic level than when it feeds on a gray
whale.

• 15-2

Plants Require Nutrients

-Plant
material consists primarily of carbohydrates, which ace made of rhe
elements carbon, oxygen, and hydrogen. Plants get these three elements
from carbon dioxide and water, but the soil in which the plants live also provides
many other elements vital to their survival and good health. Table 15.1 lists
these nutrients as macronutrients, those needed in large quantities, and
micronutrients, those needed only in trace quantities. Some micro nutrients are
needed in such trace quantities that a plant's lifetime supply is provided by the
seed from which the plant grew.
PLANTS

UTILIZE

NITROGEN,

PHOSPHORUS,

AND

POTASSIUM

Plants need nitrogen to build proteins and a variety of other biomolecules, such
as chlorophyll, the green pigment responsible for photosynthesis. As Table 15.1
shows, plants are able to absorb nitrogen from the soil in the form of ammonium ions, NH4 ", and nitrate ions, N03 -. Figure 15.4 shows the natural sources

TABLE'15.1

ESSENTIAL

ElEMENTS

FOR

MOST

Form Available to Plants

Element

Macronutrients
Nitrogen, N
Potassium, K
Calcium, Ca
Magnesium, Mg
Phosphorus, P
Sulfur.S

Mg2+
H2P042-, HPO/5°42-

Micronutrients
Chlorine,Cl
Iron, Fe
Boron, B
Manganese, Mn
Zinc,Zn
Copper,Cu
Molybdenum, Mo

ClFe3+,Fe2+
H2B03Mn2+
Zn2+
CU+,Cu2+
Mo04

'Measured

N03-,NH/
K+
Ca2+

Relative Number of Ions
in Dry Plant Material-

1,000,000
25°,000
125,000
80,000
60,000
30,000

3000
2000
2000
1000
3°0
100

2

-

relative to molybdenum

Source: Frank Salisbury

PLANTS

= 1.

and Cleon Ross, Plant Physiology. Belmont, CA:Wadsworth,

1985.
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PLANTS

Nirrogenase

Soil
bacteria
(a)

Lightning)

(b)

FIGURE

15.4

Two pathways for nitrogen fixation, a source of nitrogen for plants. (a) Both freeliving bacteria in the soil and microorganisms in root nodules produce ammonium
ions. (b) Lightning provides the energy needed to form nitrate ions from atmospheric nitrogen.
of nitrogen for a plant. The two reactions shown there are examples of nitrogen
fixation, which is defined as any chemical reaction that converts atmospheric
nitrogen to a form of nitrogen that plants can use. The two most common
forms are ammonium ions and nitrate ions.
Most of the ammonium ions in soil come from nitrogen fixation carried out
either by bacteria living in the soil or by microorganisms living in root nodules
of certain plants, especially those of the legume family, including clover, alfalfa,
beans, and peas (plants generally called nitrogen fixers). These microorganisms
possess the enzyme nitrogenase, which catalyzes the formation of ammonium
ions from atmospheric nitrogen and soil-bound hydrogen ions, as Figure 15.4a
shows.
Nitrogen fixation also results, to a lesser extent, from the action of lightning
on atmospheric nitrogen (Figure 15Ab). The high energy of the lightning is sufficient to initiate the oxidization of atmospheric nitrogen to nitrate ions, which
are then washed into the soil by rain.
In a natural setting, nitrogen fixation is the original source of ammonium and
nitrate ions in the soil. Most of this fixed nitrogen, however, is recycled from one

REQUIRE

)

NUTRIENTS
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organism to the next. After a plant dies, for example, bacterial decomposition
of
the plant releases ammonium
and nitrate ions back into the soil, where these
ions become available to plants that are still living.

Why are the seeds of nitrogen-fixing
unusually high in protein?

plants, such as soybeans and peanuts,

Was this your answer? Plants use nitrogen to build proteins. Nitrogenfixinq plants assimilate a lot of nitrogen and so produce proteins in large
quantities .
• Plants readily absorb potassium
ions, but they have a low tolerence for sodium ions, which they
actively pump out of their systems.lnterestingly, all living cells,
not just plant cells, have a low
tolerance for sodium ions and
therefore have evolved mechanisms for pumping them out. As
was shown in Figure 14.18, a neuron pumping out sodium ions
sets the stage for a nerve
impulse. Bundles of nerve
impulses ultimately lead to conscious thought. From a macroscopic perspective, plants and
animals are significantly different. On a deeper submicroscopic
level, however, their chemistries
are much the same. In other
words, plants and animals are
more closely related than one
mig ht initially thin k.
MORE

TO

EXPLORE,

Munay Nabors, "Introduction to
Botany."San Francisco: BenjaminCummings, 2004.
www.aw-bc.com

Plants deficient in nitrogen have stunted growth. Because nitrogen is needed
for making chlorophyll, another symptom of nitrogen deficiency in plants is yellow leaves, as Figure 15.5a shows. The yellowing is most pronounced
in older
leaves-younger
ones remain green longer because soluble forms of nitrogen are
transported to them from older, dying leaves.
Plants need phosphorus
to build nucleic acids, phospholipids,
and a variety
of energy-carrying
biomolecules, such as ATP. All phosphorus
comes to plants
in the form of phosphate ions. The major natural source of these ions is eroded
phosphate-containing
rock. Significant amounts of phosphates are also recycled
as organisms die and become incorporated
into the soil. After nitrogen, phosphorus is most often the limiting element in soil. Phosphorus-deficient
plants
are stunted, as Figure 15.5b shows.
Potassium ions activate many of the enzymes essential to photosynthesis
and
respiration. As with phosphates, the major natural sources of potassium ions are
eroded rock and the recycling of potassium ions from decomposing plant material. After nitrogen and phosphorus,
soils are usually most deficient in potassium. Symptoms of potassium deficiency include small areas of dead tissue,
usually along leaf tips or edges, as shown in Figure 15.5e. As with nitrogen and
phosphorus,
potassium ions are easily redistributed
from mature to younger
parts of the plant, and so deficiency symptoms first appear on older leaves.
When cereal grains, such as wheat or corn, are potassium-deficient,
they develop

(c)

(a)

FIGURE

15.5

(a) The leaves of nitrogen-deficient plants turn yellow prematurely. (b) Phosphorus
deficiencies are marked by stunted growth. (c) The leaves of potassium-deficient
plants develop dead areas, here seen as the pale yellow region along the leaf
perimeter.

15.2

PLANTS

REQUIRE

NUTRIENTS

weak stalks and their roots become more easily infected with root-rotting organisms. These two factors cause potassium-deficient plants to be easily bent to the
ground by wind, rain, or snow.
PLANTS

ALSO

UTILIZE

CALCIUM,

MAGNESIUM,

AND

SULFUR

Both calcium and magnesium are absorbed by plants as the positively charged
calcium and magnesium ions, Ca2+ and Mg2+, and sulfur is absorbed as the negatively charged sulfate ion, 50/-. Most topsoils contain enough of these ions
for adequate plant growth.
Calcium ions are essential for building cell walls. Once absorbed by the plant,
calcium ions are relatively immobile; that is, they do not travel well from one
part of the plant to another. The plant therefore is not so capable of reallocating
calcium supplies in times of need. This is why new-growth zones, such as the
tips of roots and stems, are most susceptible to calcium deficiencies. The results
are twisted and deformed growth patterns.
Magnesium ions are essential for the formation of chlorophyll, which is the
green-pigmented molecule essential for photosynthesis. Chlorophyll houses a
magnesium ion at the center of a structure called a porphyrin ring, as shown in
Figure 15.6. Besides its presence in chlorophyll, magnesium is essential because
it activates many metabolic enzymes. Deficiencies in magnesium, which are
rare, result in yellow leaves because the plant is unable to generate chlorophyll.
Most of the sulfur in plants occurs in proteins, especially in the amino acids
cysteine and methionine. Other essential compounds that contain sulfur are
coenzyme A, a compound essential for cellular respiration and for the synthesis
and breakdown of fatty acids, and the vitamins thiamine and biotin. Sulfur can
be absorbed by leaves as gaseous sulfur dioxide, 502, an environmental pollutant released from active volcanoes and from the burning of wood or fossil
fuels.

Porphyrin ring
system of chlorophyll
molecule

C::OOCr-T~

FIGURE

15.6

Magnesium ions in the green pigment chlorophyll are vital to photosynthesis.
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Plants require more calcium and magnesium than phosphorus and potassium, and yet deficiencies of calcium and magnesium are much more
infrequent than deficiencies of phosphorus and potassium. How can this
be so?
Was this your answer? The potential for nutrient deficiency depends not
on lyon the amount of nutrient needed but on the nutrient's availability. Calcium and magnesium are abundant in most soils, but phosphorus and
potassium are not. Deficiencies of phosphorus and potassium therefore
tend to be more frequent.

• 15.3 Soil Fertility Is Determined by Soil Structure
and Nutrient Retention
oil is a mixture of sand, silt, and clay. All three of these components are
ground-up rock, and the differences are in how finely the particles are
ground. Sand particles are the largest, and clay particles are the smallest.
Soil often occurs as a series of horizomallayers called soil horizons, shown
in Figure 15.7. The deepest horizon, which lies just above solid rock, is the substratum, which is rock just beginning to disintegrate into soil by the action of
water that has seeped down to this level. No growing plant material is found in
the substratum. Above the substratum is the subsoil, which consists mostly of
clay. Only the deepest roots penetrate into the subsoil, which may be up to 1
meter thick. Above the subsoil is the topsoil, which lies on the surface and varies
in thickness from a few centimeters to up to 2 meters. The topsoil usually contains sand, silt, and clay in about equal amounts. This is the horizon where the
roots of plants absorb most of their nutrients.
Fertile topsoil is a mixture of at least four components-mineral
particles,
water, air, and organic matter. The mineral particles are the particles of sand, silt,
and clay. Many of the nutrients plants need are released as these particles are
formed from the erosion of rock. The size of the particles greatly affects soil fertility. Large particles result in porous soil that has many pockets of space that
collect water and air-up to 25 percent of the volume of fertile topsoil consists

FIGURE

15.7

The verticalstructure of soil is a
seriesof layerscalledsoilhorizons.

Substratum
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of pockets. Roots absorb water and the oxygen from the air in these pockets.
Small particles pack tightly together, so that none or only very few air pockets
are present, and as a result there is little or no oxygen or water available to roots.
This is why plants do not grow well in clay soils. Figure 15.8 compares these two
extremes of soil.
The organic matter in topsoil is a mixture of fallen plant material, the
remains of dead animals, and such decomposers as bacteria and fungi, as Figure
15.9 illustrates. This organic matter is called humus, and it is rich in a variety
of plant nutrients. Humus tends to be porous, giving roots access to subterranean water and oxygen. It also binds the soil, helping to prevent erosion.
The flow of water through soil is called percolation. The more porous the soil,
the greater the rate of percolation. With excessive percolation, flowing water
removes many water-soluble nutrients needed to make the soil productive. This
process is known as leaching. With too little percolation, topsoil becomes waterlogged, choking off a plant's supply of oxygen. Soils with optimal percolation
drain water from all but the smallest air pockets.
SOIL READILY

RETAINS

POSITIVELY

CHARGED

AND

NUTRIENT

Porous soil

FIGURE

Mineral particles play an important role in keeping nutrients in soil. As Table
15.1 shows, many plant nutrients are positively charged ions. The surface of
most mineral particles, however, is negatively charged. Figure 15.10 illustrates
how the resulting ionic attractions help keep nutrients from being washed away.
The degree of nutrient retention is most pronounced in clay soils because these
mineral particles are the smallest ones and thus have the largest surface area relative to volume.
Decaying matter in humus contains many carboxylic acid and phenolic
groups, which at a typical soil pH are ionized to negatively charged carboxylate
and phenolate ions. So, like mineral particles, humus helps retain positively
charged nutrients.

Topsoil:
organic matter,
living organisms,
rock particles

Ants break up and
aerate soil.

Fungi decompose
organic matter.

Bacteria decompose
organic matter.

Bacteria fix nitrogen.

FIGURE

15.9

Organic matter and livingorganismsare important components of topsoil.

Nonporous
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Largesoilparticlescreatelarger
pocketsof spacethan do smaller
soilparticles.

IONS

Surface litter:
fallen leaves,
partially decomposed
organic matter
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Positively charged
nutrient ions

Plant root

FIGURE

15.10

The negatively charged surfaces of soil mineral particles and humus help retain positively charged nutrient ions.

Whyis soil able to retain ammonium
ions,N03-?

ions, NH4+, better than nitrate

Was this your answer? Mineral particles and bits of humus in soil are negatively charged and therefore hold on to positively charged ammonium ions
but repel negatively charged nitrate ions.

The pH of soil is largely a function of the amount of carbon dioxide present.
Recall from Section 10.4 that carbon dioxide reacts with water to form carbonic
acid, which in turn forms hydronium ions:

o
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cO2 reacts
with H20,
forming
H2C03•

®

H2C03 reacts with H20,
forming HC03 - and H30+.

®

H30+ displaces nutrient
ion (K+ shown), which is
then available to root.

Root

FIGURE

15.11

By releasing carbon dioxide, a plant guarantees a steady Bow of nutrients from the
soil to its roots.

The greater the amount of carbon dioxide in soil, the more hydronium ions and
so the lower the pH. Soil that has a low pH is referred to as sour. (Recall from
Chapter 10 that many acidic foods, such as lemon, are characteristically sour.)
Two main sources of soil carbon dioxide are humus and plant roots. The humus
releases carbon dioxide as it decays, and plant roots release carbon dioxide as a
product of cellular respiration. A healthy soil may have enough carbon dioxide
released from these processes to give a pH range from about 4 to 7. If the soil
becomes too acidic, a weak base, such as calcium carbonate (known as lime or
limestone), can be added.
Hydronium ions are able to displace nutrient ions held to mineral particles
and humus. Plants use this fact to great advantage. Figure 15.11 illustrates how
a plant releases carbon dioxide through its root system and in doing so generates
nutrient-displacing
hydronium
ions. The displaced nutrients,
no longer
attached to soil particles, thus become available to the plant .

•

How might a below-normal
plants?

pH in soil lead to nutrient

deficiencies in

Was this your answer? When the soil pH is below normal, the water in the
soil pockets contains an abundance ofhydronium ions, which displace large
numbers of nutrient ions from soil and humus particles. Most of these
nutrients wash away before the plant is able to absorb them. In a short time,
the soils are depleted of nutrients, and the plants become nutrient-deficient.
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YO U R SO I L'5 PH-A

2.

can measure the pH of soil
samples using the red-cabbage
pH indicator introduced in
Chapter 10.

Y

OU

WHAT

YOU NEED

cup of soil, water, concentrated redcabbage pH indicator (see page 345),
oven baster with suction bulb, cotton
balls, chopstick or metal skewer, two
drinking glasses
1

PROCEDURE
1.

Saturate the soil with water, making a thin mud slurry. Stir the
slurry and then allow it to settle
until about 1 centimeter of water
appears above the soil. Ifthis top
layer of water does not appear,
add more water, stir, and allow for
further settling.

QUALITATIVE

Remove the bulb from the baster
and stuff several cotton balls into
the top end of the baster. Use the
chopstick or skewer to compact
the cotton toward the narrow end
of the baster. Pour the water from
the settled soil into the top of the
baster. Attach the bulb and
squeeze the liquid through the
cotton and into one of the glasses.
Ifthe filtered water is still brown
or cloudy, repeat the filtering,
using clean cotton balls each time.

M EA5 U RE

Youmig ht want to test soil samples from several different sites and
compare your results.

3. Add to the second glass as much
fresh water as there is filtered
water in the first glass. Add equal
amounts of the pH indicator to
the two glasses. Compare colors,
recalling from Chapter 10 that a
deeper red color means greater
acidity and that green indicates
alkaline.

• 15-4 Natural and Synthetic Fertilizers Help Restore
Soil Fertility
~oses
its plant nutrients to harvested crops and to leaching, it loses
"~t: }~;~iJlity.Farmers amend soil by adding ftrtilizers, which are replacement sources for these lost nutrients. Naturally occurring fertilizers are compost
and minerals. Compost is decayed organic matter, which can be animal
manure, food scraps, or plant material. Mineral fertilizers are mined. Saltpeter,
NaN03, for example, was once used extensively as a source of nitrogen, but by
the late 1800s the supply of this nitrogen-containing mineral was almost
exhausted. A new source of nitrogen for fertilizers came along in 1913, when
Fritz Haber (1868-1934), a German chemist, developed a process for producing ammonia from hydrogen and atmospheric nitrogen:

Nitrogen

Hydrogen

Ammonia

This technique is now the primary means of producing ammonia, which can be
stored in high-pressure tanks as a liquid and injected into the soil. Alternatively,
the ammonia can be converted to a water-soluble salt, such as ammonium
nitrate, NH4N03, that is then applied to the soil either as a solid or in solution.
The mining of other nutrients, such as phosphorus and potassium, still remains
an important endeavor.
In times past, mineral fertilizers were used just as they came from the ground.
Today, however, chemists have learned how to mix and match minerals to
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obtain many different formulations, each suitable for a different soil problem or
the specific requirements of a particular plant. All these formulated mineral fertilizers are referred to as either chemically manufactured ftrtilizers or, more frequently, synthetic fertilizers. Don't take the word synthetic literally, though,
because except for what is produced by the Haber reaction, all the minerals in
synthetic fertilizers originally came from the ground.
A fertilizer that contains only one nutrient is called a straight fertilizer.
Ammonium nitrate, NH4N03, is an example of a straight fertilizer, yielding only
nitrogen. Any fertilizer containing a mixture of the three most essential nutrients
(nitrogen, phosphorus, and potassium) is called either a complete ftrtilizer or a
mixed fertilizer. All mixed fertilizers are graded by the N-P-K system, which lists
the percent of nitrogen (N), phosphorus (P), and potassium (K) they contain, as
Figure 15.12 shows. A typical mixed fertilizer might be graded 6-12-12. A typical
compost, by contrast, might be rated anywhere from 0.5-0.5-0.5 to 4-4-4. Compost N-P-K ratings are much lower because of their high percentage of organic
bulk. This organic bulk helps to keep the soil loose for aeration, however, and
also serves as food for beneficial organisms that live in the soil. Because of the
negative electric charges it carries, the organic bulk also attracts positively charged
nutrient ions, which are then not so readily leached away.
The effect that nitrogen-containing synthetic fertilizers can have on yields is
illustrated in Figure 15.13. It requires a lot of energy to mine and refine synthetic fertilizers, however, and so they are expensive. For example, of the total
energy required to produce corn in the United States, at least one-third is
needed to produce, transport, and apply the fertilizer. Nevertheless, synthetic
fertilizers are widely used, and our present food supply depends on them.

Which N-P-K rating would you expect for coffee grounds, which contain significant quantities of the alkaloid caffeine: 2-0.3-0.2, 0.3-2-0.2, or 0.3-0.2-2?

Caffeine

Was this your answer? That caffeine is a nitrogen-containing compound

means that coffee grounds must contain a relatively high proportion of
nitrogen, as is indicated by their N-P-K rating of 2-0-3-0.2.

Miracle Gro® liqUid All PurposePlant Food
NET WEIGHT 21b 9 oz

GUARANTEED ANALYSIS

FIGURE

12-4-8
F 1198 1

Total Nitrogen (N). . . . . . . . . . . . . . . . .. 12%
Zinc (In)
0.05%
0.40% Ammoniacal Nitrogen
0.05% Chelated Zinc (Zn)
1.80% Nitrate Nitrogen
Derived from: Ammonium Phosphate, Potassium
9.80% Urea Nitrogen
Phosphate, Potassium Nitrate, Urea, Iron EDTA,
Available Phosphate (Pps)
4%
Manganese EDTAand Zinc EDTA.
Soluble Potash (K20)
8%
If'
d'
h
dI I f
Iron (Fe)
0.10%
n orm,atlth0~regadr tn~ t e Clontents an eve s o~
0.10.% C. belated Iron (Fe)
met~ s in IS pro uct IS ~vai able on the internet at:
Manganese (Mn)
0.05%
http.//www.regulatory-mfo-s(.com
/
_ ..J).05~oChelated Manganese (Mn) __
_AP.Ply Qnlv..iti Dir~c~d.. __
.JJ!.9A

15.12

Fertilizersare rated by the percentages of nitrogen, phosphorus, and potassium they contain.
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15.13

Between 1956 and 1972, world
crop yields grew in tandem with
increases in the use of nitrogen
fertilizers.
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• 15.5 Pesticides Kill Insects, Weeds, and Fungi
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crop needs more than adequate nutrition. It also needs defense
a host of natural enemies, a few of which are shown in Figure
15.14. To control these pests, farmers can apply substances known as pesticides.
There are several kinds of pesticides, including insect-killing insecticides, weedkilling herbicides, and fungus-killing fungicides.

FIGURE

15.14

Crop pests such as these threaten
crop yields.
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KILL INSECTS

Most species of insects are beneficial or even essential to agriculture. Honeybees,
for example, are responsible for the pollination of $1 0 billion worth of produce
in the United States. Countless other species take part in nutrient recycling and
help maintain soil quality. A small minority of insect species, however, has continually threatened our capacity to grow, harvest, and store crops, and it is
against these species that insecticides are used. The most widely used insecticides
are chlorinated hydrocarbons, organophosphorus compounds, and carbamates.
The chlorinated hydrocarbons have a remarkable persistence, killing insects for
months and years on treated surfaces. There are at least two reasons for this persistence. First, chlorinated hydrocarbons tend to be nonbiodegradable, which
means there are no natural pathways to break them down chemically. Second,
they are non polar compounds, which means they are insoluble in water and so
are not washed away by rainwater.
In 1939 there was a breakthrough in the fight against insect pests with the chemical synthesis of the chlorinated hydrocarbon DDT, shown in Figure 15.15. During the 1940s and 1950s, DDT was applied liberally to crops, resulting in markedly
greater yields. In addition to protecting plants, DDT protected people from disease. It was applied to rivers, streams, and villages to help control the proliferation
of mosquitoes, lice, and tsetse flies, which spread malaria, typhus, and sleeping sickness, respectively. According to the World Health Organization, by protecting
against these diseases, DDT has saved an estimated 25 million human lives.
Insect populations began to develop a resistance to DDT within a few years
of its first application. Furthermore, DDT was found to be toxic to wildlife,
including the natural predators of insects, such as birds. With fewer natural
predators, DDT-resistant insects were able to thrive. The early increased crop
yields resulting from DDT use were therefore not sustainable.
In the 1950s and 1960s, these and other negative aspects of DDT and other
pesticides were brought to the public's attention by a number of publications,
including biologist Rachel Carson's book Silent Spring. Through the use of
poetry, Carson, shown in Figure 15.16, described the importance of understanding the dynamics of ecosystems, most of which are highly sensitive to
human activities. She also described a phenomenon known as bioaccumulation, whereby a toxic chemical that enters a food chain at a low trophic level
becomes more concentrated in organisms higher up the chain, as illustrated in
Figure 15.17. In bodies of water sprayed with DDT, for example, small amounts
of the pesticide were ingested and stored in the nonpolar lipids of aquatic
microorganisms. Because these microorganisms serve as food for animals at
higher trophic levels, DDT became more concentrated in the body fat of these
larger creatures. Predatory birds at the top of the chain accumulated the greatest
amounts ofDDT. Eventually, the elevated DDT levels affected avian population
numbers because the eggshells of affected birds were too thin and fragile to support the growing chick embryos. DDT contributed to the decline of many bird
populations and the near extinction of some species of osprey, hawks, eagles, and
falcons. In the early 1970s, the United States and many other countries banned
the use of D DT. Within a matter of years, many wildlife species in these countries were able to recover.
Many chlorinated hydrocarbon alternatives to DDT have been developed.
One of the earliest substitutes was methoxychlor, shown in Figure 15.18. This
compound has a much lowet toxicity in most animals and, unlike DDT, is not
readily stored in animal fat. Look carefully at the structures of methoxychlor and
DDT, and you'll see that they are identical except that methoxychlor has two
ether groups where DDT has two chlorine atoms. Because the structures are
nearly identical, they have nearly the same level of toxicity in insects. In higher

H

Cl-@-f-@-Cl
Cl-C-Cl
I
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FIGURE

15.15

The chemical name for DDT is
dichlorodiphenyltrichloroethane,

FIGURE

15.16

Rachel Carson was a pioneer in
the fight against excessiveuse of
pesticides.
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DOTconcentration

• Many nations still rely on DDTas
an economical method of controlling insects that carry human
diseases. DDTcan be most effective in this manner, but not without consequences. In Malaysia,
for example, thatched roofs were
once sprayed with DDTto kill
malaria-carrying mosquitos.
Wasps that kill straw-eating
moths were killed. The moths
prospered, leading to the
destruction of the thatched roofs.
Furthermore, cats that ate geckos
that ate DDT-laden cockroaches
died. With no cats, rats multiplied
as did the bubonic plague, carried by fleas that live on the rats.
Cats were thus dropped by parachute to remote villages to help
prevent outbreaks of the plague.
When it comes to ecosystems,
you can never change only one
thing
MORE

TO

EXPLORE,

www.iupac.org/publications/
cd/essenttal toxicology I
IUPACDDTcase.pdf

DOT in fish-eating birds,

25 ppm

DOT

DOT

DOT

in large fish,
2 ppm

in small fish,
0.5 ppm

in zooplankton,
0.04 ppm

DOT in water,
0.000003 ppm

FIGURE

15.17

The DOT concentration in a food chain can be magnified from 0.000003 parts per
million (pprn) as a pollutant in the water to 25 ppm in a bird at the top of the chain.
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FIGURE

15.18

Methoxychlor is one of many alternatives to DOT. Enzymes in the liver can cleave
the ether groups to produce polar products. Look back at Figure 15.15, and you will
see that DOT lacks ether groups.
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PESTICIDES

KILL

animals, however, the oxygen atoms facilitate detoxification. Specifically, enzymes
in the liver cleave the ether groups to synthesize polar products that are readily
excreted through the kidneys.
Organophosphorus
compounds
and carbamates, in contrast to chlorinated
hydrocarbons,
readily decompose to water-soluble
components
and so do not
act over extended periods of time. Their immediate toxicity to both insects and
animals is much greater than that of chlorinated hydrocarbons,
however. Added
safety precautions are required during the application of both organophosphates
and carbamates, especially because of their toxicity to honeybees (Figure 15.19).
There are hundreds of organophosphorus
and carbamate insecticides in agricultural and household
use. Two important
examples are malathion,
an
organophosphorus
compound, and carbaryl, a carbamate, both shown in Figure
15.20. Malathion kills a variety of insects, such as aphids, leafhoppers, beetles,
and spider mites. Carbaryl, like many other carbamates, is relatively selective in
the types of insects it kills.
.--.J. :mM.LJE.JC~~hE"'C"""K"--------------------Why do chlorinated hydrocarbons persist longer in the environment
do organophosphorus
compounds?

than

Was this your answer? There are no natural pathways by which ch lorinated
hydrocarbons are readily broken down to less harmful compounds. Also,
because they are nonpolar, chlorinated hydrocarbons are not readily washed
away by rainwater. Organophosphorus
compounds readily decompose to
water-soluble products that can be carried away by rainwater.

Malathion
(an organophosphorus compound)

FIGURE

15.20

The widely used pesticides malathion and carbaryl.

Carbaryl
(a carbamate)
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15.19

Honeybees do not forage at night.
Quick-acting pesticides, such as
organophosphorus compounds
and carbamates, are therefore best
applied in the evening. By the
time the bees return the next day,
these pesticides have lost much of
their toxicity.
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CLEANING

P

erhaps the most environmentally
friendly insecticides are solutions
of soap or detergent. Insects are
perforated with tiny holes, called
spiracles, through which atmospheric
oxygen migrates directly into cells.
These holes are easily penetrated by
liquid soap or detergent, which then
blocks the exchange of atmospheric
gases and so suffocates the insect. In
general, the larger the insect, the
more concentrated a soap solution
needs to be in order to kill efficiently.
A dilute soap solution, for example,
will quickly annihilate aphids, but

only a relatively concentrated one
will kill a cockroach.
WHAT

YOU

NEED

Liquid soap or detergent, measuring
spoons, pump-spray bottles, plants
infested with household or garden
insect pests such as houseflies or
aphids

YOUR

INSECTS

and write the concentration (in teaspoons per cup, say) on each bottle.
Test the effectiveness of each solution on the infested plants. Follow
with a spray of fresh water to remove
any residual soap from the plants.

PROCEDURE

Use the measuring spoons to create
of soap solution. Stir your solutions gently to
avoid excessive foaming. Pour each
solution into a pump-spray bottle,
various concentrations

HERBICIDES

KILL WEEDS

Weeds compete with crop plants for valuable nutrients. The traditional method
for controlling weeds is to plow them under the soil, where in decomposing they
release the nutrients they absorbed while they were alive. Plowing also aerates
the soil, but it is either labor-intensive or energy-intensive and can lead to topsoil erosion. In the early 1900s, farmers noted that certain fertilizers, such as calcium cyanamide, CaNCN, selectively kill weeds while causing little harm to
crops. This prompted a broad search for chemicals that act as herbicides. Today,
a farmer can choose from hundreds of herbicides, many tailored for a specific
weed. Farmers in the United States apply almost 600 million pounds of herbicides annually, which is about three times more than the amount of insecticides
they apply.
Two selective herbicides are the carboxylic acids 2,4-dichlorophenoxyacetic
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic
acid (2,4,5-T), shown in
Figure 15.21. Both mimic the action of plant growth hormones and are selective in killing broad-leafed plants but not grasslike crops such as corn and
wheat. A herbicide known as Agent Orange is a blend of 2,4- D and 2,4,5- T.
During the Vietnam War, U.S. military forces applied more than 15 million
gallons of Agent Orange and related herbicides in an effort to defoliate jungle
areas that could harbor enemy troops. Health problems in Vietnamese troops
and civilians, U.S. troops, and others exposed to Agent Orange have since
been linked to a minor contaminant-the
highly toxic compound 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD). This contaminant was generated as a
side product in the manufacture of2,4,5-T. In 1985, because of this contamination, the use of2,4,5-T was prohibited by the U.S. Environmental Protection Agency. TCDD-free methods of2,4,5-T production, however, have since
been developed, which raises the possibility that 2,4,5-T may once again be
introduced as an effective herbicide.
Three other commonly used herbicides are atrazine, paraquat, and glyphosate,
all shown in Figure 15.22. Atrazine is toxic to common weeds but not to many
grasslike crops, which can rapidly detoxify this herbicide through metabolism.
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The herbicides 2,4-0 and 2,4,5T and the dioxin contaminant
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15.22

II The herbicides arrazine
I

'
I paraquat, and glyphosate.

Atrazine

Paraquat

o

0
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Paraquat kills weeds in their sprouting phase. During the 1970s and 1980s,
this herbicide was sprayed aerially to destroy drug-producing poppy and marijuana fields in the United States, Mexico, and much of Central America and
South America. Paraquat residues made their way into the illicit drug products, however, causing lung damage in users. So, for ethical reasons, the spraying of paraquat on drug-producing plants is no longer common practice.
Glyphosate is a nonselective herbicide that affects a biochemical process common to all plants-the
biosynthesis of the amino acids tyrosine and phenylalanine. Glyphosate has low toxicity in animals because most animals do not
synthesize these amino acids, obtaining them from food instead. Glyphosate is
the active ingredient of the herbicide Round-up.

-_._-_.-~--_
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Thiram

FIGURE

15.23

The fungicide thiram.

GI

As decomposers, fungi play an important role in soil formation,
but they can also harm crops. Most of the harm they cause
occurs during a plant's early growth stages. Fungi can also spoil
stored food and are particularly devastating to the world's fruit
harvest.
In the United States, farmers use about 100 million pounds
of fungicides annually, meaning fungicides rank third after herbicides and insecticides in the amounts used. An example of a
fungicide is thiram, widely used on fruits and vegetables and
shown in Figure 15.23.
During the last 60 years, pesticides have benefited our society by preventing disease and increasing food production. Our
need for pesticides will continue, but greater specificity will certainly be demanded. Furthermore, it is becoming increasingly
apparent that the benefits of using pesticides must be considered in the context
of potential risks.

• 15.6 There Is Much to Learn from Past
Agricultural Practices
ver the past 100 years, there have been dramatic increases in crop yields.
An acre of U.S. farmland in 1900 yielded about 30 bushels of corn.
Today, that same acre yields on the order of 130 bushels of corn. This increased
efficiency has meant a significant drop in the number of people needed to farm.
In the early 1900s, about 33 million people in the United States lived and
worked on farms. Today, only 2 million people are engaged in commercial farming in this country, producing crops and livestock.
Many of the farming methods used to obtain high yields have significant disadvantages. Pesticides and fertilizers, for example, pose certain risks. Pesticides are
inherently toxic, and each year thousands of people working in agriculture are poisoned by the mishandling of these dangerous compounds. Fertilizers help plants
grow, but major portions of applied fertilizer are washed away into streams, rivers,
ponds, and lakes, where they upset ecosystems, especially by promoting an excessive growth of algae (see Section 16.6). Fertilizer runoff from fields, illustrated in
Figure 15.24, can also contaminate drinking water supplies and thus affect human
health. An ailment known as blue-baby syndrome, for example, results from
drinking water containing high concentrations of nitrate ions, a main ingredient of
most fertilizers. Nitrate ions in the bloodstream compete with oxygen for the positively charged iron ions ofhemoglobin molecules. This leads to a form of anemia
known as methemoglobinemia, to which babies are particularly sensitive. Aside
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15.24

The water running off this farm
field contains many pesticides
and fertilizersthat can be harmful to ecosystemsand human
health.

from a shortness of breath, one of the major symptoms is a bluish color to the skin.
Poor maintenance of topsoil is also a major concern. Synthetic fertilizers have
no organic bulk and do not provide a food source for soil microorganisms and
earthworms. Over time, a soil treated with only these fertilizers loses biological
activity, which diminishes the soil's fertility. Soils void of organic bulk become
chalky and susceptible to wind erosion. Chalky soils lose their capacity to hold
water, which means that more applied fertilizer is leached away. Ever-increasing
amounts of fertilizer are thus needed.
Over the past 100 years, damaging farming practices have decreased the
amount of topsoil in parts of the United States by as much as 50 percent. During the 1930s, farming practices and drought conditions created giant dust
storms, such as the one shown in Figure 15.25, that removed major portions of
the topsoil in Kansas, Oklahoma, Colorado, and Texas. In one storm, large dust
FIGURE

15.25

Poor soil-conservation practices
in the early 1900s contributed to
the loss of much topsoil to wind
storms thick with dust.
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clouds were carried all the way from the Midwest to Washington, D.e., and
then into the Atlantic Ocean. Politicians in that city, observing the effects of
poor soil management right ourside their windows, quickly passed legislation
that created the Soil Erosion Service, which became the National Resources
Conservation Service and continues to this day in its efforts to help protect the
nation's topsoil for future generations.
Another limited resource required for farming is fresh water. In regions
where rainfall is insufficient to support large crops, water is either channeled
into fields from lakes, rivers, and streams or else pumped up from the ground.
In many areas, groundwater is the primary source of fresh water, but excessive
use of groundwater can lead to land subsidence, illustrated in Figure 15.26.
Any source of water other than rainwater requires an irrigation method to
deliver water to the fields. Flooding is a common method, but it is not efficient
because most of the water is lost in runoff and evaporation. Sprinkler systems
are an improvement over flooding because they do not cause soil erosion. Such
systems also lose large amounts of water, however, because a significant portion
of the airborne water evaporates before reaching the ground.
All liquid water on Earth's surface, no matter how fresh, contains some salts.
After irrigation, water evaporates from farmland and these salts are left behind,
and so over time repeated irrigation causes the salinity of the soil to increase.
This process is known as salinization, and it leads to a rapid decrease in productivity. To counteract growing soil salinity, farmers flood the land with huge
quantities of water. As the water drains into a river, it washes the unwanted
salts-along with significant amounts of topsoil-into
the river. Thus a river
passing through farmlands gets saltier and saltier as it runs to the sea, as depicted
in Figure 15.27.
FIGURE

15.26

The San Joaquin Valleyof California has subsided by more than
35 feet since the pumping of
groundwater began in the 1920s.

FIGURE

15.27

As a river flows along, runoff
from agricultural fields can add
to the river'snatural salinity. By
the time the Colorado River
reaches the Gulf of California,
for example, it is too salty for
productive farming. A rypical
safe drinking water standard for
salt content is 500 milligrams/
liter. Agricultural damage occurs
when soil saliniry reaches a concentration of about 800 milligramslliter.
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t-AECK
Are there any dissolved salts in a mountain

stream?

Was this yOUT answer? Land contains a variety of salts. As water runs over
and throug h the land, these salts dissolve in the water. In general, the farther
the water travels, the saltier it becomes. Thus even water that has traveled
on 1ya short distance, which is the case with a mountain stream, contains
some salts So the answer to this question is a qualified "yes, but not enough
to make the water undrin kable."

• 15.7 High Agricultural Yields Can Be Sustained
with Proper Practices
t the beginning of this chapter, agriculture was defined as the organized
use of resources for the production of food. Whether or not these
resources-mainly
topsoil and fresh water-will be available for future generations depends on how well we manage them now. We already know from experience that pesticides and fertilizers cannot be applied liberally without
threatening both topsoil quality and our supplies of clean groundwater (not to
mention the health of ourselves and the planet).
Over the past several decades, there have been strong movements toward
developing methods and technologies that will sustain agricultural resources
over the long term. Problems associated with irrigation, for example, can be
solved by micro irrigation, which is any method of delivering water directly to
plant roots. Microirrigation not only prevents topsoil erosion but also minimizes the loss of water through evaporation, which in turn minimizes the salinization of farmland. One method of micro irrigation is shown in Figure 15.28.

FIGURE

• Those living in the agricultural
regions of the arid southwestern
United States are most familiar
with the accumulation of visible
salty sediments like those shown
in the inset of Figure 15.27. Agricultural salinization, however,
has been a problem ever since
the beginning of agriculture.
Archaeological evidence shows
that the fall of the Sumerian society of ancient Mesopotamia was
likely due in part to the accumulation of salts on farmlands irrigated by waters of the Tigris and
Euphrates rivers in what is now
Iraq. Civilizations along the Nile
Riverin Africa, however, survived
throug h the millennia because,
un like the Tiqris and Euphrates,
the Nile floods seasonally, which
allows for a seasonal flushing of
accumulated salts.
MORE
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15.28

The microirrigation method known as drip irrigation deliverswater through
long, narrow strips of punctured plastic tubing. These farmers are placing
tubing in a soon-to-be-planted field. Once installed, the system will provide
only as much water as the plants need.
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FIGURE

15.29

Odor-free backyard compost
bins are easy to build and maintain.

(al
FIGURE

FARMING

IS ENVIRONMENTALLY

FRIENDLY

For controlling pests and maintaining
fertile soil, the conventional
agricultural
industry is now looking at the efforts of many small-scale farmers who have
demonstrated
that significant crop yields can be obtained without pesticides and
synthetic fertilizers. This method of farming is known as organic farming,
where the term organic is used to indicate a concern for the environment
and a
commitment
to using only chemicals that occur in nature.
To protect against pests, organic farmers alternate the crops planted on a particular plot of land. Such crop rotation works fairly well because different crops
are damaged by different pests. A pest that thrives on one season's crop of corn,
for example, will do poorly on the next season's crop of alfalfa. For fertilizer,
organic farmers rely on compost, shown in Figure 15.29. They also include
nitrogen-fixing
plants in their crop-rotation
schedules.
Many claims are made that food produced organically is better for human consumption. Chemically, however, the molecules that plants absorb from synthetic
fertilizers are the same as those they absorb from natural fertilizers. If organically
grown produce tastes any better or is more nutritious than conventionally grown
produce, the reason likely has to do with the genetic strain of the produce or with
the greater attention paid to growing conditions, such as the amount of water
made available to plants or the careful control of soil pH.
Organic farming tends to be benevolent to the environment. In addition to avoiding the potential runoff
of pesticides
and fertilizers,
organic farming
is
energy-efficient,
using only about 40 percent as
much energy as conventional
farming. A large portion of the energy savings arises because the manufacture of pesticides and fertilizers is energy-intensive.
For instance, each year in the United States, about 300
(b)
million barrels of oil is consumed for the production
of
nitrogen fertilizers.
Because much organically grown food, such as that shown in Figure 15.30, is
grown locally, by purchasing
it you help support local farmers. Ultimately,
though, your purchase of organically grown food is a vote in favor of environmentally friendly methods of farming.

15.30

(a) Pound for pound, organically
grown food is cheaper to produce
than conventionally grown food.
Market forces, however, often
result in organically grown foods
costing more. (b) A product can
bear this USDA organic seal if at
least 95 percent of its ingredients
are certified organic. According to
the Organic Trade Association,
organic food sales now represent
approximately 2 percent ofD.S.
food sales.

Which are made of organic chemicals, organically grown foods or conventionally grown foods?
Was this your answer? Regardless of whether they are grown with natural
fertilizer or synthetic fertilizer, all foods are made of organic chemicals-carbohydrates, lipids, proteins, nucleic acids, and vitamins. A thorough ly rinsed
conventionally grown carrot may be just as good for you-or even better-as
one grown without the use of synthetic fertilizers and pesticides. The organic
in organic farming is a term used to designate a natural method of farming.
INTEGRATED

CROP MANAGEMENT

FOR SUSTAINABLE

IS A STRATEGY

AGRICULTURE

To meet concerns about sustaining agricultural resources over the long term,
groups from industry, government, and academia have identified a whole-farm
strategy called integrated crop management (ICM). This method of farming
involves managing crops profitably and with respect for the environment
in
ways that suit local soil, climatic, and economic conditions. Its aim is to safeguard a farm's natural assets over the long term through the use of practices that
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avoid waste, enhance energy efficiency, and minimize pollution. ICM is not a
rigidly defined form of crop production but rather a dynamic system that adapts
and makes sensible use of the latest research, technology, advice, and experience.
One of the more significant aspects ofICM is its emphasis on multicropping,
which means growing different crops on the same area ofland either simultaneously, as shown in Figure 15.31, or in rotation from season to season. As with
organic farming, multicropping achieves significant pest control, and it also can
be used to improve soil fertility. For example, nitrogen-generating crops, such as
legumes, are a good complement to nitrogen-depleting crops, such as corn.
An important component ofICM is integrated pest management (IPM),
one of the aims of which is to reduce the initial severity of pest infestation. This
can be accomplished through a number of routes. Upon starting a farm, for
example, only crops that fit the local climate, soil, and topography should be
grown. This selectivity makes for crops that are hardy and pest-resistant. Crops
should also be rotated as much as possible to reduce pest and weed problems.
Another IPM strategy is growing tree crops or hedges either around the perimeter
of a farm or interspersed throughout the farm. These trees and hedges provide
habitat, cover, and refuge for beneficial insects and such pest predators as spiders,
snakes, and birds. As an added benefit, the trees and hedges also protect the land
from wind erosion. Yet another IPM strategy is to breed and cultivate plants that
have a natural resistance to pests. For centuries, this was accomplished by selectively mating plants that showed the greatest resistance. Today, this age-old
method is quickly being supplanted by the techniques of genetic engineering.
Another aim of IPM is to minimize the use of pesticides. For example, many
farmers now use the global positioning satellite system (GPS) to target precise
pesticide applications. Using infrared satellite photography, illustrated in Figure
15.32, and a careful walk-through assessment of field conditions, farmers can
match pesticide blends with crop needs. Computers link application equipment
with the GPS satellites, which "beam" pesticide application adjustments every
few seconds as a farmer moves across a field. This same technology also works
well with selective delivery of synthetic fertilizers.
There are many other methods of pest control that can be used in place of
chemical pesticides or in combination with them to minimize the need for these
agents. Depending on the availability oflabor, egg masses or larvae can be handpicked off plants. Instead of using herbicides, weeds can be tilled under. An
insect population can also be controlled by various biological approaches, such
as by introducing large numbers of sterile insects into a population or by introducing natural predators, as shown in Figure 15.33.
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15.31

Complementary crops such as
legumesand corn are grown in
alternating strips to enhance soil
fertility.The strips followthe contour of the land to minimize erosion from rainwater or irrigation.

FIGURE

15.32

Satellite images can revealinformation about crop growth and
potential pest infestation. The
darker areas of this infrared satellite image show where corn
growth has been stunted by some
form of infestation.

FIGURE

15.33

The almond trees on the right
side of the road were decimated
by spider mites. Those on the left
were protected by the introduction of spider mite predators.
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FIGURE

15.34

Female gypsy moths emit the pheromone disparlure (top) to entice male gypsy
moths (bottom left) into mating. The males ate so sensitive to this compound that
they can detect one molecule in 1017 molecules of air. This astounding sensitivity
enables them to respond to a female who may be more than 1 kilometer away.However,they can also be tricked into responding to insecticide traps laced with synthetic disparlure (bottom right).
Another way to control the proliferation of insects is to modify their behavior
through the use of pheromones, which are volatile organic molecules that
insects release to communicate with one another. Each insect species produces
its own set of pheromones, some as warning signals and others as sexual attractants. Sexual pheromones synthesized in the laboratory can be used to lure
harmful insects to localized insecticide deposits, thereby reducing the need for
spraying an entire field, as depicted in Figure 15.34.
Nature is sophisticated, and if we are to work with nature in a sustainable
way, our methods must also be sophisticated. New and improved techniques
provide the farmer with a menu of possible actions in response to nature's everchanging parameters. Each action, however, must be taken with an awareness of
its potential environmental impact. In this sense, the human who farms sustainably is not dominating nature but rather working with it.

• 15.8 A Crop Can Be Improved by Inserting a Gene
from Another Species
ver the past couple of decades, advances in genetic engineering have led
to profound developments in agriculture. (See Section 13.5 for a review
of genetic engineering techniques.) For centuries, farmers have improved crops
and domestic animals by breeding for desirable traits. This uncertain and often
lengthy process can now be performed relatively quickly and with great certainty by using the tools of modern molecular biology to introduce genes for
desired traits into plants and animals. The resulting organisms are called transgenic organisms because they contain one or more genes from another species.
In the media and marketplace, transgenic organisms are also known as
genetically modified organisms, or GMOs for short.
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15.35

(a) The bacterium Bacillus thuringiensis (Bt) produces proteins that are toxic to
insects, such as the corn borer, a devastating corn pest. The external application of
Bt proteins on corn, however, cannot control the corn borer once it is inside the
stalk. (b) Corn is made resistant to the corn borer by splicing the gene for the Bt
protein into corn DNA. The resulting corn plant produces the Bt protein in irs cells
and is thus fully resistant to the corn borer. Recent studies, however, have indicated
that pollen from Bt corn may have adverse effects on Monarch butterflies, which are
beneficial insects.

Transgenic bacteria have been developed to mass-produce a variety of valuable
proteins, including bovine growth hormone
(BGH). When this hormone is
injected into dairy or beef cattle, it raises milk production
or improves weight
gain. It has passed all safety tests so far and is now being used extensively in dairy
herds.
Most of the progress in transgenic agriculture has been with plants. Several
major crops have been engineered with genes that create proteins having insecticidal properties.
The insect pest is killed only when it feeds on the crop.
Figure 15.35 illustrates this technique
for corn. With such a mechanism,
most-though
not necessarily all-nontarget,
benevolent
organisms are left
unharmed and the need for pesticide application is reduced. Other major crops
have been engineered with genes that make them resistant to the herbicide
glyphosate,
meaning that the herbicide
kills weeds in a field but doesn't
threaten the crop planted there. Researchers have also inserted a gene coding
for a dietary protein into sweet potato plants. This protein contains significant
amounts of the eight amino acids essential to adult humans (see Table 13.6).
Figure 15.36 shows these protein-rich
sweet potatoes, which are easy to cultivate and hold special value for developing nations, where high-quality
protein
foods are hard to come by.

FIGURE

15.36

Gene transfer has made sweet
potatoes a better protein source.
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• Worldwide,about 70 million
acres of farmland are cultivated
with transgenic crops.Asa result,
about one-third of the world corn
harvest and more than one-half
of the world soybean harvest
now come from geneticallyengineered plants. Ifyou think you
have never ingested transgenic
foods,think again.
MORE

TO

EXPLORE,

http://americanscientist.org/
articles/oiarticles/ Marvier.htm1
http://en.wikipedia.org/wiki/
Transgenic_plants
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The examples just described all involve the transposing of only one or a couple of genes into the transgenic organism. There are many desirable traits, however, that involve clusters of genes. An important example is the ability to fix
nitrogen. Intense research is currently under way to transpose all the genes necessary for nitrogen fixation into plants that do not naturally fix nitrogen. With
such a transgenic species, the expensive production and application of nitrogen
fertilizers becomes unnecessary. Because many genes are involved, the system is
complicated and currently beyond science's biotechnical capabilities, but perhaps that won't be true for long.
There is heated debate about genetically engineered agricultural products.
Some scientists argue that producing transgenic organisms is only an extension of traditional crossbreeding, the procedure that has given us such new
and interesting products as the tangelo (a tangerine-grapefruit
hybrid). In
general, the Food and Drug Administration has held that if the result of
genetic engineering is not significantly different from a product already on the
market, testing is not required. On the other side of the argument are scientists who believe that creating transgenic organisms is radically different from
hybridizing closely related species of plants or animals. There is concern, for
example, that genetically engineered crops might grow too well, ultimately
reseeding themselves in areas where they are not desired and thus becoming
"superweeds." Transgenic crops might also pass their new genes to close relatives in neighboring wild areas, creating offspring that would be difficult to
control.
Stay tuned for developments in the area of transgenic agriculture, such as the
development of the golden rice discussed at the beginning of this chapter. This
form of agriculture holds much promise. The power of genetic engineering,
however, demands that we move cautiously, with all necessary safeguards in
place. One of the more important safeguards, no doubt, will be a well-informed
general public.

• In Perspective

W ~:y
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Sen, professor of economics at Trinity College, Cambridge,
England, is well known for his
work in the economics of poverty
and famine.
Arnartya

century, Earth may have 12 billion inhabitants, about twice as
as it has now. If projections made by demographers are correct, the
human population will be approaching a stable level by then, just as the populations of many developed nations already have. Will we be able to feed ourselves
when this steady state is reached? The answer is probably yes, but potentially only
for a while. Even if world food production were to grow more slowly than at the
current rate, there would still be enough food for 12 billion mouths by the time
they arrive.
However, not only must the food supply expand but it must expand in a way
that does not destroy the natural environment. For agriculture to be sustainable,
a steady stream of new technologies that minimize environmental damage must
be developed.
The most critical problems faced by those seeking to counteract world
hunger are more likely to be social rather than technical. Above all, efforts
toward stabilizing the world population must continue in earnest. The size of
our planet is limited, and practically all the world's farmable land is now under
cultivation. As the population grows, more food will be required, while at the
same time more farmable land will be lost to residential and business develop-

KEY TERMS

ment. In tropical areas, economic pressures to slash and
burn rainforests for the formation of additional farmland
will probably continue.
Even with a stable world population, it cannot be
assumed that a large-enough food supply will lead to the
end of world hunger. Today, the abundance of food is at
an all-time high, and yet an estimated 8.7 million individuals, most of them young children, die each year from
a lack of adequate nutrition. Arnartya Sen, a leader in the
fight against world hunger and the 1998 Nobellaureate
in economics, points out that in most circumstances,
malnutrition arises not from a lack of food, but from a
lack of appropriate social infrastructure, as Figure 15.37
shows. Backed by strong evidence, Sen argues that "public action can eradicate the terrible and resilient problems
of starvation and hunger in the world in which we live."
Efforts toward optimizing the food yields from agriculture must therefore be matched by efforts to build social,
political, and economic systems that give those facing
starvation the means for survival. World hunger is not
inevitable.
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The Bangladeshfamine of 1974 occurredduring a
period when the amount of food availableper person in
that country wasat a peak. It wasunemployment, hoarding, and inflatedfood pricesthat drovemillionsto their
death.

TERMS

Agriculture The organized use of resources for the
production of food.
Trophic structure The pattern of feeding relationships
in a community of organisms.
Producer An organism at the bottom of a trophic
structure.
Consumer An organism that takes in the matter and
energy of other organisms.
Decomposer An organism in the soil that transforms
once-living matter to nutrients.
Nitrogen fixation A chemical reaction that converts
atmospheric nitrogen to some form of nitrogen usable
by plants.

Bioaccumulation The process whereby a toxic
chemical that enters a food chain at a low trophic level
becomes more concentrated in organisms higher up the
chain.
Salinization The process whereby irrigated land
becomes saltier as the irrigation water evaporates.
Microirrigation
to plant roots.

A method of delivering water directly

Organic farming Farming without the use of
pesticides or synthetic fertilizers.
Integrated crop management A whole-farm strategy
that involves managing crops in ways that suit local
soil, climatic, and economic conditions.

Humus The organic matter of topsoil.

Integrated pest management A pest-control strategy
that emphasizes prevention, planning, and the use of a
variety of pest-control resources.

Compost Fertilizer formed by the decay of organic
matter.

Pheromone An organic molecule secreted by insects
to communicate with one another.

Straight fertilizer A fertilizer that contains only one
nutrient.

Transgenic organism An organism that contains one
or more genes from another species. Also known as a
genetically modified organism, or GMO.

Horizon A layer of soil.

Mixed fertilizer A fertilizer that contains the plant
nutrients nitrogen, phosphorus, and potassium.
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HIGHLIGHTS

AT ALL

TROPHIC

LEVELS

1. What are the two major chemical products of photosynthesis?
2. In a trophic structure, what distinguishes a producer

from a consumer?

16. What advantages does compost have over mixed
synthetic fertilizers?
PESTICIDES

KILL

INSECTS,

WEEDS,

AND

FUNGI

17. Name three kinds of pesticides.
18. What are three classes of insecticides?

3. Why are the number of trophic levels limited?

19. Is D DT still being used today?
PLANTS

REQUIRE

NUTRIENTS

20. Glyphosate interferes with the biosynthesis of
which two amino acids?

4. What is the major natural source of the nitrogen
used by plants?

THERE

5. Do plants require oxygen?

AGR

6. What effect have terrestrial plants had on the composition of ocean water?
7. Why are calcium and magnesium deficiencies rare in
plants?
8. What is the most common form of sulfur absorbed
by plants?
SOIL

FERTILITY

STRUCTURE

IS DETERMINED

AND

NUTRIENT

BY

SOIL

FERTILIZERS

HELP

FERTILITY

14. What is the difference between a straight fertilizer
and a mixed fertilizer?
15. What advantages do mixed synthetic fertilizers have
over compost?

BUILDING

CULTURAL
WITH

YIELDS
PROPER

CAN
PRACTICES

•

BEGINNER

•

31 .• Thoroughly dried dead plant material is
44.4 percent oxygen by weight. How is this oxygen held
in the plant so that it doesn't escape into the atmosphere?
32 .• What would happen to a forest without the
action of decomposers?

A CROP

CAN

A GENE

FROM

BE IMPROVED
ANOTHER

BY

INSERTING

SPECIES

28. What type ofbiomolecule is generated by a gene?

13. What process is used to generate most synthetic
nitrogen fertilizer?

I CONCEPT

AGR

27. How are pheromones used to diminish insect
populations?

12. What is one of the great advantages to having
humus in soil?

RESTORE

23. How is irrigation damaging to topsoil?

26. How is space technology used to reduce the
amount of pesticides applied to farmlands?

11. What are four important components of fertile
topsoil?

SYNTHETIC

PAST

25. What is organic farming?

10. Which horizon is void oflife?

AND

FROM

24. What are the advantages of microirrigation?

9. What are the three soil horizons?

NATURAL

LEARN

22. What is missing from synthetic fertilizers that
makes them harmful to soil?

BE SUSTAINED

RETENTION

TO

PRACTICES

21. How do pesticides and fertilizers end up in our
drinking water?

HIGH

SOIL

IS MUCH
CULTURAL

29. How might a transgenic plant reduce the amount
of pesticide needed for crop protection?
30. Why is it so difficult to develop a transgenic corn
variety that fixes its own nitrogen?

INTERMEDIATE

•

EXPERT

33 .• What happens to most biochemical energy as it
passes from one trophic level to the next?
34 .• Why is the number of Tyrannosaurus rex fossils
found so much lower than the number of fossils found
of other dinosaurs?

DISCUSSION

35 .• Why would a predominantly meat-based diet be
a severe restriction on the possible size of the human
population?
36 .•
soil?

How does humus contribute to the acidity of

37 .• Why do groundskeepers poke holes in football
fields?

QUESTIONS
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49 .• Shown below are the N-P-K ratings for three fertilizer additives: sawdust, fish meal, and wood ashes.
Using what you know about the chemical composition
of these substances, assign each to its most likely N-P-K
rating.

5-3-3

0-1.5-8

0.2-0-0.2

38 .• Pockets of open space in soil are necessary for
plant health. If these pockets are too large, however,
plant health suffers. Why?

50 .• Which is better for a plant: an ammonium ion
from compost or an ammonium ion from synthetic fertilizer?

39 .• The use of tractors and other heavy farm
machinery compacts soil. How might this compacting
affect soil fertility?

51 .• Distinguish between organic farming and integrated crop management.

40 .• Why do soils that contain a high percentage of
clay retain plant nutrients so well?
41 .• Why don't plants grow well in nutrient-rich soils
that contain a high percentage of clay?

52 .• Why does organic farming exclude the use of
pesticides when pesticides themselves are organic?
53 .• Why is it beneficial to grow two or three crops
simultaneously in the same field?

42 .• What happens to ammonium ions in alkaline
soil, and how might this reaction favor the loss of nitrogen from the soil?

54 .• Many farmers in the United States are paid by
the government not to farm their land. Based on your
understanding of the concepts presented in this chapter, cite one reason why this might be so.

43 .• Why do the leaves of plants deficient in nitrogen
turn yellow? Consider the structure of the porphyrin
ring shown in Figure 15.6.

55 .• Industrial wastes and agricultural pollutants are
made of the same kinds of atoms already present in the
environment. So why worry about them?

44 .• How does the organic bulk of compost help to
maintain fertile soil conditions?

56 .• Besides luring insects to an insecticide, how else
might pheromones be used to decrease insect populations?

45 .• Why does DDT have such a strong affinity for
fat tissue?
46 .• When only synthetic fertilizers are used on a
crop, the quantity used needs to be increased over time.
Why?
47 .• Earthworms are repelled by the high concentrations of nutrients in soils treated with synthetic fertilizers. How might this affect the soil structure?
48 .• How might periodic floods from rainstorms
benefit irrigated crop land?

I DISCUSSION

57 .• Why are advances in genetic engineering so significant to agriculture?
58 .• What are the chances that you have already
ingested a product made from a transgenic organism?
59 .• How might genetic engineering be used to
counteract the negative effects of salinization?
60 .• Why might a sweet potato plant genetically
engineered for a higher protein content have a greater
intolerance for nitrogen-poor soils?

QUESTIONS

61. What are the benefits of eating organisms low on
the food chain? What are the benefits of eating higher
up on the food chain? Identify these benefits as being
for the entire human population or for an individual
person.
62. Should organically grown food that has been irradiated to kill pathogens be permitted to carry the label

"organic"? How about a crop grown organically but
from transgenic seeds? Why or why not?
63. Are you willing to drink milk from a cow whose
milk production has been increased by injections of
bovine growth hormone? Does it matter to you that
this bovine growth hormone was created by transgenic
bacteria? Why or why not?
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64. Should transgenic foods be labeled as such in rhe
stores where they are sold? Why or why not? Would
you be reluctant to buy this food? How would the price
of the food affect your decision? What if the food were
processed and within a box, such as a box of crackers?
What if the food were fresh produce on display next to
organic fresh produce? What if the GMO fresh produce
looked healthier than the organic fresh produce and
was less expensive?
65. As stated at the beginning of this chapter, rice has
been genetically engineered to contain a precursor to
vitamin A that could eliminate 500,000 cases of childhood blindness in southeast Asia. Proponents for
golden rice note that this rice is provided as a humanitarian endeavor at no financial cost to the farmers of
this region. Activist organizations, such as GreenPeace,
however, are adamantly opposed to golden rice. Why?
66. Why might environmentalists welcome the introduction of corn genetically engineered to fix its own
nitrogen? Why might they be opposed to it?

T

HANDS-ON

YOUR

SOIL'S

pH-A

CHEMISTRY
QUALITATIVE

INSIGHTS

YOUR

68. The caption to Figure 15.30 notes that market
forces often result in higher prices for organically grown
foods. Identify some of these market forces.
69. You are a Brazilian farmer looking to clear-cut a
rainforest to make room for cattle pasture. An environmental activist from the predominantly beef-eating
United States comes knocking at your door and tries to
convince you not to cut. What are some of the arguments the activist might present, and what counterarguments can you think of for proceeding with your plan?
70. Which of the following options should be more
effective at sustaining the lives of poor people living in
a developing nation? Option 1: Large farms where surplus amounts of food are grown by relatively few owners oflarge tracts ofland. Option 2: Many small farms
where sufficient amounts of food are grown by numerous owners of rather small tracts of land.

its weight would collapse all the tiny channels. In prehistoric times, higher atmospheric concentrations of
oxygen permitted the evolution of much larger insects,
such as the 1-meter-Iong dragonflies often depicted in
dinosaur books.

MEASURE

The soil particles adsorb the red pigment, which is why
it is important to remove as much suspended solid matter as possible from the water before you add your indicator. Any soil particles suspended in the water will
cause the indicator to turn blackish.
This procedure gives only a rough approximation of
the soil pH. More quantitative do-it-yourself soil pH
measuring kits are available at your local gardening
store.
CLEANING

67. Should there be an international ban on the production and use ofDDT? Why or why not?

EXPLORING

www.croplifeamerica.org
III

INSECTS

The advantages of using soap or detergent to kill insects
are that these materials are inexpensive, easily washed
away, and environmentally friendly. The disadvantages
are that they are not selective for harmful insect pests
over beneficial ones. Also, they work only by direct
contact, and the plant must be wiped clean once the
pests are destroyed; getting rid of all the soap can be
difficult if you are using a concentrated solution. Lastly,
they have no lasting insecticidal effect.
Interestingly, the fine network of spiracles is what
limits the size of insects. If an insect were any heavier,

FURTHER

The home page of Crop Lift America, formerly the American Crop Protection Association, which was established to
represent companies that produce, sell, and distribute chemicals usedfor cropprotection.

www.epa.gov
•

Use the search engine at this sitefor the Environmental
Protection Agency tofind numerous articles related to pesticides, including articles on the recovery of contaminated
ecosystems.

www.nrcs.usda.gov
•

Home page for the Natural Resources Conservation Service
of the us. Department of Agriculture. The mission of this
department is to help people conserve, improve, and sustain
our natural resourcesand environment.

EXPLORING

www.thp.org

www.ams.usda.gov/nop

•

•

Home page fOr The Hunger Project, an international
agency dedicated to ending world hunger.

www.cspinet.org
Ii

The Center for Science in the Public Interest is a nonprofit
educational and advocacy organization that [ocuses on
improving the safety and nutritional quality of our fOod
supply.

http:// cipotato.org
•

The International Potato Center, known worldwide by its
Spanish acronym CIP, sees the potato and other Andean
root and tuber crops as underexploited resources fOr agricultural development and hunger reliefin developing countries. Founded in 1971, CIP has worked to enhance the
cultivation, yield, processing, and consumption of potatoes.
Its original mandate was expanded to include sweet potatoes and, more recently, other Andean roots and tubers in
danger of extinction.

FURTHER
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Check out the details of the USDA's program [ar certifying
organic [oods. It claims that this program will help safeguard against creatively worded packages that identify a
product as organic when only a few ingredients are.

www.ide-international.org
•

The International Development Enterprises (IDE) organization, with a staffof600,
has brought nearly 1million
people out of poverty every year by optimizing the efficiendes of small farms using affordable loio-tech solutions.
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caps and glaciers All the remaining
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projects

could result
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40 percent reduction of river flow into Syria and an 80 percent reduction
of river flow into Iraq. Not surprisingly, this issue has been a major source
of political tension among these nations
In this chapter, we explore some of the fundamental

dynamics of fresh

water resources, the chemistry used to treat and protect these resources,
and the impact human activity has on them

•
• 16.1

Water Circulates Through the Hydrologic Cycle

anh's water is constantly circulating, powered by the heat of the sun and the
orce of gravity. The sun's heat causes water from Earth's oceans, lakes, rivers,
and glaciers to evaporate into the atmosphere. As the atmosphere becomes saturated
with moisture, the water precipitates in the form or either rain or snow. This constant water movement and phase changing is called the hydrologic cycle. As Figure
16.1 shows, the route of water through the cycle can be either from ocean directly
back to ocean or a more circuitous route over the ground and even underground.
In the direct route, water molecules in the ocean evaporate into the atmosphere, condense to form clouds, and then precipitate into the ocean as either
rain or snow, to begin the cycle anew.
The cycle is more complex when precipitation falls on land. As with the
direct route, the cycle "begins" with ocean water evaporating into the atmosphere. Instead of forming clouds over the water, however, the moist air is blown
by winds until it is over land. Now there are four possibilities for what happens
to the water once it precipitates. It may (1) evaporate from the land back into
the atmosphere, (2) infiltrate the ground, (3) become part of a snow pack or glacier, or (4) drain to a river and then back to the ocean.
Water that seeps below Earth's surface fills the spaces between soil particles
until the soil reaches saturation, at which point every space is filled with water.
The upper boundary of this saturated zone is called the water table. The depth

FIGURE

16.1

The hydrologic cycle.Water
evaporated at Earth's surface
enters the atmosphere as water
vapor, condenses into clouds,
precipitates as rain or snow, and
falls back to the surface, only to
go through the cycleyet another
time.
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Normal water
table

Water table
during drought

FIGURE

16.2

The water table in any location roughly parallels surface contouring. In times of
drought, the water table falls, reducing stream flow and drying up wells. It also falls
when the amount of water pumped out of a well exceedsthe amount replaced as
precipitated water infiltrates the ground and recharges the supply.

of the water table varies with precipitation and with climate. It ranges from zero
depth in marshes and swamps (meaning the water table is at ground level at
these locations) to hundreds of meters deep in some desert regions. The water
table also tends to follow the contours of the land and lowers during times of
drought, as shown in Figure 16.2. Many lakes and streams are simply regions
where the water table lies above the land surface.
All water that is below Earth's surface is called groundwater. (Liquid water
that is on the surface-in streams, rivers, and lakes-is called, naturally enough,
surjace water.) Any water-bearing soil layer is called an aquifer, which can be
thought of as an underground water reservoir. Aquifers underlie the land in
many places and collectively contain an enormous amount of fresh waterapproximately 35 times the total volume of water in fresh water lakes, rivers, and
streams combined. More than half the land area of the United States is underlain by aquifers, such as the Ogallala Aquifer stretching from South Dakota to
Texas and from Colorado to Arkansas!
As populations grow, the demand for fresh water grows. Precipitation is
Earth's only natural source of groundwater recharge. Although the reservoir of
groundwater is great, when the pumping rate exceeds the recharge rate, there
can be a problem. In wet climates, such as in the Pacific Northwest, extraction is
often balanced by recharge. In dry climates, however, extraction can easily
exceed recharge. To support large populations, these areas must import their
water from distant sources, typically through aqueducts. In southern California,
for example, most of the fresh water comes from the Colorado River through
aqueducts that stretch hundreds of miles.
The Ogallala Aquifer, which is below the dry High Plains, has supplied water
to this thirsty agricultural region for more than 100 years. Most of the aquifer is
water that has been locked underground for thousands of years, however, with
few sources of replenishment. If pumping were to cease, it would take thousands
of years for the water table to return to its original level. In this respect, the Ogallala, unlike most other aquifers, is a limited and nonrenewable resource. Despite
its vast size, withdrawal has been so great in the past 20 years that the area of
farmland serviceable by the Ogallala has decreased by about 20 percent.
As water is removed from the spaces between soil particles, the sediments compact and the ground surface is lowered-it subsides. In areas where groundwater
withdrawal has been extreme, the ground surface has subsided significantly. In

•
• Groundwater is found beneath
nearly every square foot of land.
In some regions, such as deserts,
this groundwater is many meters
deep and difficult to reach. In
moist regions, such as Europe or
most of North America, the
groundwater is relatively close to
the surface and easy to find.
Dowsing is a form of pseudoscience where a person claims to
be able to find groundwater
using a pronged stick that
vibrates wildly upon the discovery of the water. A well is dug at
the indicated location, groundwater is revealed, and the dowser
paid for his or her services. Of
COUTse,
the dowser is usually successful because groundwater is
nearly everywhere. The real test
of a dowser would be to find a
region where water is NOT
located.
MORE
r o EXPLORE:
James Randi Educational
Foundation
www.randi.org
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the United States, extensive groundwater
withdrawal for irrigation of the San
]oaquin Valley of California has caused the water table to drop 75 meters in 20
years, and the resulting land subsidence has been significant.
Probably the most well-known
example of land subsidence is the Leaning
Tower of Pis a in Italy, shown in Figure 16.3. Over the years, as groundwater has
been withdrawn to supply the growing city, the tilt of the tower has increased .

•

An aquifer is a body of underground
come from?

fresh water. Where does this water

Was this your answer? The source of all natural underground (and aboveground) fresh water is the atmosphere, which gets most of its moisture from
the evaporation of ocean water.

• 16.2
FICiURE

FICiURE

of Water

16.3

The Leaning Tower of Pisa, built
centuries ago, slowly acquired a
deviation from the vertical of
about 4.6 meters as a result of
groundwater withdrawal. The
tower's foundation has been stabilized by groundwater withdrawal management, and the
tower should remain stable for
years to come.

Collectively, We Consume Huge Amounts

~

Geological Survey (USGS) began compiling national water-use
~~t~i~·1950.
Since then, this federal agency has been conducting surveys
at 5-year intervals. According to its 2000 report, the rate at which water enters
all U.S. aquifers combined is about 6790 billion liters/day.* In 2000, we were
withdrawing
water from these aquifers at an average rate of 1305 billion
liters/day, meaning we were taking out about 20 percent of the available volume
each day. As shown in Figure 16.4, the bulk of this water was used for irrigation
and as a coolant in the generation of thermoelectric
power.
The numbers in Figure 16.4 tell us that, based on a population of285 million, the 2000 per-person water usage in the United States was 4580 liters/ day
(1305 billionliters/day
-i- 285,000,000
persons). According to the USGS, each
person's personal use was about 8 percent of that amount, which comes to about

1

16.4

Fresh water usage in the United
States (2000) in billions of liters
per day.

Residentia l/Corn mercia I
(public supply)
164 (13%)

Industrial
70 (5%)

Aquaculture
14 (1%)

Irrigation
518 (40%)

Thermoelectric
515 (39%)

power

"These reports are made every 5 years, but it takes several years to compile and cross-check the
data. Thus, at the time of the printing of this textbook, the data for 2005 were not yet available. To
check on the status of the year 2005 report, go to http://water.usgs.gov/watuse.
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COLLECTIVELY,

WE

CONSUME

HUGE

AMOUNTS

366 liters/day. However, only about one-fourth
of that 366 liters is water we
either drink or use to water our lawns or gardens. The other three-fourthsabout 275 liters!-becomes
household wastewater from our bathtubs, toilets,
sinks, and washing machines.
It may seem that because we consume only about 20 percent of the fresh
water available to us that there is little need to conserve. This percentage, however, is only an average. In many drier regions of the western United States, water
usage already exceeds the rate at which aquifers in the region are recharged. In
Albuquerque,
New Mexico, for example, escalating water consumption
has
caused the underlying aquifer to drop by about 50 meters over the past 40 years.
In response, the local government
is seeking a 30 percent reduction in water
usage in the next decade. Such a reduction would reduce the water demand by
about 140 million liters/ day and bring water usage to sustainable rates.
The quality of fresh water varies from one region to another. Deep water
deposits, for example, are often high in dissolved solids. So, even in regions where
fresh water is plentiful, it's important
to conserve water to help protect that
smaller portion of the water supply that is of greatest purity. Furthermore, we are
not the only species that relies on fresh water. Many ecosystems, such as lakes and
wedands, are already stressed by our increasing water demands. Water conservation can go far to alleviate this stress even in the face of our growing population.
According to the USGS, there is good news regarding water conservation
efforts in the United States. As shown in Figure 16.5, total fresh water withdrawal peaked in 1980 at around 1420 billion liters/ day. By 2000, however, the
withdrawal rate had declined to 1305 billion liters/day even though the population grew from 230 million to 285 million over the same time period. This
remarkable savings in fresh water was largely the result of improved irrigation
techniques (Section 15.7), but enhanced public awareness of water resources
and conservation programs was also a contributing
factor.
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Total withdrawals of fresh water increased from 1950 to 1980 largely because of
expanded irrigation systems and urban developments. After 1980, however, conservation measures reduced water usage even in the face of a growing population.
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this
n activity, you will measure the
water flow rate in your bathroom
and use this rate to estimate the
amount of water you use for personal
hygiene per day.

L/flush

x

__

YOU

NEED

Ruler calibrated in centimeters,
bucket, soo-milliliter measuring cup,
clock or watch with second hand
PROCEDURE
1.

Flushing: Calculate the volume of
the water in your toilet's tan k by
multiplying three dimensions: distance across front oftank times
front-to-back distance times
heig ht of water in tan k, using
units of centimeters. (Determine
the water heig ht by removing the
lid from the tank, estimating how
many centimeters below the top
of the tank the water level is, and
subtracting this distance from the
total tank height.) Divide the
number you calculate by 1000 to
convert cubic centimeters to liters.
Alternatively, shut off the water
valve to the toilet, flush to empty
the tan k, and then fill to the normal fill-line using the measuring
cup and keeping track of how
much water you add. This is the
amount of water used each time
you flush. The number ofliters you
flush each day is therefore:

Rate of
L

1L
60 s
- x -Ss
t min

___

mm/day

sink activities: Turn on
your bathroom sink faucet to a
typical flow rate and measure the
num ber of seconds it takes to fill
the measuring cup. (Recallthat
500 milliliters equals o.y liter.) Log

Rate of

Duration of water
L

s

flow per day
x

__

4. Add up your total bathroom water
usage for the day: __
L/day

L/min

Volume of water
used per day

__

L/day

the num ber of seconds you have
the faucet running at this rate
over the course of the day as you
wash, brush your teeth, or shave,
and then calculate the volume
you've used:

3- Bathroom

water flow

= 12

Next time you shower or bathe,
note how many minutes you
have the water running, and then
calculate the volume of water
consumed:

flow per day
x

L/day

many seconds is the flow rate in
liters per second. Toconvert to
liters per minute, multiply this
value by 60 seconds/minute. For
instance, if it takes 5 seconds to collect i liter of water, the flow rate is

Duration of water

min

__

flushes/day

Use the measuring
cup to add t liter of water to the
bucket. Mark the water level and
then pour out the water, preferably
over some plants. Turn on the
shower or bath to a typical flow,
and time how many seconds it
takes to fill the bucket to the
marked level. (Ifyou are running
the shower, make sure the bucket
is positioned to catch all the water
that comes out. Youmay have to
hold the bucket close to the showerhead to accomplish this.) Your
volume-e-t liter-e-dtvided by this

water flow

j

Volume of water
used per day

Average number of
flushes per day

Volume of water
used per flush

2. Shower/bath:

WHAT

WISER

s/day

Volume of water
used per day

__

L/day
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hydroxide
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sulfate
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sulfate
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Slaked lime and aluminum
sulfate added to water react
to form gelatinous aluminum
hydroxide.

CD

®

Impurities captured
by aluminum hydroxide
as it settles.

Gelatinous aluminum
hydroxide and impurities
collect at bottom of basin.

16.6

Slaked lime, Ca(OH)z, and aluminum sulfate, Alz (504) 3' react to form aluminum
hydroxide, Al(OHh, which forms a gelatinous material used to capture impurities.

• 16.3 Water Treatment Facilities Make
Water Safe for Drinking
ater that is safe for drinking is said to be potable. In the
United States, potable water is currently used for everything from cooking to Bushing toilets. The first step in producing
potable water from natural sources is to remove any dirt particles
and pathogens, such as bacteria. Figure 16.6 shows how this is
done by mixing the water with slaked lime and aluminum sulfate,
which coagulate into gelatinous aluminum hydroxide. The aluminum hydroxide starts out dispersed all through the water, but
slow stirring causes it to clump and settle to the bottom of the
basin, carrying with it many of the dirt particles and bacteria. The
water is then filtered through sand and gravel.
To improve odor and Havor, many treatment facilities aerate the water by cascading it through a column of air, as shown in Figure 16.7. Aeration removes many
unpleasant-smelling volatile chemicals, such as sulfur compounds. Aeration also
removes the radioactive gaseous element radon, Rn, which occurs naturally in
many water sources, especially groundwater. At the same time, air dissolves in the
water, giving it a better taste (without dissolved air, water tastes Bat). As a final step,
the water is treated with a disinfectant, usually chlorine gas, Clz, but sometimes
ozone, 03' and then stored in a holding tank that feeds into distribution pipelines.
Developed nations have the technology and infrastructure to produce vast
quantities of potable water, and as a result, many citizens take their drinking water
for granted. The number of water treatment facilities in developing nations is relatively small, however. In these locations, many people drink their water in the
form of a hot beverage, such as tea, which is disinfected through boiling. Alternatively, disinfecting iodine tablets can be used. However, fuel for boiling and tablets
for disinfecting are not always available. As a result, more than 400 people (mostly
children) die every hour from such preventable diseases as cholera, typhoid fever,

FIGURE

16.7

Volatile impurities are removed
from drinking water by cascading
it through the columns of air
within each of these stacks.

•
• In the early 1990s, an anti-waterehlorination campaign in Peru
led the government to stop chlorinating the drinking water.
Within months there were 1.3
million new cases of cholera
resulting in 13,000 deaths.
MORE

TO

EXPLORE,

Chlorine Chemistry Council
www.cj.orq
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Small-scalewater disinfecting units, such as the one shown here, hold great value in
regions of the world where potable water is scarce.

• In 1908, Jersey City,New Jersey,
became the first American city to
begin chlorinating its drinking
water By1910, as disinfecting
drinking water with chlorine
became more widespread, the
death rate from typhoid fever
dropped to 20 lives per 100,000.
In 1935, the death rate fell to 3
lives per 100,000. By1960, fewer
than 20 persons in the entire
United States died from typhoid
fever
MORE

TO

EXPLORE,

www.rwatercom/fact
chlorine_0599.htm

sheets/

dysentery, and hepatitis, which they contract by drinking contaminated water. In
response, several D.S. manufacturers have developed tabletop systems that bathe
water with pathogen-killing ultraviolet light. One model, shown in Figure 16.8,
disinfects 60 liters per minute, and weighs about 7 kilograms.
Aside from pathogens, untreated water from wells or rivers may contain toxic
metals that seep into the water from natural geologic formations. Many of the
wells in Bangladesh, for example, are dug deep so as to be free of the pathogens
that run rampant in the surface waters of this region. The water obtained from
these deep wells, however, is highly contaminated with arsenic. The source of this
arsenic is the underlying rock, which formed from river sediments carried down
from the Himalayas. Because this region is so densely populated, as many as 70
million people may be subject to some level of arsenic poisoning, which manifests itself as skin lesions and a higher-than-normal susceptibility to cancer. Lowcost methods for removing arsenic from well water are being developed. Figure
16.9 shows a method that involves passing contaminated water through a long
pipe filled with a mixture of iron filings and sand. As the water passes through the
pipe, the iron reduces arsenic from water-soluble arsenate ions to orthoarsenous
acid, which binds with sand particles and is thus removed from solution.

-

At a water treatment facility, chemicals are added to water to purify it. As
you learned in Chapter 2, however, adding anything to water makes the
water less pure. This being true, how can adding chemicals increase the
purity of the treated water?
Was this yOUTansweT? The water coming into a treatment plant is usual1y a
heterogeneous mixture containing suspended solids. The chemicals added
capture these suspended solids, which then sin k to the bottom and are easily removed. The water therefore contains fewer materials, and so its purity
has been increased.
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A method for removing arsenic from well water. The water is filtered through a long
pipe filledwith iron filings and sand. Water-soluble arsenate ions gain electrons
from metallic iron to form less-solubleorthoarsenous acid, which gets trapped by
the sand and does not exit the pipe.

• 16.4 Fresh Water Can Be Made from Salt Water
ith the depletion of natural sources of fresh water in many regions, there
has been growing interest in techniques capable of generating fresh
water from Earth's far larger reserves of seawater or from brackish (moderately
salty) groundwater. Removing salts from seawater or brackish water is called
desalinization, a process carried our in large installations such as the one shown
in Figure 16.10 on page 562. Worldwide, desalinization plants operate in about
120 countries and have a combined capacity to produce about 16 billion liters a
day. In many areas of the Caribbean, North Africa, and the Middle East,
desalinized water is the main source of municipal supply. In the United States,
more than 1000 desalinization plants have a combined capacity of more than
400 million liters per day. Most of the treated water in the Unired States is used
for industrial purposes and comes from brackish sources or from water high in
dissolved minerals.
The two primary methods of removing salts from seawater or brackish water
are distillation and reverse osmosis. These techniques are also highly effective in
removing a host of other contaminants, such as hard-water ions, pathogens, fertilizers, and pesticides, and so are also used to purity fresh water. Many brands of
bottled water, for example, are fresh water that has been treated by either distillation or reverse osmosis.
As noted in Section 2.4, distillation involves vaporizing a liquid and then condensing the vapors to purified liquid. More than 60 percent of the world's
desalinized water is produced in this way. Because water has such a high heat of

•
• In 2005, about 100 billion liters of
bottled water were sold worldwide, but mostly in developed
nations where tap water is
potable. It is difficult to estimate
the amount of energy consumed
in shipping this bottled water
from its source to the customer,
but because water is so dense, the
amount is likely huge. Assuming
it takes about lOO mLof gasoline
to ship each liter of bottled water,
worldwide this would translate to
about 25million tons of carbon
dioxide, not to mention other pollutants. Studies show that on ly
about 20 percent of drin king
water bottles are recycled. In California alone, more than 1 billion
water bottles are winding up in
the trash each year. The plastic
from these bottles could be used
to make 74 million square feet of
carpet. People who drink bottled
water should know of its hefty
ecological price tag.
MORE

TO

EXPLORL

California Department of
Conservation
www.consrv.ca.g ovlin dex In ewsl
2003%20News%20Releases/N R2
003-13_ Water_Bottle _Crisis.htm
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Saudi Arabia is the world's leading producer of desalinized water.
Its desalinization plants, such as
the one shown here, together
have a generating capacity of
about 4 billion [iters a day.

vaporization, however, this technique is energy-intensive. Today, most distilling
plants heat the water by burning large quantities of fossil fuels and so generate
levels of pollution that are excessive relative to the volume of fresh water produced. A solar distiller, shown in Figure 16.11, avoids the burning of fuels but
requires about 1 square meter of surface area to produce 4 liters of fresh water
per day. For a single home or small village, this surface area requirement may be
easily accommodated. For larger urban areas where land is scarce, solar distillation is less practical, especially when the maintenance costs of vast fields of solar
distillers are taken into account.
In many regions of the world, reverse osmosis is the preferred method of
desalinization. In order to understand reverse osmosis, you must first understand osmosis, which is the net flow of water molecules from a region where the
concentration of some solute (or solutes) is lower (or zero) to a region where the
solute concentration is higher. As Figure 16.12 shows, this flow is across a
semipermeable membrane, defined as one containing submicroscopic pores
that allow the passage of water molecules but not of any solute particles larger
than a water molecule.
When fresh water is separated from saltwater by a semipermeable membrane,
the rate at which water molecules pass from the fresh water into the saltwater is

Fresh

water
Black
silicone

water

FIGURE

lining

16.11

These solar distillers are popular in remote communities along the Texas-Mexico
border where the waters from the Rio Grande basin are saline and tainted by agricultural chemicals.
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16.12

Osmosis. The submicroscopic pores of a semipermeable
membrane allow only water molecules to pass. Because
there are more water molecules along the fresh water face of
the membrane than along the solution face, more water
molecules are available to migrate into the solution than are
available to migrate into the fresh water .
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higher than the rate at which they pass from the saltwater into the fresh water.
The reason is that there are more water molecules along the fresh water face of
the membrane than along the saltwater face.
The result of osmosis is an increase in the volume of the saltwater and a decrease
in the volume of the fresh water. These changes in volume cause a buildup in pressure, called osmotic pressure. For the system in Figure 16.13a, osmotic pressure is a
consequence of the saltwater's greater height. This pressure builds as water molecules move across the membrane from fresh to salt, and the volume of the saltwater
continues to increase. The greater pressure on this side forces some water molecules
to move across the membrane from salt to fresh, against osmosis. Eventually, the

FIGURE

(a) Osmosis results in a greater
volume of saltwater, which causes
the pressure to increase on the
salt side of the membrane.
(b) When the pressure on the
salt side gets high enough, equal
numbers of water molecules pass
in both directions. (c) The application of external pressure forces
water molecules to pass from the
saltwater to the fresh water, so
that now the salt-to-fresh flow
rate is higher than the fresh-tosalt flow rate.
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Osmotic
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Salt water

(b) Equilibrium
Net flow
of water
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: • In an effort to overcome the multiple ecological negatives of bot!
tled water and a price up to 1000
times that of tap water, many
bottled water marketers are now
focusing on supposed peripheral
benefits of their product. This
includes the addition of dissolved
oxygen, which, as discussed in
Chapter 7,can be no more than
0.0083 g/L at room temperature.
For comparison, a single breath
of air contains about 100 times
the amount of molecular oxygen
found in a half-liter of "oxygenated" water. Furthermore,
most of the gases accumulated
in your gut simply pass out the
opposite end of your mouth,
assuming you haven't burped.
Worse still are claims for bottled
water that contains "functional"
water, in which the structure of
water has been modified using
"subtle energy" to make it more
nutritious. Subtle energy, of
course, cannot be detected by
current science, but the effects
on your health, nonetheless, can
be most dramatic. Buyer beware!

l

MORE

TO

EXPLORE,

www.oxygenup.com/
www.aquatechnology.net/
pagenhtml
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rate at which water molecules pass from salt to fresh is the same as the rate at which
they pass from fresh to salt, and the system reaches equilibrium, as shown in Figure
16.13b. If an external pressure is now applied to the saltwater, even more water
molecules are squeezed across the membrane from the salt side to the fresh side, as
shown in Figure 16.13c. Contrary to what happens in osmosis, water molecules are
now being forced across the semipermeable membrane from the side having the
higher concentration of solute molecules to the side having the lower concentration
of solute molecules, and this is the process called reverse osmosis. The utility of
reverse osmosis is that it is a mechanism for generating fresh water from saltwater.
The osmotic pressure generated when seawater and fresh water are separated
by a semipermeable
membrane is an astounding 24.8 atmospheres (365 pounds
per square inch). If reverse osmosis is to take place with seawater, therefore, an
external pressure higher than this must be exerted on the water. Generating such
high pressures has its share of technical difficulties and is an energy-intensive
process. Nonetheless,
engineers have succeeded in building durable reverse
osmosis units, shown in Figure 16.14, that can be networked to generate fresh
water from seawater at rates of millions ofliters per day. Reverse osmosis desalinization facilities treating brackish waters, which require much lower external
pressures, are proportionately
more economical.

The cell membranes in cucumber cells are semipermeable, meaning water
molecules pass back and forth through the membranes but solute molecules do not. A cucumber left in a concentrated salt solution shrivels up
because water molecules leave the cells and enter the salt solution. Is this
an example of osmosis or reverse osmosis?
Was this your answer? That no external pressure is involved rules out reverse
osmosis. Instead, the shriveJing tells you that the cells are losing water molecules, which must be entering the saltwater. This is osmosis. Add spices and
the right kinds of microorganisms to the solution, and you've made a pickle.

Semipermeable
membrane
Desalinated
water

FIGURE

1

Pressurized
salt water

16.14

An industrial reverse osmosis unit consists of many semipermeable membranes
packed around highly pressurized saltwater. As desalinated water is pushed out one
side, the remaining saltwater, which is now even more concentrated, exits on the
other side. A network of reverse osmosis units operating parallel to one another can
produce enormous volumes of fresh water from saltwater.
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can build a relatively inefficient but fun-to-watch distiller at
home.

WHAT YOU NEED
Deep cooking pot, water, food coloring, table salt, heavy ceramic mug at
least 3 centimeters shorter than
cooking pot, plastic food wrap, strong
rubber band that can fit around pot,
scissors, ice cubes, small sponge
SAFETY NOTE
Wear safety glasses, and avoid the
steam produced in this experiment
because steam burns can be particularly harmful.
PROCEDURE
1.

Fillthe cooking pot with water to
a depth of about 1 centimeter. Add
several drops of food coloring and
1 teaspoon of salt to the water and
stir.
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down or off if the jostling
becomes too pronounced.

Place the mug in the center of the
pot.

3. Layplastic wrap loosely across the
top of the pot and secure with the
rubber band. The seal should NOT
be airtight. Instead, leave two
opposite edges ofthe wrap outside the rubber band to prevent a
buildup of pressure in the pot as
the water is brought to a boil. Use
scissors to trim away any wrap
hanging below the rubber band.
Place an ice cube at the center of
the wrap, which should then sag
above the mug.

J

5. Boilthe water only until the ice
cube melts. As it melts, remove the
meltwater with the sponge.
Examine the water in the mug,
both visually and by tasting a few
drops. Why isn't the food coloring
or the salt carried over into the
mug? How might you modify your
distiller to use sun light to drive the
distillation?

4. Put on your safety glasses, place
your "distiller" on the stove, and
turn the burner on low to bring
the water to a low boil. Lookfor
signs of cloud formation below
the ice cube. Liquid water condensing here will drop into the
mug. Once boiling begins, the
mug may jostle. Turn the heat

Desalinated seawater and desalinated brackish water are important new
sources of fresh water. Although this fresh water is more costly than fresh water
from natural sources, one could argue that the higher cost reflects fresh water's
true value. In the United States, natural sources of fresh water are relatively plentiful, allowing companies to sell fresh water at rates of a fraction of a penny per
liter. Nonetheless, consumers are still willing to buy bottled water at up to $2
per liter! Each year Americans spend about $400 million dollars on bottled
water, and the market continues to grow rapidly. Unless we conserve fresh water,
it is easy to project a growing reliance on distillation and reverse osmosis.

• 16.5 Human Activities Can Pollute Water

-J+!: ater pollution can arise from either point sources or nonpoint

sources.
WA point source is one, specific, well-defined location where a pollutant
enters a body of water. One example of a point source would be the wastewater
pipes of a factory or sewage treatment plant, as shown in Figure 16.1Sa. Point
sources are relatively easy to monitor and regulate. A nonpoint source is one in
which pollutants originate at diverse locations-oil residue on streets being one
example. Water becomes polluted as rain washes the oil residue into streams,
rivers, and lakes. Agricultural runoff and household chemicals making their way
into the storm drains of Figure 16.1Sb are two other common examples of nonpoint sources of water pollution. Because it is difficult to monitor and regulate

•
• Most bottled water sold today is
simply municipal water that has
been purified via reverse osmosis.
Many homeowners are now discovering that rather than purchasing purified water, it is less
expensive and more ecologically
sound to install a small reverse
osmosis unit within their own
home. Forfun, carbonators can
also be installed so that you can
have your very own soda fountain.
MORE

TO

EXPLORE,

www.home-water-purifiers-andfilters.com!
www.mccannseng.com
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(a)This technician is assessingthe clarity of the effluent coming from a wastewater
treatment facility,a common point source of pollution. (b) Nonpoint sources are
not so easilyregulated and depend more on public awareness.

FIGURE

16.16

Lawns cover 25 to 30 million
acres in the United States, an area
larger rhan Virginia. People taking care of these lawns use up to
two and a half times more pesticides per acre than farmers use on
croplands.

nonpoint sources, the most effective solutions are often public awareness campaigns emphasizing responsible disposal practices. As Figure 16.16 illustrates,
lawn care in the United States is a major nonpoint source of water pollution.
The rate of water contamination from many point sources has decreased
markedly since the passing of the Clean Water Act of 1972 and its subsequent
amendments. Prior to 1972, the user of a water supply, such as a municipality,
was responsible for protecting the supply. Because it is far more efficient to control water pollutants before they are released into the environment, the Clean
Water Act shifted the burden of protecting a water supply to anyone discharging
wastes into the water, such as a local industry.
When rivers and lakes become polluted, they can be cleaned because they are
accessible. When groundwater becomes polluted, however, it's a different story.
Even after the sources of the pollution have been removed, it can be a lifetime
before the contaminants are removed, not only because the groundwater is so
inaccessible but also because the flow rate of many aquifers is extremely slowon the order of only a few centimeters per day! As shown in Figure 16.17,
groundwater is susceptible to a wide variety of point and nonpoint pollution
sources.
Municipal solid-waste disposal sites are a common source of groundwater
pollution. Rainwater infiltrating a disposal site may dissolve a variety of chemicals from the solid waste. The resulting solution, known as leachate, can move
into the groundwater, forming a contamination plume that spreads in the
direction of groundwater flow, as shown in Figure 16.18. To reduce the chances
of groundwater contamination, the site can be underlain and capped with layers of compacted clay or plastic sheeting that prevent leachate from entering
the ground. A collection system designed to catch any draining leachate may
also be used.
Another common source of groundwater pollution is sewage, which
includes drainage from septic tanks and inadequate or broken sewer lines.
Animal sewage, especially from factory-style animal farms, is also a source of
groundwater (and river water) pollution. Sewage water contains bacteria,
which if untreated can cause waterborne diseases such as typhoid, cholera, and
infectious hepatitis. If the contaminated groundwater travels relatively quickly
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The arrows indicate some
major sources of groundwater
contamination.

through underground sediments in which there are large air pockets, bacteria
and viruses can be carried considerable distances. However, if the contaminated groundwater flows through underground sediments in which the air
pockets are very small, as is the case with sand, pathogens are filtered out of
the water.

What is the difference between a point source of pollution and a nonpoint
source?
Was this your answer? A point source arises from a specific location-you
can pinpoint it on a map. A non point source represents a collection of many
sources, each difficult to trace. To specify a nonpoint source on a map, you
need to draw a circle.

FIGURE

16.18

A contaminant plume ofleachate
spreads in the direction of
groundwater flow.

Aquifer

Contamination
plume .
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• 16.6 Microorganisms in Water Alter levels
of Dissolved Oxygen
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occurring water is alive with organisms. At the microscopic level,
microorganisms, some of them disease-causing and others benign.
One of the natural functions of these microorganisms is breaking down organic
matter. The body of a dead fish, for example, does not remain at the bottom of a
pond forever. Instead, microorganisms such as bacteria digest the organic matter
into small compounds of carbon, hydrogen, oxygen, nitrogen, and sulfur.
We identify bacteria as either aerobic or anaerobic. Aerobic bacteria
decompose organic matter only in the presence of oxygen, 02' Anaerobic
bacteria can decompose organic matter in the absence of oxygen. The products of aerobic decomposition are entirely different from the products of
anaerobic decomposition. Aerobic bacteria in water utilize oxygen dissolved in
the water to transform organic matter to such compounds as carbon dioxide,
CO2, water, H20, nitrates, N03 -, and sulfates, 50/-. All of these products
are odorless and, in the quantities produced, cause little harm to the ecosystem. Anaerobic bacteria in water use different chemical mechanisms to decompose organic matter to such products as methane, CH4 (which is flammable),
foul-smelling amines such as putrescine, NH2C4HsNH2, and
foul-smelling sulfur compounds such as hydrogen sulfide,
H25. Cesspools owe their wretched stink to a lack of dissolved oxygen and the resulting anaerobic decomposition.
When organic matter is introduced into a body of water, aerobic bacteria need (or "demand") dissolved oxygen to decompose
the organic matter. The phrase used to describe this demand is
biochemical oxygen demand (BOD). As more organic matter
is introduced, the BOO increases, resulting in a drop in the
amount of dissolved oxygen as the bacteria use more and more
of it to do their work. If too much organic matter is introduced,
say from the outfall of a sewage treatment plant, dissolved oxygen levels can get so low that aquatic organisms start to die, as
shown in Figure 16.19. Aerobic bacteria start to work on the
o 20 40 60 80 100 120 140
bodies of these dead organisms, which lowers the oxygen level
Distance from untreated
even
further, killing off even the hardiest aquatic organisms. Ultisewage outfall (km)
mately, the dissolved oxygen level reaches zero. At this point, the
noxious anaerobic bacteria take over.

J l:~~~:l~e

16.19

Sewageentering a river dramatically decreasesthe levelof dissolved oxygen in the water.
Becauseit takes time for aerobic
bacteria to decompose organic
wastes and because rivers flow,
the drop in dissolved oxygen is
often most pronounced far
downstream. Fish start to die
when the concentration of
dissolvedoxygen dips below
3 milligrams/liter.

Which should have a greater capacity to decompose organic matter aerobically: a still pond or a babbling brook?
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Was this your answer? The capacity for aerobic decomposition is limited by
the amount of dissolved oxygen In a babbling brook, aeration guarantees
that any dissolved oxygen lost to aerobic decomposition is quickly replaced.
This is not 50 with a still pond Cubic meter for cubic meter, a babbling brook
has a greater capacity to decompose organic matter aerobically.

In addition to organic wastes, inorganic wastes, such
as nitrate and phosphate ions from fertilizers, can also
cause the level of dissolved oxygen to drop. These ions are
nutrients for algae and aquatic plants, which grow rapidly in their presence, an event called an algal bloom. Significantly, the plants and algae in a bloom consume more
oxygen at night than they produce through photosynthesis during the day. Also, in some instances, a bloom can
cover the surface of a body of water, as shown in Figure
16.20, effectively choking off the supply of atmospheric
oxygen. As a result, aquatic organisms suffocate and fall
to the bottom, along with large portions of dead algae.
Aerobic microorganisms decompose this organic matter
to the point that the water loses all its dissolved oxygen,
and anaerobic microorganisms start functioning. This
process, whereby inorganic wastes fertilize algae and plants and the resulting overgrowth reduces the concentration of dissolved oxygen in the water, is called
eutrophication, from the Greek word for "well nourished."

• 16.7 Wastewater Is Processed by Treatment Facilities
contents of the sewer systems that underlie
most municipalities must be treated before being
released to a body of water. The level of treatment
depends in great part on whether the treated water is
released to a river or the ocean. Wastewater destined for
a river requires the highest level of treatment for the
benefit of communities downstream. However, in a
facility located in a region surrounded by very deep
ocean water, as is the facility shown in Figure 16.21,
treatment requirements are less stringent.
Human waste loses form by the time it reaches the
wastewater facility, and as a result raw sewage is a
murky stream. In this stream, however, are many nonsoluble products, including small plastic items, such as tampon applicators, relatively large pieces of
gritty material, such as coffee grinds and tiny rocks, and hardened balls of oil
from cooking grease. As Figure 16.22 shows, the first step to all wastewater
treatment involves removing these materials by passing the raw sewage first
through a screening device to remove plastic items and grease, and then through
a tank called a grit chamber to allow any grit to settle out. (You should know
that wastewater treatment managers point out that these insolubles-even cooking grease-should be disposed of as solid waste and not thrown down the drain
or toilet.)
In the next step, called primary treatment, the screened wastewater enters a
large settling basin where solid particles too fine to have been caught by the
screen settle out as sludge. After a period of time, the sludge is removed from the

FIGURE

16.20

This algal bloom consumes oxygen dissolvedin the water and
prevents atmospheric oxygen
from mixing into the pond,
thereby choking off aquatic life.

1he

FIGURE

16.21

In the city of Honolulu, about
280 million liters of wastewater

pass through the largest of several
wastewater facilitieseach day.
This water can be piped to
depths of hundreds of meters
below sea level,from where it
continues to Bow toward the bottom of the ocean. Water treatment requirements are therefore
much lessstringent than those at
mainland facilities,where the
effluent is not so easilydiscarded.
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16.22

A schematic for the screening
and primary treatment steps in a
municipal treatment facility.The
rotating skimmer on the settling
basin removes any buoyant materials not captured in the screening step.

Settlingbasin
Insoluble-waste
screen
\

Gritchamber
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•
• In Hong Kong, about 80 percent
of all toilets flush using seawater.
Developed since the 1960s, this
system now saves the equivalent
of about 25 percent of fres h
water consumption. Also,effluent from fresh water activities,
such as personal hygiene and
dishwashing, is treated and
reused for watering city trees and
other non potable uses.
MORE

TO
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www.info.gov.hk/waten 50/
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bottom of the basin and is often sent to a disposal site as solid waste. Some facilities, however, are equipped with large furnaces in which dried sludge is burned,
sometimes along with other municipal waste, such as paper products. The
resulting ash is more compact and so takes up less space in a disposal site.
Wastewater effluent from primary treatment is commonly disinfected with
either chlorine gas or ozone gas prior to release into the environment. A great
advantage of using chlorine gas is that it remains in the water for an extended
time after leaving the facility, thereby providing residual protection against diseases. However, the chlorine reacts with organic compounds in the water to
form chlorinated hydrocarbons, many of which are known carcinogens (cancercausing agents). Also, chlorine kills only bacteria, leaving viruses unharmed.
Ozone gas is more advantageous in that it kills both bacteria and viruses. Also,
there are no carcinogenic by-products that result from treating wastewater effluent with ozone. A disadvantage of ozone is that it provides no residual protection. Most facilities in the United States use chlorine for disinfecting. European
facilities tend to favor ozone. In a few locations, both chlorine and ozone have
been replaced by strong ultraviolet lamps, which, like ozone, kill both bacteria
and viruses but offer no long-term residual protection.
The BOD of primary effluent is extremely high, and, by virtue of the Clean
Water Act, in most places its release is not permitted. A frequently used secondary
treatment, shown in Figure 16.23, involves passing the primary effluent first
through an aeration tank, which supplies the oxygen necessary for continued aerobic decomposition, and then into a tank where any fine particles not removed in
primary treatment can settle out. Because the sludge from this settling step is high

16.23

A schematic for secondary treatment of wastewater from a
municipal sewer system.

Totertiary
treatment
oroutfall
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in aerobic microorganisms,
some of it is recycled back to the aeration tank to
increase efficiency. The remainder of the sludge is hauled off to a disposal site or
incinerator. The main advantage of secondary treatment is a marked decrease in
effluent BOD.
Many municipalities
also require tertiary treatment. There are a number of
tertiary processes, most involving filtration of some sort. A common method is
to pass secondary effluent through a bed of finely powdered carbon, which captures any remaining particulate matter and many of the organic molecules not
removed in earlier stages. The advantage of tertiary treatment is grearer protection of our water resources. Unfortunately,
tertiary treatment is costly and ordinarily used only in situations where the need is deemed vital.
Primary treatment and secondary treatment are also costly. Where appropriate, therefore, the millions of dollars spent on wastewater treatment might be
shifted to alternative methods of waste management,
such as advanced integrated pond systems, which are described next.

Distinguish between the main functions of primary, secondary, and tertiary
wastewater treatment.
Was this your answer? Primary treatment uses settling basins to remove
the bulk of solid waste and sludge from sewage effluent. Secondary treatment uses aeration to decrease effluent BOD.Tertiary treatment removes
pathogens and wastes not removed by earlier treatments by filtering effluent throug h powdered carbon or other fine particles.
ADVANCED

INTEGRATED

POND

SYSTEMS

TREAT WASTEWATER

The advanced integrated pond (AlP) system, shown in Figure 16.24, is a method
of wastewater treatment that makes sense for many communities
of 2000 to
10,000 people in both developed and developing nations. Wastewater is channeled into an extensive pond system where plants use nutrients from the sewage
as fertilizer. A system of paddlewheels guarantees constant aeration of the effluent,

FIGURE

16.24

The pilot advanced integrated
pond system in SI. Helena, California, which has been in operation since the 1960s. There are
now more than 85 AlP systems
in operation in various spots
around the world.
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which is naturally disinfected by ultraviolet light from the sun. The effluent coming out of an AlP system is as clean as-and sometimes even cleaner thaneffluent that has gone through secondary treatment in a conventional facility.
Researchers at the University of California at Berkeley designed an AlP prototype
that costs one third to one-half as much to build as a conventional facility of equal
capacity. A more significant source of savings lies in using solar energy rather than
electrical energy to run aeration pumps. Conventional secondary plants use electrical energy to blow or mix air bubbles into the wastewater. This aeration step
consumes 60 percent or more of the total electrical energy used in wastewater
treatment. In an AlP system, algae and other plants use solar energy and photosynthesis to supersaturate the wastewater with the oxygen that aerobic microbes
need to break down waste. AlP systems are particularly applicable in Sun Belt
communities, where solar energy is plentiful, and in developing nations, where the
supply of electrical energy is minimal or nonexistent.
Another important advantage of AlP systems is the small amount of sludge
they produce. In these ponds, sludge ferments until only a small volume of it
remains, a substantial benefit in meeting environmental regulations for sludge
disposal. Furthermore, harvested plants are a significant source of biomass,
which may be fermented to produce methane fuel (natural gas) or incinerated
in gas turbines to produce electrical energy.
Perhaps one of the biggest obstacles to improving waste management lies not
in available technology, but in our attitude and willingness to accept the large
one-time setup costs. Human waste is not a waste-it is a resource waiting to be
utilized.

• In Perspective
resh water is one of the most valuable resources our planet has to offer.
Clearly, each of us must be mindful of fresh water's true value and practice
conservation measures whenever possible.
Toward this goal, there is much you can do to conserve water and thus help
ensure the water supply for future generations. A typical shower, for example,
flows at a rate of about 40 liters per minute. You could reduce this rate by up to
70 percent by installing an inexpensive water-saving showerhead, like the one
shown in Figure 16.25. If every home in the United States were equipped with
these showerheads, about 2400 billion liters of potable water would be conserved each year-about
5 percent of our total annual use. For more water conservation ideas worthy of your good citizenship, please consider the following
guidelines adapted from the American Water and Energy Savers Association.

This water-saving showerhead
has a reduced Bowrate and a
quick-action stop button that
allows the user to turn the water
off while lathering up.

Presslightly,
waterflows

Release,
waterstops

Presscompletely
forcontinuousflow

Pressagain
to stopflow

I N PERSPECTIVE

20

WAYS TO SAVE WATER

1. Read your water meter before and after a 2-hour period when no water is
being used. If the reading has changed, there is a leak somewhere in your
water system. Get this leak fixed.
2. Replace washers in dripping faucets. If a faucet is dripping at the rate of one
drop per second, you can expect to waste 11,000 liters per year!
3. Check for toilet tank leaks by adding food caloring to the tank. If the toilet
is leaking, color will appear in the bowl within 30 minutes.
4. Avoid flushing the toilet unnecessarily.
5. Install a composting toilet, which uses no water. Rather, it allows human
wastes to decompose aerobically as air is vented over the waste, which is
buried in peat moss. Dried, odor-free compost is removed every few months
and is useful as a garden fertilizer.
6. Take shorter showers.
7. When washing dishes by hand, do so in a sink or large pot filled with soapy
water. Quickly rinse under a small stream from the faucet.
8. Operate automatic dishwashers and clothes washers only when they are
fully loaded, or properly set the water level for the size of load you are
washing.
9. Store drinking water in the refrigerator rather than letting the tap run every
time you want a glass of cool water.
10. Start a compost pile as an alternative method of disposing of food waste
instead of using a garbage disposal, which both consumes a lot of water and
places food matter in water rather than in soil, where it belongs.
11. Don't overwater your lawn. Most lawns need watering only every 5 to 7
days in the summer and every 10 to 14 days in the winter.
12. Water lawns during the early morning hours when temperature and wind
speed are lowest. This reduces losses from evaporation.
13. Raise the blade of your lawn mower to at least 8 centimeters. A lawn cut this
high encourages grass roots to grow deeper, shades the root system, and
holds soil moisture better than a dose-dipped lawn.
14. Plant native and/or drought-tolerant grasses, ground covers, shrubs, and
trees. Once established, they do not need to be watered frequently and usually survive a dry period without any watering.
15. Use irrigation
lawn.

techniques

in place of sprinklers

when watering

your

16. Do not dean driveways or sidewalks with a hose. Use a broom.
17. Make your bed yourself when staying at a hotel for more than one night.
Hotels use copious amounts of water for cleaning bed sheets.
18. Patronize businesses that practice and promote water conservation.
19. Always follow all water conservation and water shortage rules and restrictions in effect in your area.
20. Encourage family, friends, and neighbors to be part of a water-conscious
community.
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KEY TERMS

Hydrologic
throughout

cycle The natural circulation of water
our planet.

Water table The upper boundary of a soil's zone of
saturation, which is the area where every space berween
soil particles is filled with water.
Aquifer

A soil layer in which groundwater

may flow.

Nonpoint source A pollution source in which the
pollutants originate at different and often nonspecific
locations.
Leachate A solution formed by water that has
percolated through a solid-waste disposal site and
picked up water-soluble substances.
Aerobic bacteria Bacteria able to decompose organic
matter only in the presence of oxygen.

Osmosis The net flow of water across a semipermeable
membrane from a region where the water
concentration of some solute is lower to a region where
the solute concentration is higher.

Anaerobic bacteria Bacteria able to decompose
organic matter in the absence of oxygen.

Semipermeable
membrane
A membrane that allows
water molecules to pass through its submicroscopic
pores but not solute molecules.

Biochemical oxygen demand A measure of the
amount of oxygen consumed by aerobic bacteria in
water.

Reverse osmosis A technique for purifying water by
forcing it through a semipermeable membrane.

Eutrophication
The process whereby inorganic wastes
in water fertilize algae and plants growing in the water
and the resulting overgrowth reduces the dissolved
oxygen concentration of the water.

Point source A specific, well-defined location where
pollutants enter a body of water.
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1. In what form does most of the fresh water on our
planet exist?

10. Why is treated water sprayed into the air prior to
being piped to users?

2. How much of Earth's supply of water is fresh water?

11. What do most treatment
water?

3. What rwo forces power the water cycle?
4. Where is it possible to see the water table aboveground?
5. Is most of the liquid fresh water on our planet
located above or below ground?
COLLECTIVELY,
OF WATE

WE

CONSUME

HUGE

AMOUNTS

6. When did the U.S. Geological Survey begin compiling national water-use data?
7. About how many liters of fresh water does the average American consume daily for personal use?
8. Has annual water usage in the United States
increased or decreased over the past couple of decades?
9. What human activity consumes most of our fresh
water?

plants use to filter

12. What are two ways in which people disinfect
water where municipal treatment facilities are not
available?
13. What naturally occurring element has been contaminating the water supply of Bangladesh?

FRESH

WATER

CAN

BE MADE

FROM

SALTWATER

14. What are the two main techniques for desalinizing
water?
15. What is a disadvantage of solar distillation?
16. How does a semipermeable membrane allow for the
passage of water molecules but not any solute ions or
molecules?
17. What reverses in reverse osmosis?

CONCEPT

N

N POllU

18. Why does groundwater take so long to rid itself of
contaminants?

BUILDING

575

25. Nitrates in groundwater tend to come from what
source?

19. How can solid-waste disposal sites be designed to
minimize the spread of leachates?
26. Why can the wastewater treatment requirements in
Hawaii be less stringent than the requirements in most
locations on the U.S. mainland?

20. What type of soil are pathogens not able to pass
through?
21. What did the Clean Water Act of 1972 shift?

27. What is the first step in treating raw sewage?

LS

R

28. What is the source of the energy used to aerate
wastewater in an advanced integrated pond system?

22. What are some of the main products of aerobic
decomposition?
23. What are some of the main products of anaerobic
decomposition?

29. What are two advantages the composting toilet has
over the flush toilet?

24. What effect does organic matter in water have on
the amount of oxygen dissolved in the water?

30. How does raising the height of a lawn mower blade
to 8 centimeters help conserve fresh water?

CONCEPT

BUILDING

•

BEGINNER

•

31 .• Look at a map of any part of the world, and
you'll see that older cities are either next to rivers or
next to where rivers used to be. Why?
32 .• The oceans are saltwater, and yet evaporation
over the ocean surface produces clouds that precipitate
fresh water. ~xplain.
33 .• Where does most rainfall on Earth finally end up
before becoming rain again?
34 .• Withdrawal of groundwater for irrigation in the
San Joaquin Valley of California caused the water table
to drop by 75 meters. Pumping has been greatly reduced,
the aquifer is slowly recharging, and water for irrigation
is now provided by canals that bring water from the adjacent Sierra Nevada. What else might be done to ensure
an adequate water supply for the foreseeable future?
35 .• Removal of groundwater can cause subsidence.
If the water removal is stopped, will the land likely rise
to its original level? Defend your answer.
36 .• Are our bodies apart from, or a part of, the water
cycle?
37 .• Why did the amount of fresh water we collectively consume start decreasing after 1980?
38 .• Which consumes more water: people turning on
their faucets or people turning on their electricity?
39 .• Why is pollution of groundwater a greater environmental hazard than pollution of surface water?

INTERMEDIATE

•

EXPERT

40 .• Are polar or nonpolar chemical compounds
more often found in a leachate? Explain.
41 .• Compare the advantages and disadvantages of
chlorine gas and ozone gas as disinfectants for municipal water supplies.
42 .•

Why is it important to conserve fresh water?

43 .• Might reverse osmosis be used to obtain fresh
water from a sugar-water solution? Explain.
44 .• Cells at the top of a tree have a higher concentration of sugars than cells at the bottom. Why? How
might this fact assist a tree in moving water upward
from its roots?
45 .• Why is flushing a toilet with clean water from a
municipal supply about as wasteful as flushing it with
bottled water? Make a rough sketch of a home plumbing system that uses water from an upstairs bathtub to
flush a downstairs toilet.
46 .• Why is it significantly less costly to purify fresh
water through reverse osmosis than to purify saltwater
through reverse osmosis?
47 .• Why do red blood cells, which contain an aqueous solution of dissolved ions and minerals, burst when
placed in fresh water?
48 .• Some people fear drinking distilled water
because they have heard it leaches minerals from the
body. Using your knowledge of chemistry, explain how
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these fears have no basis and how distilled water is in
fact very good for drinking.
49 .• How might water be desalinized by freezing?
What would be a major advantage and a major disadvantage of such a method?

ken sewer lines, and barnyard wastes. In many
instances, however, this is not a serious health problem
even in the presence of a large population. Why?
55 .• Where does most of the solid mass of raw sewage
end up after being collected at a treatment facility?

50 .• Which smells worse: a babbling brook or a stagnant pond? Why?

56 .• How are the disinfecting properties
light and ozone similar to each other?

51 .• Phosphates were once a common component of
laundry detergents because they soften water. Why has
their use been restricted?

57 .• What prevents an urban or suburban community from developing an advanced integrated pond
system?

52 .• How might an air pump be used in the treatment of a small pond affected by eutrophication? What
should be done to the pond before the pump is used?

58 .• Why are there few odors emanating
properly managed composting toilet?

53 .• Is the decomposition
of food by bacteria in our
digestive systems aerobic or anaerobic? What evidence
supports your answer?
54 .• Groundwater
and other pathogens

DISCUSSION

can be contaminated
by bacteria
that seep from septic tanks, bro-

of ultraviolet

from a

59 .• How might the water from Southern Asia's wet
monsoon season be best captured for use during the dry
season?
60 .• Why is water more effectively stored within the
ground rather than within a large dam reservoir?

QUESTIONS

61. Many brands of bottled water cost more per liter
than gasoline. Why do you think people are willing to
buy such expensive water?
62. Should the federal government place a tax on bottled
water to help pay for the environmental costs? Might state
governments be more likely to create such a tax first?
63. List all the reasons, in order of significance, for why
you think bottled water has become so popular. Do you
foresee bottled water becoming more or less popular
within the next 5 years? 10 years? 100 years?
64. It is possible to tow huge icebergs to coastal cities as
a source of fresh water. What obstacles-technological,
social, environmental,
and political--do
you foresee for
such an endeavor?
65. The lowest point on our planet is the Dead Sea
(elevation -413 meters), located in Israel about 80 kilometers from the Mediterranean
Sea and about 175 kilometers from the Red Sea. Plans are under consideration
to build a canal connecting the Dead Sea to either the
Mediterranean
or the Red Sea. The elevation difference
along the canal would provide enough pressure to
desalinate sea water by reverse osmosis, yielding as
much as 800 million cubic meters of fresh water per
year. Identity some of the pros and cons of such a plan.
66. After considering the plan to build a desalinization
plant at the Dead Sea (see previous discussion topic),

discuss how a long tube with reverse osmosis filters on
one end might be used to extract fresh water from seawater. Sketch a design and plan for the technical hurdles and daily operations of your own private company.
67. Pretend you are the president of Egypt, a country
whose sole source of fresh water is the Nile River. What
actions would you take upon learning that Ethiopia,
which is upstream from Egypt, had begun building
water projects that would restrict the flow of the Nile?
68. In reference to human nature, Jerome Delli Priscoli,
a social scientist with the D.S. Army Corps of Engineers, stated, "The thirst for water may be more persuasive than the impulse toward conflict." Do you agree or
disagree with his statement? Might our universal need
for water be our salvation or our demise?
69. In the 19th century, new towns and cities were
built predominantly
alongside oceans, lakes, or rivers.
In the 20th century, new towns and cities were built
predominantly
alongside automotive highways. Alongside what medium, if any, will new towns and cities be
built in the 21st century?
70. Of the following six American coastal cities, which
do you suppose might be the first to use seawater for
flushing toilets: New York City, Miami, Seattle, San
Francisco, Los Angeles, Honolulu? Which do you suppose might be the last? Why?
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A leaky faucet or toilet can significantly increase the
amount of water consumed in your bathroom. For a
leaky faucet, time how many minutes it takes to collect
a measurable quantity, such as 0.1 liter. Multiply this
rate by the number of minutes in a day (1440) to arrive
at the number of liters lost each day.
To measure any water loss from a toilet leak (see
item 3 in "20 Ways To Save Water" on page 573 to see
how to determine if a toilet is leaking), mark the level
of water in the filled tank, then turn off the toilet's
water source. Wait for several hours, recording your
wait time in minutes. Estimate the volume of water
lost by multiplying the drop in water height by the
distance across the tank front and then by the tank's
tront-to-back distance, using units of centimeters for
all three distances to get your answer in cubic centimeters. To convert to liters, divide this number by
1000 cubic centimeterslliter.
Then divide this volume
in liters by the number of minutes it took for this volume to leak out of the tank; this gives you the number
ofliters lost each minute. Multiply this rate by 1440
minutes/day
to arrive at the number ofliters lost each
day.
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Michael A. Mallin, "Impacts ofIndustrial Animal Production on Rivers and Estuaries," American Scientist,
January-February
2000.
•

Factory-style animal firms are a growing trend that began
about 20 years ago. This article explores the impact that
suchfirming has had on the rivers and estuaries of North
Carolina, the state that is the second-largestpork producer
in the United States.

http://water.
IIIl

usgs.gov

Explore this site of the Us. Geological Survey for up-todate news about water resourcesin the United States and
referencesto published articles about any Us. water system.
Be sure to explore http://water.usgs.gov/waruse.

www.idadesal.org
•

Home page for the International Desalination Association,
whose goals are the development and promotion of the
appropriate use of desalination technology worldwide.

www.awwa.org
11

Home page for the American water WorksAssociation, an
international, nonprofit scientific and educational society
dedicated to the improvement of drinking water quality
andsupp/y.

www.awwa.org/waterwiser/
MICRO

WATER

PURIFIER

Water readily evaporates in your purifier, but the
dissolved solute, which has a much higher boiling
temperature,
does not. Thus, the solute-either
food coloring or salt-is
not carried over into the
mug.
The warm air above the heated water is saturated
with water vapor, and warm air can hold more water
vapor than cool air. So, as the warm saturated air is
cooled by the ice cube, tiny cloud droplets ofliquid
water begin to form, and eventually it "rains" into the
mug. The cooling of rising warm, moist air is how
many rain clouds form. Review Chapter 8 for more
details about evaporation and condensation.
Sunlight can also be used to drive your purifier, but
to maximize heat absorption,
use a dark, nonretlective pot and make a complete seal with the plastic
wrap.

•

This site is a cooperativeproject of several environmental
organizations, including the American water Works
Association and the us. Environmental Protection Agency.
Books, brochures, and papers for purchase.

www.bicn.com/acic
•

To learn more about the arsenic crisis in Bangladesh, visit
this home page for the Arsenic Crisis Information Center. A
detailed description of the chemistry involved in the
removal of arsenic can befound atwww.eng2.uconn.edu/
-mikos/ asrt -brochure.html,
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Visit The Chemistry Place at:
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Most of Earth's atmosphere
30 kilometers

is contained

from the planet's

planet-its

diameter

thickness

is ultrathin,

within a distance

of

surface. Given the size of our

is 13,000 kilometers-this

30-kilometer

so thin that from space the atmos-

Earth's Atmosphere
Is a Mixture of Gases

phere

17.2

Gas Laws Describe
the Behavior of Gases

would be about as thick as the skin of the apple. We learned

17.3

Human Activities Have
Increased Air Pollution

Now we learn

17.4

Stratospheric Ozone Protects
Earth from Ultraviolet
Radiation

17.1

17.5

Air Pollution May Result
in Global Warming

appears

only as a narrow

band

along the horizon.

Indeed, if Earth were the size of an apple, its atmosphere

in the previous chapter that fresh water is a limited resource.
that

the

air around

us is also a limited

resource.
Air pollution

is a well-known

problem, one that migrates

across international

boundaries.

in North America,

for example,

released

by smelters

bons released

operating

in the Northern

Chemists

sampling

can detect

the air

heavy metals

in China. ChlorofluorocarHemisphere

affect ozone lev-

els in the air above the South Pole. Since the introduction
the internal-combustion

engine, atmospheric

carbon diox-

ide levels have been rising markedly, and global warming
potential

of

is a

consequence.

Our planet is a gigantic terrarium,
its caretakers.

and collectively we are

With this job comes the responsibility

how Earth's resources
fit of all its inhabitants.
the fundamental
impact of human

can be properly managed
In this chapter

dynamics

of the

to learn

for the bene-

we explore some of
atmosphere

and the

activities.

•
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• Where is the atmospheric pressure greater: at the top or bottom
of a g-inch round balloon? Interestingly, the pressure on the
bottom side of the balloon is sufficiently greater 50 as to result in
a small net force upwards. We call
this net force upwards the
buoyant force, which for a g-inch
balloon equals about 0.0145
pound. Amazing ly, this is exactly
equal to the weig ht of the air
that the balloon displaces. If the
balloon weighs more than 0.0145
pound (658 grams), it falls But if
it weighs less, it rises, which is the
case when the balloon is filled
with helium. The air beneath
your feet is deeper than the air at
your head, 50 is there a buoyant
force acting on you as well? Ifit
weren't for the air, would your
measured weight read more or
less? Byhowmuch?
MORE

TO

EXPLORE,

Hewitt, Suchocki, and Hewitt,
Conceptual

Physical Science,

3rd ed., Addison-Wesley,

2004.

Earth's Atmosphere Is a Mixture of Gases

f the sun no longer provided heat, as represented in Figure 17.1a, the air
molecules surrounding our planet would settle to the ground-much
like
popcorn falls to the bottom of an unplugged popcorn machine. Plug in the popcorn machine, and the exploding kernels bumble their way to higher altitudes.
Likewise, add solar energy to the air molecules, and they, too, bumble their way
to higher altitudes. Popcorn kernels attain speeds of 1 meter per second and can
rise 1 or 2 meters, but solar-heated air molecules move at about 1600 kilorneters per hour, and a few make their way up to more than 50 kilometers in altitude. Figure 17.1b shows that if there were no gravity, air molecules would fly
into outer space and be lost from our planet. Combine heat from the sun with
Earth's gravity, however, as in Figure 17.1c, and the result is a layer of air more
than 50 kilorneters thick that we call the atmosphere. This atmosphere provides
oxygen, nitrogen, carbon dioxide, and other gases needed by living organisms. It
protects Earth's inhabitants by absorbing and scattering cosmic radiation. It also
protects us from being rained on by cosmic debris because any headed toward
Earth burns up before reaching us due to the heat generated by friction between
the flying debris and our atmosphere.
Table 17.1 shows that Earth's present-day atmosphere is a mixture of gasesprimarily nitrogen and oxygen, with small amounts of argon, carbon dioxide,
and water vapor and traces of other elements and compounds. This has not
always been the composition of the atmosphere. Oxygen, for example, was not a
component until the evolution of photosynthesis in primitive life-forms 3 billion
years ago. Carbon dioxide levelshave also varied significantly over time.
We have adapted so completely to the invisible air around us that we sometimes forget it has mass. At sea level, 1 cubic meter of air has a mass of 1.18 kilograms. So the air in an average-sized room has a mass of about 60 kilogramsabout the average mass of a human. When you are under water, the weight of
the water above you exerts a pressure that pushes against your body. The deeper
you go, the more water there is above you and hence the greater the pressure
exerted on you. The behavior of air is the same. Because air has mass, gravity

.'

.,

..,
... ..... . ..
'.

(a) Atmosphere with gravity but no solar
heat: molecules lie on the Earth's
surface.

(b) Atmosphere with solar heat but
no gravity: molecules escape into
outer space.
FIGURE

I•.•••••••

. . . ....t.,: ..
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(cl Atmosphere with solar heat and gravity:
molecules reach high altitudes but are
prevented from escaping into outer space.

17.1

Our atmosphereis a result of the actionsof both solarheat and gravity.

17.1

17.1

COMPOSITION

OF

EARTH'S

EARTH'S

ATMOSPHERE

Percent by
Volume

Gases Having Variable
Concentrations

Percent by
Volume

Nitrogen, No

78
21

Water vapor; H2O
Carbon dioxide, CO

o to a
0.034

Ozone, 03

0.000004'

Neon, Ne

0·9
0.0018

Carbon monoxide, CO

0.00002'

Helium, He

0.0005

5ulfur dioxide, S02

0.000001'

Methane, CH4

0.0001

Nitrogen dioxide, N02

0.000001'

Hydrogen, H

0.00005

Particles (dust, pollen)

0.00001'

Argon, Ar

2

OF GASES

ATMOSPHERE

Gases Having Fairly
Constant Concentrations

Oxygen, O2

IS A MIXTURE

2

•Averagevalue in polluted air.

acts upon the air, giving it weight. The weight of the air, in turn, exerts a pressure on any object submerged in the air. This pressure is known as atmospheric pressure, and the deeper you go in the atmosphere, the greater this pressure becomes. At sea level, you are at the bottom of an "ocean of air," and so the
atmospheric pressure is greatest. Climb a mountain so that you are no longer so
deep, and the atmospheric pressure is less. Venture above the atmosphere, and
you have entered space, where there is no atmospheric pressure.
If you have ever gone mountain climbing, you have probably noticed that the
air grows cooler with increasing elevation. At lower elevations, the air is generally warmer. This is because Earth's surface radiates much of the heat it absorbs
from the sun. As this heat radiates upward, it warms the air-an effect that
decreases with increasing distance from the ground.
You have probably also noticed that the
air grows less dense with increasing elevaSO km
tion; that is, there are fewer air molecules
to breathe for a given volume. You can
understand why this is so by considering a
40km
deep pile of feathers. At the bottom of the
pile, the feathers are squished together by
the weight of the feathers above. At the top
30km
of the pile, the feathers remain fluffYand
are much less dense. For the same reasons,
air molecules close to Earth's surface are
Ozone layer
squeezed together by the greater atmos20 km
- 50"C ,~--90% of atmosphere -----pheric pressure. With increasing elevation,
below here
the density of the air gradually decreases
because of decreasing atmospheric pres10 km
sure. Unlike a pile of feathers, however, the
atmosphere doesn't have a distinct top.
50% of mass
of atmosphere
Rather, it gradually thins to the near vacbelow 5.6 km
uum of outer space. More than half of the
atmosphere's mass lies below an altitude of
5.6 kilometers, and about 99 percent lies
below an altitude of30 kilometers.
FIGURE
17.2
Scientists classify the atmosphere by dividing it into layers, each layer distinct in its characteristics. The lowest layer is the troposphere, which contains
The rwolowestatmospheric
90 percent of the atmospheric mass and essentially all of the atmosphere's
layers-troposphere and
stratosphere.
water vapor and clouds, as Figure 17.2 shows. This is where weather occurs.
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Commercial jets generally fly at the top of the troposphere to minimize the
buffeting and jostling caused by weather disturbances. The troposphere
extends to a height of about 16 kilometers. Its temperature decreases steadily
with increasing altitude. At the top of the troposphere, temperatures average
about -50°e.
Above the troposphere is the stratosphere, which reaches a height of 50
kilometers. At an altitude of 20 to 30 kilometers in the stratosphere lies the
ozone layer. Stratospheric ozone acts as a sunscreen, protecting Earth's surface
from harmful solar ultraviolet radiation. Stratospheric ozone also affects
stratospheric temperatures. At the lowest altitudes, the temperature is coolest
because of the solar screening effect of ozone; air at this altitude is literally
in the shade of ozone. At higher altitudes, less ozone is available for shading
and temperature increases all the way to a warm OnC at the top of the
stratosphere.

What effect does Earth's gravity have on the atmosphere?
Was this your answer? Earth's gravity pulls molecules in the atmosphere
downward, preventing them from escaping into outer space .

• Knowing the density of air
(1.18kilograms/cubic meter): it's a
straightforward calculation to find the
mass of air for any given volume-simply
multiply air's density by the volume. In the example
given in the text, the volume of the average-sized
room was assumed to be 4.00 meters x 4.00 meters x
3.00 meters = 48.0 cubic meters. Thus the mass of the
air in the room is
1.18kg

--/-

x 48

/
)TI'"3

= 56.6 kg

)TI'"3

EXAMPLE

What is the mass in kilograms of the air in a classroom
that has a volume of 796 cubic meters?
ANSWER

Each cubic meter of air has a mass of 1.18kilograms, and so

/3

/ 2.201b
56.6 )g x --/-

)9

• This assumes a temperature

=

kg

=

939 kg

)"'113

which is as much as the combined mass Of15students
having a mass of about 63 kilograms (138pounds) each.
YOUR

Ifyou're curious to know how many pounds this is, multiply by the conversion factor 2.20 pounds/i kilogram.

1.18

796 .m x --/-

TURN

1. What is the mass in kilograms of the air in an "empty,"
nonpressurized scuba tank that has an internal volume
of 0.0100 cubic meter?

1251b

2. What is the mass in kilograms of the air in a scuba tank
that has an internal volume of 0.0100 cubic meter and
is pressurized so that the density of the air in the tan k is
240 kilograms/cubic meter?

of 25T and a pressure of 1 atmosphere.

Answers to Calculation Corners appear at the end of each chapter .
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ATMOSPHERIC

hen water vapor condenses in
a closed container, very low
pressure is created inside the
container. The atmospheric pressure
on the outside then has the capacity
to crush the container. In this activity you will see how this works for
water vapor condensing inside an
aluminum soda can.

UJ

WHAT

YOU

experiment-steam
severe.

Wear safety goggles, and avoid
touching the steam produced in this

• 17.2
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CAN-CRUSHER

burns can be

1.

Fillthe saucepan with water and
set aside.

2.

Put about a tablespoon of water
in the can and heat directly on a
stove until steam comes out. The
steam you see indicates that air
has been driven out of the can and
replaced by water vapor.

NEED

NOTE

BEHAVIOR

under water. Crunch! The can is
crushed by atmospheric pressure!
Why?

PROCEDURE

Water, aluminum soda can,
saucepan, tongs
SAFETY

THE

3 Grasp the can with the tongs and
quickly invert it into the cool
water in the saucepan just
enough to place the can opening

Gas Laws Describe the Behavior of Gases

cientists of the 17th, 18th, and 19th centuries investigated the relationships
of gaseous materials. Their
observations are summed up by a set of gas laws named in their honor. These
laws help us to understand the behavior of gases, including the air we breathe.

Jamong the pressure, volume, and temperature

BOYLE'S

LAW: PRESSURE

AND

VOLUME

Think of the molecules of air inside the inflated tire of an automobile. Inside the
tire, the molecules behave like zillions of tiny Ping- Pong balls, perpetually moving helter-skelter and banging against the inner walls. Their impacts on the
inner surface of the tire produce a jittery force that appears to our coarse senses
as a steady outward push. This pushing force averaged over a unit of area provides the pressure of the enclosed air.
Suppose there are twice as many molecules pumped into the same volume as
shown in Figure 17.3. Then the air density-the number of molecules per given
volume-is double. If the molecules move at the same average kinetic energy, or,
equivalently, if they have the same temperature, then, to a close approximation,
the number of collisions will be doubled. This means the pressure is doubled.
We can also double the air density by compressing air to half its volume.
Consider the cylinder with the movable piston in Figure 17.4. If the piston is
pushed downward so that the volume is half the original volume, the density of
molecules will double, and the pressure will correspondingly double. In general,
a lessening of the volume means a correspondingly larger pressure (because the
gas density is greater), while a larger volume means a correspondingly smaller
pressure (because the gas density is less).
Notice in the example involving the piston that pressure and volume are
inversely proportional-as
one gets bigger, the other gets smaller. Mathematically,

FIGURE

17.3

When the density of gas in the
tire is doubled, pressure is

doubled.
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this means that multiplying
same product:

Px V=PV

2Px

these two values by each other always results in the
1I2V= PV

1/2P x 2V= PV

In other words, the "pressure X volume" for a quantity
to any "pressure X volume" at any other time:

V;

PI

=

of gas at one time is equal

P2 V;

Here PI and V; represent the original pressure and volume, respectively, and P2
and
represent the second pressure and volume. This relationship is known as
Boyle's Law after the 17th-century scientist Robert Boyle (see Chapter 3) who
first described it. Boyle's Law, however, only holds true assuming that the temperature and number of gas particles remain the same.

V;

FIGURE

17.4

When the volume of gas is
decreased, the density, and therefore pressure, are increased.

•
--<

---------

--

------~

• In 1783, Jacques Charles was the
first to fly in a balloon filled with
hydrogen gas-two weeks earlier
the Montgolfier brothers were
responsible for the first balloon
flight using hot air. One of
Charles's first f1ights over the
French countryside lasted about
45 minutes and took him 15 miles
to a small village where the people were so terrified they tore the
balloon into shreds.
MORE

TO

EXPLORE·

http://en.wikipedia.org/wiki/
Balloon_(aircraft)

I

·~~ECK
A scuba diver swimming underwater breathes compressed air at a pressure
of 2 atmospheres. If she holds her breath while returning to the surface, by
how much does the volume of her lungs tend to increase?
Was this your answer? As she rises to the surface the pressure decreases
from 2 atmospheres to 1 atmosphere. Since the pressure halves, the volume
of air in her lungs tends to double. A first lesson in scuba diving is not to
hold your breath while ascending. To do 50 can be fatal.

CHARLES'S

LAW: VOLUME

AND

TEMPERATURE

The 18th-century
French scientist and daring balloon aviator Jacques Charles
(1746-1823)
discovered the direct relationship between the volume of a gas and
its temperature.
Charles showed that the volume of a gas increases as its temperature increases. Likewise, assuming fixed pressure, the volume of a gas decreases
as its temperature decreases, as is shown in Figure 17.5.
Remarkably, when the volume and temperature
of various gases at constant
pressure are plotted on a graph it appears that at some rather cold temperature,
-273.15°C,
the volume of any gas dwindles down to zero, as shown in Figure
17.6. Of course, the volume of a gas never reaches zero. Somewhere along the
way the gas transforms into a liquid. Nonetheless, in 1848, William Thomson,
also known as Lord Kelvin (1824-1907),
recognized that this convergent temperature of -273.15°C
would be a convenient zero point for an alternative temperature scale by which the absolute motion of particles could be measured. The
number 0 is assigned to this lowest possible temperature-absolute zero. Accordingly, this scale became known as the Kelvin temperature
scale (introduced
in
Chapter 1).
According to Charles's Law, a small volume divided by a small absolute
temperature
gives the same ratio as a large volume divided by a large absolute
temperature:

v

T =

V

T =

More generally,
ferent volumes
same gas:

constant

we can write an equation
and absolute temperatures

using subscripts
to indicate dif(as measured
in kelvins) of the
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t-lre-C~K~--------------FIGURE

A perfectly elastic balloon holding 1.0 liter of helium at 150 Kis warmed to
300 K.What is the new volume of the helium-filled balloon?
Was this your answer? According to Charles's law, a doubling of the
absolute temperature results in a doubling of the volume. The new volume
would be 2.0 liters.

AVOGADRO'S

LAW: VOLUME

AND

NUMBER

OF PARTICLES

As discussed in Chapter 3, the 19th-century
Italian scientist Amedeo Avogadro
hypothesized that the volume of a gas is a function of the number of gas particles it
contains. In other words, as the number of gas particles increases, so does the volume, assuming a constant pressure and temperature. This relationship is known
as Avogadro's Law. An easy way to demonstrate this law is to blow into an empty
plastic bag. The more air molecules you blow into the bag, the bigger its volume.
Mathematically, we can depict Avogadro's Law by the following equation:

17.5

Evan inflates two balloons to the
same size and heats one over
some boiling water while the
other cools down in the freezer.
A quick recomparison of the two
balloons shows that while the
heated balloon expanded, the
cooled balloon shrunk. Ask your
instructor what happens when a
balloon is dipped into -196°C
liquid nitrogen and then pulled
back out.

~ _ Vz
n1
nz
where V; and nj represent the original volume and number of gas particles, respectively, and
and rlz the second, or final, volume and number of gas particles.

V;

FIGURE

A plot of the volume versus temperature (at constant pressure)
for hydrogen, H2, and oxygen,
02' in their gaseous phases. Note
how the gases converge to zero
volume at the same temperature,
-273. 15°C.
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Assuming the same pressure and temperature, which has a greater number of gas particles: 5 Lof gaseous water, H20, or 5 Lof gaseous oxygen, 0)
Was this your answer? The same volume means the same number of gas
particles The particles referred to here are a single molecule of either water,
H20, or oxygen, 02. There are just as many water gas particles in sliters as
there are oxygen gas particles. The nature of the gas particles doesn't matter.
But can you answer this question: Which has a greater number of atoms?

THE

IDEAL

GAS

LAW

The properties of a gas can be described by four interrelated quantities: pressure,
volume, temperature, and number of particles. Boyle's, Charles's, and Avogadro's gas laws each describe how one quantity varies relative to another so long
as the remaining two are held constant. We can combine these three laws into a
single law, called the ideal gas law, which shows the relationship of all these
quantities in a single equation:
PV=nRT
where P is the pressure of the gas, Vis its volume, n is the number of gas particles,
and Tis the temperature expressed in kelvins. The R in this equation is the gas constant, which is a "universal" constant in that it is the same constant used no matter
what the identity of the gas. Its value depends only upon the chosen units. A frequently used value of 0.082057 is obtained when using liters for volume, atmospheres for pressure, kelvins for temperature, and moles for number of particles:

R = _P_V = _(1_.0_0_0_0_a_tm_)(_2_2_.4_1_4_li_·t_er_s)
= 0.082057_L_._a_tm_
nT
(1.0000mole)(273.15K)
K·mol
The ideal gas law equation is most powerful in that it allows you to calculate any
one of the four quantities of a gas given the other three. Some examples are provided in the Calculation Corner on page 588.
The ideal gas law gets its name from the fact that it only accurately describes
an ideal gas. Such a gas is one in which individual gas particles have no volume.
Furthermore, the particles of an ideal gas experience no electrical attractions or
repulsions for one another. The particles of a real gas, however, do have volume
and they do interact electrically with other gas particles. Real gases, therefore,
do not follow any of the gas laws perfectly. At normal pressures, however, the
contribution of particle size to total volume is insignificant and gas laws hold to
a good approximation. Furthermore, when the temperature of the gas is well
above the boiling point, gas particles are moving so fast that they rebound off
of one another without sticking. The interactions, therefore, are negligible and
so the particles closely resemble an ideal gas.

Which do gas laws describe more accurately: a gas at hig h pressure and low
temperature or a gas at low pressure and high temperature?
Was this your answer? Gas laws work best for gases at low pressures and
hig h temperatures. At atmospheric pressure, the distances between air molecules are much greater than the sizes of the air molecules. Also, air is well
above its boiling points (N2 boils at -lg6°C and O2 at -183°C). This, of course,
permitted the gas law discoveries of Boyle, Charles, Avogadro, and others.

17.2

E 17.2

VARIOUS

GAS

GAS

LAWS
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Charles's Law

Avogadro's Law

Ideal Gas Law

Volume and
Pressure

Volume and
Temperature

Volume and
Number of Particles

Combined
Properties

Voc~

It;

V2

It;

V2

T,

T2

n,

n2

Voc T
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LAWS

Boyle's Law

P,V,~P2V2

THE

PV~ nRT

Voc n

P

From the gas laws a model has been developed that gives us insight as to why
gases behave as they do. This model, known as the kinetic theory of gases, is
summarized by a set of five postulates:
1. A gas consists of tiny particles, either atoms or molecules.
2. Gas particles are in constant random motion, colliding amongst themselves
and with the walls of the container.
3. The impacts of gas particles on the walls of the container produce a jittery
force that appears as a steady push. This pushing force averaged over a unit
area provides the pressure of the enclosed gas.
4. Deviations from gas laws arise primarily because of the electrical interactions
occurring among gas particles and because gas particles are not infinitely
small.
5. The average kinetic energy (energy due to motion) of the gas particles is
directly proportional to the temperature of the gas.
We can use these postulates to rationalize the various gas laws (Table 17.2).
For Boyle's Law, pressure decreases with increasing volume because the impact
of gas particles against the walls of the container is spread out (dilured) over a
greater area. For Charles's Law, volume increases with increasing temperatures
because faster-moving particles demand more room. Similarly, for Avogadro's
Law, volume increases with an increasing number of particles because more particles also demand more room.

•
• As compressed air expands to a
region of larger volume and
lower pressure, its temperature
drops. With your mouth wide
open, blow air from your lungs
onto the palm of your hand. With
minimal expansion, the air of
your breath is about as warm as
your lungs. Now repeat the same
procedure with your lips puckered 50 that your breath is compressed within your mouth and
expands upon exittnq. Tryit. The
difference is dramatic. Air cools
as it expands. In regard to the
weather, as warm air rises
upwards it expands into less
dense, higher-altitude air and
thus cools. This cooling causes
atmospheric water vapor to condense into tiny suspended
droplets, which is how clouds are
formed.
MORE

TO

EXPLORE,

Hewitt, Suchocki, and Hewitt,
Conceptual

eR
Assuming a constant volume and number of particles, as the temperature
of a gas increases, what happens to the pressure? Why?

Were these your answers? As the temperature

increases in a gas, so does
the average kinetic energy (speed) of its particles. Faster-moving particles
have harder impacts against the surface of a container. More forceful
impacts mean greater pressure. Thus, as the temperature of a gas increases
so does its pressure, given a constant volume and number of gas particles.
Understanding this, can you explain why the pressure inside an automobile
tire is greatest just after driving?

Physical Science, 3rd

ed., Addison-Wesley,

2004.
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HOT AIR BALLOONS
• Any parcel of air will float within the atmosphere provided it has the same density. Ifthe air becomes more
dense, it sinks, creating a down draft. Ifthe air becomes
less dense, it rises, creating an updraft. Use your understanding of this plus gas laws to calculate how hot air
balloons can be made to rise, fall, or remain floating.

ANSWER
Plug these values into the ideal gas law to solve for n, the
number of gas particles. Note that PV = nRT can be transformed algebraically into n = PVIRT.

PV

n=RT

EXAMPLE

(1.00 atm)(401,000 L)

Assume the air within a hot air balloon of 401,000 liters in
volume is warmed from 2g8 Kto 398 K.What would be the
new volume assuming the balloon could expand?

n

=

(0.082057 L. atm )(298 K)
K . mol

n

=

16,400 moles

ANSWER
Plug this data into the equation for Charles's Lawto calculate a new volume of 536,000 m ', (See Appendix Bfor a discussion about significant figures.)
401,000 L
2g8 K

»> (28.8 g)
(16,400 JY-Ierles)~
.male

X

= 472,000 grams

398 K
Divide this mass by the volume of the balloon to derive the
density:

(401,000 L)(398K)
x=------2g8 K
x

Multiply by the formula mass to convert this many moles
into grams:

=

472,000 grams
401,000 L

536,000 L

As the air inside a hot air balloon expands it is unable to
stretch out the fabric, which is not very elastic. Instead, the
expanded air escapes out of a hole placed at the top of the
balloon. The volume of the balloon remains about the
same, but the mass of the air it contains becomes less, as
does its density.

=

1.18~
L

YOUR TURN
1. How many molecules (in units of moles) are there in a
hot air balloon with a volume of 401,000 L,a pressure of
1.00 atmosphere, at a temperature of 398 K?
2. Assuming air has an average formula mass of 28.8
grams per mole, how many grams is this?

EXAMPLE
How many molecules (in units of moles) of air are there in
a hot air balloon with a volume of 401,000 L,a pressure of
1.00 atmosphere, at a temperature of 2g8 K?Assuming air
has an average formula mass of 28.8 grams per mole, how
many grams is this? What is the density of this air in units
of grams per liter?

3. What is the density ofthis air in units of grams per liter?
4. How many grams of cargo (including the mass of the
balloon material, the basket, and occupants of the basket) would this balloon be able to lift while remaining
afloat?

• 17.3 Human Activities Have Increased Air Pollution

";;l~:;~t.
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in the atmosphere that is harmful to health is defined as an air
One major source of air pollutants is volcanoes. The largest volcanic blast of the 20th century, for example, was the 1991 eruption of Mount
Pinatubo in the Philippines, which released 20 million tons of the noxious gas
sulfur dioxide, 502• As Figure 17.7 shows, this sulfur dioxide managed to travel
all the way to India in only 4 days.
In a number of ways, however, humans have surpassed volcanoes as sources
of pollution. In the United States alone, for example, industrial and other
human activities have been depositing about 20 million tons of sulfur dioxide
in the air every year since around 1950! By one estimate, human activities
account for about 70 percent of all sulfur that enters the global atmosphere. To

17.3

FIGURE

HUMAN

ACTIVITIES

HAVE

INCREASED

AIR

POLLUTION

589

17.7

The cloud of sulfur dioxide generated by the June 15, 1991, eruption of Mount
Pinatubo reached India in 4 days. (The black strips indicate missing satellite data.)
By July 27, the sulfur dioxide cloud had traveled around the globe.
stem the human production
of air pollutants, the D.S. government passed the
Clean Air Act in 1970. This act regulated the gaseous emissions of various
industries but was not comprehensive. An amendment in 1977 greatly restricted
car emissions, and the most recent amendment,
enacted in 1990, overhauled the
act by regulating the emissions of nearly all air pollutants,
including aerosoLs,
particulates, and the components
of smog.
AEROSOLS
INVOLVING

AND PARTICULATES
POLLUTANTS

FACILITATE

CHEMICAL

REACTIONS
FIGURE

Airborne solid particles such as ash, soot, metal oxides, and even sea salts play a
major role in air pollution. Particles up to 0.01 millimeter in diameter (too small
to be seen with the naked eye) attract water droplets and thereby form aerosols
that may be visible as fog or smoke. Aerosol particles remain suspended in the
atmosphere for extended periods of time and, as Figure 17.8 shows, serve as sites
for many chemical reactions involving pollutants.
Larger solid particles, called particulates, tend to settle to the ground faster
than the particles that form aerosols and hence do not play as big a role in

17.8

(a) Micrograph of aerosols in the
atmosphere. (b) An aerosol is the
site of many chemical reactions
involving pollutants. Water surrounding the solid particle
attracts airborne molecules that
then readily react in aqueous
solution before being released
back into the atmosphere.

Hydrocarbons

Hydrocarbons

L

I
Aldehydes,
ketones

Aldehydes,
ketones
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suspended
particles

1

Particles and water

FIGURE

17.9

During scrubbing of industrial
gaseouseffluents, a fine mist of
water captures and removes solid
particles that have diameters as
small as 0.001 millimeter.

FIGURE

facilitating atmospheric chemical reactions. While they are airborne,
however, particulates obscure visibility. Atmospheric particulates
(and aerosols) also have a global cooling effect because they reflect
some sunlight back into space.
Industries use a variety of techniques to cut back on emissions of
solid particles. Physical methods include filtration, centrifugal separation, and scrubbing, which, as Figure 17.9 shows, involves spraying gaseous effluents with water. Another method, electrostatic
precipitation, shown in Figure 17.10, is energy-intensive but more
than 98 percent effective at removing particles.
KINDS

OF SMOG

The term smog was coined in 1911 to describe a poisonous mixture
of smoke, fog, and air that settled over the city of London and killed
1150 people. Smog has since grown to be a major problem, especially
over urban areas where industrial and human activities abound.
Weather plays an important role in smog formation. Normally, air
warmed by the Earth's surface rises to the upper troposphere, where
pollutants are dispersed, as shown in Figure 17.11a. Parcels of dense,
cold air, however, sometimes settle below warm air in a temperature inversion
(Figure 17.11b). Now the air tends to stagnate, which allows for a buildup of
air pollutants. Temperature inversions may occur just about anywhere, but local
geographies make some areas more prone than others. The smog of Los Angeles, for example, is trapped by an inversion created when low-level cold air moving eastward from the ocean is capped by a layer of hot air moving westward

17.10

(-)

(a) Particles in industrial gaseous
effluents become negatively
charged by an electrode and are
attracted to the positively
charged wall of the electrostatic
precipitator. Once it touches the
wall, a particle loses its charge
and falls into a collection bin.
(b) Smokestackswith and without electrostatic precipitators.
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from the Mojave Desert. Temperature inversions tend to disperse at night
because air at higher altitudes cools more quickly than does lower air, which is
closer to the Earth's warm surface. This is one reason the skies in many urban
areas tend to have less smog in the early morning than in the late afternoon.

CK
Why are temperature inversions more common during the day than at
night?
Was this your answer? A temperature inversion occurs when a body of

warm air sits above a body of denser cold air,The warm air is created by the
heat of the sun, which is out only during the day.
There are two general types of smog: industrial and photochemical. Indusof coal and oil, is high in
particulates. Its main chemical ingredient, however, is sulfur dioxide, which
accumulates in the water coating of aerosols and is transformed to sulfuric acid:
trial smog, produced largely from the combustion

2 S02

+

Sulfur dioxide

2 S03
Sulfur rrioxide

°2

--0>

Oxygen

+

2 H2O
Water

2 S03
Sulfur trioxide

--0>

591

17.11

(a) Smog is removed by rising
warm air. (b) In a temperarure
inversion, smog is trapped as cool
air settles below warm air. (The
normal scheme of cool above
warm is inverted.)

Cool air

,Warm

AIR POLLUTION

2 H2S04
Sulfuric acid

Breathing aerosols containing even very low concentrations of sulfuric acid can
cause severe breathing distress. As Section 10.4 discussed, airborne sulfuric acid is
also a leading cause of acid rain. Although many industries still exceed federal standards regulating sulfur emissions, levels of industrial smog have dropped markedly
since the passage of the 1970 Clean Air Act and its subsequent amendments. In
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the future, however, maintaining low levels of sulfur dioxide emissions will become
more difficult as both national economies and world population continue to grow.
Photochemical smog consists of pollutants that participate either directly or
indirectly in chemical reactions induced by sunlight. These pollutants are predominately nitrogen oxides, ozone, and hydrocarbons, and their prime source is the
internal-combustion engine. In the combustion chamber, oxygen is mixed with
vaporized hydrocarbons for the production of heat, which causes an expansion of
gases that drives the piston's power stroke. Atmospheric nitrogen is also present,
however, and at the high temperatures characteristic of internal-combustion
engines, the nitrogen and oxygen form nitrogen monoxide:
heat

N2

+

+

O2

2 NO

~

Nitrogen monoxide is fairly reactive. Once released from the engine, it reacts
rapidly with atmospheric oxygen to form nitrogen dioxide:
2 NO

+

O2

2 N02

~

Nitrogen dioxide is a powerful corrosive agent that acts on metal, stone, and
even human tissue. Its brown color is responsible for the brown haze typically
seen over a polluted city.
Sunlight initiates the transformation of nitrogen dioxide to nitric acid, HN03,
which, along with sulfuric acid, is a prime component of acid rain. In aerosols,
sunlight splits nitrogen dioxide into nitrogen monoxide and atomic oxygen:
sunlight

+

N02

~

NO

+

°

The nitrogen monoxide reacts with atmospheric oxygen to re-form nitrogen
dioxide, and the atomic oxygen reacts with atmospheric oxygen to form ozone:
0+02

~

°3

Ozone is a pungent pollutant. It causes eye irritation and at high levels can be
lethal. Plant life suffers when exposed to even relatively low concentrations of
ozone, and it causes rubber to harden and turn brittle. To protect tires from
ozone, manufacturers have incorporated paraffin wax, which reacts preferentially with the ozone, sparing the rubber. As we'll see in Section 17.4, ozone is
also formed by natural processes in Earth's stratosphere, where it filters out as
much as 95 percent of the sun's ultraviolet rays. So, at Earth's surface, ozone is a
harmful pollutant, while 25 kilometers straight up it serves as a sunscreen and is
vital for the good health of all living organisms.
A profile of average urban concentrations of nitrogen monoxide, nitrogen dioxide, and ozone is given in Figure 17.12, which neatly shows how the formation of
one is related to the formation of the other two. Early morning rush hour causes a
FIGURE

17.12

The averagedaily concentration
of nitrogen monoxide, nitrogen
dioxide, and ozone in Los
Angeles.
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rapid increase in nitrogen monoxide, which by midmorning has largely been converted to nitrogen dioxide. On a sunny day, following nitrogen dioxide formation,
ozone levels begin to peak. In the absence of a temperature inversion, late-afternoon winds clear the pollutants away. After a night of calm, the cycle begins again.
Another class of components
in photochemical
smog is hydrocarbons,
such
as those found in gasoline. In the presence of ozone, airborne hydrocarbons
are
transformed to aldehydes and ketones, many of which add to the foul odor of
smog. Also, incomplete combustion
of gasoline leads to the release of polycyclic
aromatic hydrocarbons, which are known carcinogens.
Significant amounts of
hydrocarbons
are also released each time a car is filled with gasoline. Because
gasoline is a volatile liquid, any air in a closed tank of gasoline is loaded with
gasoline vapors-even
when the tank is near empty. Every time you fill up at the
pump, these vapors, about 10 grams worth, are displaced and vented directly
into the atmosphere. Newer gasoline pumps have nozzles designed to trap most
of these vapors, as shown in Figure 17.13.

How does the sun help disperse air pollutants?
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17.13

Some gasoline nozzles are
equipped with a jacket that keeps
gasoline vapors from escaping
into the atmosphere. Instead, the
vapors are directed back to the
main tank of the gas station
through a secondary hose hidden
within the nozzle.

Was this your answer? Sun lig ht warms the ground, which in turn warms
the air, which then rises, carrying with it many air pollutants.
CATALYTIC

CONVERTERS

REDUCE AUTOMOBILE

EMISSIONS

To reduce the production
of photochemical
smog, the Clean Air Act amendments require that every automobile exhaust system be equipped with a catalytic
converter. As we discussed in Section 9.4, a catalyst is an agent that increases the
rate of a chemical reaction without being consumed by the reaction. Ideally, the
complete combustion
of gasoline generates only carbon dioxide, COz, and
water vapor, HzO. Less-than-ideal
conditions
lead to the release of uncornbusted hydrocarbons
and toxic carbon monoxide,
CO. Hot engine exhaust
fumes containing these components pass through the catalytic converter, where
catalysts catalyze the reactions that didn't take place in the engine, meaning that
hydrocarbons
and carbon monoxide are converted to carbon dioxide and water.
As noted in Section 9.4, the catalysts of catalytic converters also reduce emissions of nitrogen monoxide, NO, by converting it to atmospheric nitrogen, Nz,
and oxygen, Oz. A typical converter is shown in Figure 17.14.
The catalysis need not be restricted to the exhaust system. One innovative
design, shown in Figure 17.15, coats an automobile's radiator with a base-metal
catalyst that "eats up" ozone, one of the main components
of smog.

FIGURE

17.14

The catalyst of an automotive
catalytic converter is typically a
form of platinum, Pt: palladium,
Pd; or rhodium, Rd. The production of catalytic converters is by
far the largest market for these
precious and semiprecious metals.

FIGURE

17.15

The PremAir® catalyst-coated
radiator assists in the destruction
of airborne pollutants, potentially turning vehicles into net
pollution absorbers.
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-!,~----------• The space shuttle and other loworbit satellites skim the surface
of the upper atmosphere where

intense ultraviolet rays transform
O2 into atomic oxygen, 0, which is
hig hly reactive. These low-orbit
craft therefore need to be made
of materials that can withstand
this reactive oxygen. Back on
Earth, NASAscientists routinely
test various materials for their
durability against atomic oxygen.
It was discovered that atomic
oxygen reacts with surface
organic materials, which are
effectively removed from the surface as they transform into
gaseous carbon monoxide or carbon dioxide. The scientists realized atomic oxygen's usefulness
for restoring paintings damaged
by smoke or other organic contaminants. Together with art conservationists, they used atomic
oxygen to restore certain damaged paintings and it worked
spectacularly.
MORE

TO

• 17.4 Stratospheric Ozone Protects Earth
from Ultraviolet Radiation
zone is formed from automobile emissions and is an urban air pollutant,
but it is also formed naturally in the stratosphere. At altitudes of20 to 30
kilometers, high-energy ultraviolet (UV) radiation breaks diatomic oxygen
down to atomic oxygen, which then reacts with additional O2 to form ozone:

°

02 + DV radiation ~
2°
Net reaction 3 02

2
2°3
2 03

+ 2 02
~
+ DV radiation ~

This synthesis of ozone is of great benefit to life on Earth because if the ultraviolet radiation absorbed in the reaction were to reach Earth's surface, it would
cause immediate harm to living tissue. When it absorbs ultraviolet radiation,
ozone fragments into molecular oxygen and atomic oxygen. These molecules
eventually re-form ozone. Because chemical bonds are created when ozone reforms, heat energy is released:

03 + DV radiation ~
02 +
Net reaction 03 + DV radiation ~

°

02 +

°

03 +

heat
heat

~ 03 +

EXPLORE,

NASA
www.nasa.gov!vision!earth!
everydaylife!

Thus harmful ultraviolet radiation is transformed by ozone into a not-so-harmful
slight heating of the stratosphere. Note that ozone is not lost in this transformation, which means it can continue to shield Earth's surface indefinitely from
ultraviolet radiation.
The concentration of ozone in the stratosphere is
quite small. If all of the ozone there were subjected to
the amount of atmospheric pressure present at Earth's
surface, the ozone layer would be only 3 millimeters
thick instead of 10 kilo meters! Nevertheless, this ozone
layer absorbs more than 95 percent of the ultraviolet
radiation that comes to our planet from the sun. It is
the safety blanket of Planet Earth.

CK
Is there any chemical difference between stratospheric ozone and the ozone found in air
pollution?

FIGURE

17.16

Mario Molina, F. Sherwood
Rowland, and Paul Crutzen at a
press conference before receiving
the 1995 Nobel Prize in Chemistry for their work in atmospheric chemistry, particularly
concerning the formation and
decomposition of stratospheric
ozone.

Was this your answer? Absolutely not. Ozone,
no matter where it is found, is a molecule made
of three oxygen atoms.

In the early 1970s, Mario Molina (b. 1943) of the Massachusetts Institute of
Technology, F. Sherwood Rowland (b. 1927) of the University of California,
Irvine, and Paul]. Crutzen (b. 1933) of the Max Planck Institute in Germany,
all shown in Figure 17.16, recognized the potential threat to stratospheric ozone
posed by chlorofluorocarbons (CFCs). Because CFCs are inert gases, they were
once commonly used in air conditioners and aerosol propellants. Two of the
most frequently used CFCs are shown in Figure 17.17.

17.4

STRATOSPHERIC

OZONE

PROTECTS

EARTH

Estimates are that CFCs are so stable that they remain in the atmosphere
from 80 to 120 years, and they are now spread throughout the atmosphere.
Even in the most remote location, there are no fewer than 25 trillion CFC
molecules in every liter of air you breathe! Molina, Rowland, and Crutzen
realized that CFC molecules reaching the stratosphere are fragmented when
exposed to the harsh ultraviolet rays at this altitude, as illustrated in Figure
17.18. One of these fragments is atomic chlorine, which can catalyze the
destruction of ozone. One chlorine atom, it is now estimated, can cause the
destruction of at least 100,000 ozone molecules in the one or two years before
the chlorine forms a hydrogen chloride molecule, HCl, and is carried away by
atmospheric moisture.
The fragility of stratospheric ozone came to the world's attention in 1985
with the discovery of a seasonal depletion of stratospheric ozone over the
Antarctic continent, a phenomenon known as the ozone hole. That atomic chlorine plays an active role in the destruction of Antarctic ozone can be shown by
measuring chlorine monoxide concentrations over this region. As shown in
Figure 17.18, chlorine monoxide is an intermediate molecule that forms during
the chlorine-catalyzed destruction of ozone. The data in Figure 17.19, collected
during flights over the South Pole, show the close relationship between stratospheric levels of chlorine monoxide and ozone. The satellite photographs of
Figure 17.20 reveal how the shape of the ozone hole corresponds to the shape of
a map showing chlorine monoxide distribution.
Subsequent studies have shown that the cold, still, sunless Antarctic winter
favors the formation of stratospheric ice crystals, and airborne compounds
containing chlorine atoms then accumulate on the crystals. Chemical reactions on and within the crystals lead to the formation of Clz' In September,

Cl)
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ULTRAVIOLET

Cl
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+
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Chlorine atom reacts
with ozone to create
chlorine monoxide
and oxygen .
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Two of the most common CFCs,
also known as freons, were
CFC-11, trichlorofluoromethane, and CFC-12,
dichlorodifluoro-methane. At the
height of CFC production in
1988, some 1.13 million tons
were produced worldwide.
Becauseof their inertness, CFCs
were once thought to pose little
threat to the environment.

17.18

Pathway for the destruction of
stratospheric ozone by chlorofluorocarbons.
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FIGURE
UV light causes CFCto
break down, releasing
chlorine atom.
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Chlorine atom
breaks up another
ozone molecule.

°3
Chlorine monoxide reacts with
another ozone molecule, creating
two O2 molecules and one Cl atom.
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17.19

Concentrations of stratospheric
ozone and chlorine monoxide in
southern latitudes. As chlorine
monoxide levels increase, ozone
levels decrease. The yellow highlighting shows where small fluctuations in ClO concentrations
result in large fluctuations in 03
concentrations. This is consistent
with catalytic behavior.
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An important
piece of evidence that some of this chlorine comes from the
breakdown
of CFCs was the unusually high levels of fluorine compounds
detected in the Antarctic stratosphere. Whereas chlorine compounds come from
a number of natural sources, fluorine compounds
in nature are relatively rare.
The source of this stratospheric fluorine, therefore, is most likely chlorotluorocarbons. In addition to elevated fluorine levels, evidence of ozone depletion

FIGURE

17.20

Chlorine Monoxide and the Ozone Hole

Satellite images of the Southern
Hemisphere, showing concentrations of chlorine monoxide adjacent to concentrations of
stratospheric ozone in September
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around the North Pole and midlatitudes,
shown in
Figure 17.21, also confirmed
the severity of the
problem.
There has been an unprecedented
level of international cooperation toward banning ozone-destroying
chemicals. The first major step was the signing of the
1987 Montreal
Protocol
on Substances
That
Deplete the Ozone Layer, which called for the reduction of CFC production
to one-half of 1986 levels
by the year 1998. However, only a few years after the
protocol was ratified, in 1990, scientists confirmed
that the CFC problem was much more serious than
they believed in 1987 when the protocol
was
drafted. The protocol was soon amended to call for
cessation of all CFC production by 1996. Even with
the protocol in place and the continued cooperation
of all signatory nations, however, the ozone-destroying actions of CFCs will be with us for some time.
Atmospheric
CFC levels are not expected to drop
back to the levels found before the ozone hole was
formed until sometime in the 22nd century.

FIGURE

we

a,k yom car with it, window, closed in
bright sun, and its interior won
becomes quite to as ty. The inside of a greenhouse is similarly toasty. This
happens because glass is penetrable by visible light bur not by infrared, as illustrated in Figure 17.22. As you may recall from Figure 5.5, wavelengths of visible
light are shorter than wavelengths of infrared. Visible light wavelengths range
from 400 nanometers
to 740 nanometers;
infrared wavelengths
range from
740 nanometers to a million nanometers. Short-wavelength
visible light from the
sun enters your car or a greenhouse
and is
absorbed by various objects-car
seats, plants,
soil, whatever. The warmed objects then emit
infrared energy, which cannot escape through
the glass, and so the infrared energy builds up
inside, increasing the temperature.
A similar effect occurs in Earth's atmosLong-wavelength infrored
radiation is not transmitted
phere, which, like glass, is transparent to visiout through the glass and
ble light emitted by the sun. The ground
is trapped inside.
absorbs this energy but radiates infrared waves.
Atmospheric carbon dioxide, water vapor, and
other select gases absorb and reemit much of
this infrared energy back to the ground, as
Figure 17.23 illustrates. This process, called
the greenhouse effect, helps keep Earth
warm. The greenhouse effect is quite desirable
because otherwise Earth's average temperature
would be a frigid -18°C. Greenhouse warming also occurs on Venus but to a far
greater extent. The atmosphere surrounding Venus is much thicker than Earth's
atmosphere, and its composition is 95 percent carbon dioxide, which brings surface temperatures to a scorching 450°C.

WARMING
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17.21

False-color image of ozone levels
over the Northern Hemisphere,
recorded by NASA's total-ozone
mapping spectrometer (TOMS).
Purple and blue areas are areas of
ozone depletion; green through
red areas are areas of higher- thannormal ozone levels.

• 17.5 Air Pollution May Result in Global Warming
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Glass acts as a one-way valve, letting visible light in and preventing infrared energy from exiting.
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Solar visible light

_

What does it mean to say that the greenhouse
effect is like a one-way valve?
Was this your answer? Earth's atmosphere and
glass both allow incoming visible waves to pass
but not outqoinq infrared waves. As a result,
radiant energy is trapped.

Earth

ATMOSPHERIC
CARBON DIOXIDE
IS A GREENHOUSE
GAS

The role of carbon dioxide as a greenhouse gas is well documented. Core samples from polar ice sheets, for example, show a close relationship between
The greenhouse effect in Earth's
atmospheric levels of carbon dioxide and global temperatures over the past
atmosphere. Visible light from
160,000 years. This relationship is graphed in Figure 17.24. Ancient air in
the sun is absorbed by the
bubbles trapped in the ice core (Figure 17.25) can be sampled directly. The
ground, which then emits
infrared radiation. Carbon dioxage of the air is a function of the depth of the core. Past global temperatures
ide, water vapor, and other green- are determined by measuring the deuterium-to-hydrogen
ratio in the trapped
house gasesin the atmosphere
air. When global temperatures are relatively high, the ocean is warmer and
absorb and reemit heat that
larger fractions of water containing deuterium evaporate from the ocean and
would otherwise be radiated
fall as snow. A high deuterium-to-hydrogen
ratio therefore indicates a warmer
from Earth into space.
climate.
There is strong evidence that recent human activities, such as the burning of fossil fuels and deforestation, are responsible for some dramatic increases in atmospheric carbon dioxide levels. Prior to the Industrial Revolution, carbon dioxide
levelswere fairly constant at about 280 parts per million, as shown in Figure 17.26.
During the 1800s, however, levels began to climb (Figure 17.27 on page 600),
reaching 300 parts per million in about 1910. Today's level
is a worrisome 380 parts per million! Interestingly, as can
be seen in Figure 17.24, ice samples dating as far back as
160,000 years do not show atmospheric carbon dioxide
300
levels ever exceeding 300 parts per million. In step with
these increases, average global temperatures since 1860
2.5
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have increased by about 0.8°C (since 1950 the increase has
E
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been about 0.5°C). Current estimates are that a doubling
:l:
c
o
f
of today's atmospheric carbon dioxide levels will increase
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atmosphere, however, is measured in billions of tons, as
Figure 17.27 shows. A single tank of gasoline in an auto160 140 120 100 80
60
40
20
o
mobile produces up to 90 kilograms of carbon dioxide. A
Thousands of years ago
jet flying from New York to Los Angeles releases more
than 200,000 kilograms (about 300 tons). Above all,
each of us is responsible for activities that result in the
FIGURE
17.24
output of carbon dioxide. Our population increases by about 236,000 individuals every day, which is about 86 million individuals every year. In 1999, we
Levelsof atmospheric carbon
passed the milestone of 6 billion humans.
dioxide and global tempetatures
When direct monitoring of atmospheric carbon dioxide began in 1958, the
appear to be closelyrelated to
each other.
global atmospheric reservoir of carbon dioxide was about 671 billion tons, a figure calculated from the observed concentration of 315 parts per million. By
FIGURE

17.23

I

Q.

Q.

"0

Q.

17.5

AIR

POLLUTION

MAY

RESULT

IN GLOBAL

599

WARMING

(b)
FIGURE

17.25

(a) Ice cores reveal information about ancient climates. (b) Crystals of ice photographed in polarized light reveal tiny air bubbles containing ancient air.
2005, this amount had grown to 810 billion tons, which simple subtraction
us is an increase of 139 billion tons:
2005
1958

global atmospheric
global atmospheric

reservoir of CO2:
reservoir of CO2:
N et increase:

tells

810 billion tons
- 671 billion tons
+ 139 billion tons

Over
the
same
period,
humans
released
at least
c
o
175 billion tons of atmoso South Pole
.~ 35
pheric carbon dioxide from
to Siple
c
ec
fossil-fuel emissions alone.
• Mauna Loa
8
From these data, we can get
a feel for nature's
ability
0;::
to absorb carbon dioxide.
.c
~ 25
Even though
we pumped
1200
1400
1600
~
1000
out 175 billion tons of car;:(
Year
bon dioxide, the total quantity in the atmosphere
went
up by only 139 billion tons. Models suggest that most of the difference was absorbed by the oceans. As we saw in Section 10.4,
the ocean, because its water is alkaline, can absorb carbon dioxide. Carbon dioxide can also be absorbed by vegetation during
photosynthesis.
It has been shown, for example, that trees grow
more rapidly when exposed to higher concentrations
of carbon
dioxide. That levels of atmospheric
carbon dioxide are going up
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Since the Industrial Revolution began in the late 1700s, atmospheric
carbon dioxide levels have been increasing at accelerated rates. The
yellow and red circles are data from ice samples, and the purple circles are measurements from the Mauna Loa Observatory (also presented on page 349 in Figure 10.18). (Note: The global temperature
changes are shown here relative to the average annual temperature for
the years 1950 through 1979.)
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Carbon dioxide emissions from
the burning of fossil fuels have
grown dramatically since 1860.

•
• Today,levels of atmospheric carbon dioxide are around 400 ppm,
which is a new level not achieved
for likely hundreds of thousands
of years. Recent evidence suggests, however, that about 25 million years ago carbon dioxide
levels of 1000 to 1500 ppm were
typical. Of course, there were no
polar ice caps way back then and
the average sea level was some
70 meters hig her than it is today.
MORE

TO

tells us that we are exceeding nature's absorbing
power.
With less than 5 percent of the world's population, the United States ranks first in carbon
dioxide emissions and is responsible for about 25
percent
of global carbon dioxide emissions.
Industrial nations worldwide are responsible for
about 58 percent of carbon dioxide emissions,
primarily from the combustion
of fossil fuels .
Developing
nations account for the remaining
42 percent, but their sources of carbon dioxide
are split between fossil fuels (19 percent) and
deforestation
(23 percent).
Deforestation
presents multiple
threats to
atmospheric resources. If the cur wood is used for
1950
2000
1980
fuel rather than lumber, burning the fuel releases
Year
carbon dioxide into the atmosphere.
Whether
the wood is used for fuel or for lumber, though,
cutting down any forest destroys a net absorber
of carbon dioxide. Furthermore,
tropical forests have the capacity to evaporate
vast volumes of water vapor, which assist in the formation of clouds. The clouds
in turn keep regions cool, by reflecting sunlight, and moist, by precipitating
rain. Farmers who burn down rainforests for farmland, therefore, are simultaneously cutting off their future supply of rainwater. When their farms become
desert, they are then spurred to burn even more of the rainforest. So far, about
65 percent of all rainforests have been destroyed. At present rates, within a few
decades remaining rainforests will not be able to sustain regional climates, which
will leave more than a billion citizens of the rapidly growing communities
of
South America, Africa, and Indonesia in the midst of arid land.
As their economies and populations
continue to grow over the next several
decades, developing nations will likely surpass industrial nations in the amounts
of carbon dioxide and other pollutants they emit. As discussed in Chapter 19,
however, new energy-efficient
technologies
that minimize emissions are now
available. In a best-case scenario, developing nations will be able to utilize these
new technologies while maintaining
needed economic growth.

~_-----_.

THE POTENTIAL

EFFECTS OF GLOBAL WARMING

ARE UNCERTAIN

EXPLORL

Keyword Search: "Carbon Dioxide
Paleogene"
www.natianmaster.cam /
encyclopedia/ Ice-sheet

There is general consensus that increased levels of atmospheric carbon dioxide
and other greenhouse gases will result in global warming. How much temperatures may rise, however, is uncertain, as are the potential effects of the temperature increases. This uncertainty
is due to the large number of variables that
determine global weather. The sun's intensity, for example, changes over time,
as does the ocean's ability to absorb and distribute greenhouse heat. Another
variable is the cooling effect of cloud cover, atmospheric dust, aerosols, and ice
sheets, which all serve to reflect incoming solar radiation.
A number of mechanisms
may ease or even reverse global warming. For
example, we may have underestimated
the capacity of oceans and plants to
absorb carbon dioxide. Greater levels of atmospheric carbon dioxide may simply mean more carbon dioxide in the ocean and more abundant plant life. Furthermore, warmer global temperatures
could mean an increase in cloud cover
worldwide and an increase in snowfall in the polar regions. Both of these effects
would tend to cool the Earth by increasing the reflection of solar energy. If the
cloud cover and snowfall became unusually extensive, continued reflection of
solar radiation could even trigger an ice age.
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On the other hand, mechanisms may enhance
global warming. Warmer oceans might have a diminished capacity to absorb carbon dioxide because the
solubility of carbon dioxide in water decreases with
increasing temperature. Rapid climatic changes might
destroy vast regions of forests and vegetation, meaning
those reservoirs for carbon dioxide absorption would
no longer exist. Alternatively, more abundant plant
life might not be as beneficial for the atmosphere as we
hope because, although plants absorb carbon dioxide,
they also emit other greenhouse gases, such as
methane. Warmer global temperatures might also
enhance microbial activity in the soil. Microbes decaying organic matter are a significant source of carbon
dioxide in dry soils and a source of methane in wet
soils. Furthermore, large quantities of methane locked
in Arctic permafrost may also be released as a consequence of warmer terrain. As represented in Figure 17.28, we
just don't know.
An average global temperature increase of only a few
degrees would not be felt uniformly around the world.
Instead, some places would experience wider fluctuations
than others. For example, the number of days temperatures
reach above 32°C (90°F) might double in New York City
but remain unchanged in Los Angeles. The number of days
in polar regions when temperatures rise above ooe might
double or even triple, causing glaciers and polar ice sheets to
melt. Melting ice combined with the thermal expansion of
ocean waters would lead to an increase in sea level. Many climatologists project that a global temperature increase of a
few degrees over the next 50 to 100 years may raise sea level by about 1 meter,
enough to inundate many coastal regions and displace millions of people.
Small changes in average global temperatures would also change weather
patterns. The warming of the equatorial eastern Pacific Ocean during an El
Nifio, for example, is already known to change local weather patterns throughout the world. If the whole planet were to warm by a few degrees, the impact
would be far greater. What is now fertile agricultural land may turn barren
while land now barren may turn fertile. Over the past several decades, for
example, average global temperatures have edged upwards. In step with this
warming trend, the growing seasons of the Great Plains of Canada are up to
2 weeks longer than they were just several decades ago. As weather patterns
change, one nation's gain may well be another nation's loss. Developing
nations lacking the resources to make adjustments, however, would be the
hardest hit.

CEt~ECK

r:
•

Why are scientists uncertain

about the potential effects of global warming?

Was this your answer? The uncertainty is due to the large number ofvariables that determine global weather. As the debates continue, bear in mind
that the issue is not global warming itself but rather its potential effects.
One thing that is certain is that if the levels of greenhouse gases in the
atmosphere continue to rise, there will definitely be an increase in average
global temperatures.

RESULT

IN GLOBAL

FIGURE

WARMING
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17.28

Which weather extreme might
become more prevalent as greenhouse gasescontinue to increase?
Either one is possible.
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• In Perspective
cience tells us that the potential for human-induced global warming is real,
but the extent of global warming is uncertain. Actual detection will come
only from a slow but steady accumulation of evidence. What should be done in
the meantime is not a scientific issue but rather a societal one.
One societal response to global warming is to adapt to the changes as they
occur. Economists argue that large uncertainties in climate projections make it
unwise to spend large sums trying to avert disasters that may never materialize.
Adjusting to immediate changes would be more direct and far less costly. Some
measures, however, could be taken now to simplify furure difficulties. Irrigation
systems, for example, might be made more efficient because even without a
major climatic change, such an improvement would make it easier to cope with
normal extremes in weather.
A second societal response is to take preventive measures to minimize global
warming. Emissions of greenhouse gases could be kept low by energy conservation and by shifting to fuels containing lower percentages of carbon, such as natural gas or, ultimately, hydrogen. Alternative energy sources such as biomass,
solar thermal electric generation, wind power, and photovoltaics could also be
exploited. Governments may also come to agree on a set of standards for emissions of carbon dioxide and other greenhouse gases. "Polluting rights" may be
granted to each nation based on such factors as population and the need for economic growth.
The best public policies will be the ones that yield benefits even in the
absence of global warming. A reduction in fossil-fuel use, for example, would
curb air pollution, acid rain, and the dependence of many countries on foreign
oil producers. Developing alternative energy sources, revising water laws, searching for drought-resistant crop strains, and negotiating international agreements
are all steps offering widespread benefits.

I KEY

TERMS

Atmospheric pressure The pressure exerted on any
object immersed in the atmosphere.
Troposphere The atmospheric layer closest to Earth's
surface, containing 90 percent of the atmosphere's mass
and essentially all water vapor and clouds.
Stratosphere The atmospheric layer that lies just
above the troposphere and contains the ozone layer.

Boyle's Law A gas law that describes the inverted
relationship between the pressure of a gas and its
volume. The smaller the volume, the greater the
pressure.
Charles's Law A gas law that describes the direct
relationship between the volume of a gas and its
temperature. The greater the temperature, the greater
the volume.

Avogadro's Law A gas law that describes the direct
relationship between the volume of a gas and the
number of gas particles it contains. The greater the
number of particles, the greater the volume.
Ideal gas law A gas law that summarizes the
relationships among pressure, volume, temperature, and
number of particles of a gas within a single equation
often expressed as PV = nRT, where R is the gas constant,
which has a value of 0.082057 CL. atm/K. mol).
Kinetic theory of gases A theory that explains the gas
laws in terms of gases being comprised of rapidly
moving tiny particles, either atoms or molecules.
Aerosol A moisture-coated, microscopic, airborne
particle up to 0.01 millimeter in diameter that is a site
for many atmospheric chemical reactions.
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An airborne particle having a diameter
greater than 0.01 millimeter.

Particulate

Visible airborne pollution
containing large amounts of particulates and sulfur
dioxide and produced largely from the combustion of
coal and oil.

Industrial smog

CHAPTER

HIGHLIGHTS
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Photochemical smog Airborne pollution consisting of
pollutants that participate in chemical reactions
induced by sunlight.
Greenhouse effect The process by which visible light
from the sun is absorbed by the Earth, which then
emits infrared energy that cannot escape and so warms
the atmosphere.

HIGHLIGHTS

15. What is the difference between industrial smog and
photochemical smog?
1. Why doesn't gravity flatten the atmosphere against
Earth's surface?

16. When is ozone useful and when is it harmful?

2. Which elements make up today's atmosphere?

17. How do unburned hydrocarbons contribute to air
pollution?

3. Which chemical compounds make up today's
atmosphere?

18. How does a catalytic converter reduce the output of
air pollutants from an automobile?

4. In which atmospheric layer does all our weather occur?
5. Does temperature increase or decrease as one moves
upward in the troposphere?
6. Does temperature increase or decrease as one moves
upward in the stratosphere?

rH

19. How is ozone produced in the stratosphere?
20. Why is stratospheric ozone so important?
21. Where else besides Antarctica are there signs of the
depletion of stratospheric ozone?

7. What happens to the pressure inside a tire as more
air molecules are pumped into the tire?

22. When was the potential harm of chlorofluorocar-

8. What happens to the pressure of a gas as its volume
is decreased? (Assume constant temperature and number of particles.)

23. During what time of the year is Antarctic stratospheric ozone depletion the greatest?

9. What happens to the volume of a gas as its temperature is increased? (Assume constant pressure and number of particles.)
10. At what temperature do gases theoretically cease to
occupy any volume?
11. What happens to the volume of a gas as more gas
particles are added to it? (Assume constant pressure and
temperature.)
12. Why do real gases not obey the ideal gas law
perfectly?

bons first recognized?

24. In what city was the protocol on substances that
deplete the ozone layer ratified?

25. How do greenhouse gases keep Earth's surface warm?
26. How do scientists estimate the age of ancient air in
bubbles trapped in an ice core?
27. How is the burning of tropical rainforests a triple
threat to weather patterns?
28. When does burning a tree not result in an increase
in atmospheric CO2?

13. What is the difference between an aerosol and a
particulate?
14. What is a temperature inversion?

29. Why do scientists differ in their opinions about the
potential effects of global warming?
30. Contrast the two types of societal responses to
global warming discussed in the text.
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BEGINNER

•

31 .• Gas fills all the space available to it. Why then
doesn't the atmosphere go off into space?

INTERMEDIATE

•

EXPERT

card stay in place? How about when the glass is held
sideways?

32 .• How does the density of air in Death Valley,
which is 86 meters below sea level, compare with the
density of air at sea level? Explain.
33 .• Why do your ears pop when you go up in an
airplane?
34 .• Before boarding an airplane, you buy an airtight
foil package of peanuts to eat during your journey.
While in flight you notice that the package is puffed
up. Explain.
35 .• Should the atmospheric ratio of nitrogen molecules to oxygen molecules increase or decrease with
increasing altitude?
36 .• We can understand how pressure
in water depends on depth by considering a stack of bricks. The pressure at the
bottom face of the bottom brick corresponds to the weight of the entire stack.
Halfway up the stack, the pressure is half
the bottom value because the weight of
the bricks above is half the total weight.
To explain atmospheric pressure, we
should consider a similar scenario but with compressible bricks made from a material like foam rubber, Why?
37 .• The density of air at 25°C and 1 atmosphere of
pressure is about 1.18 g/L. What happens to the density of air as the temperature is increased? When the
pressure is increased?

42 .• A soda straw fits snugly through a cork that's
wedged into a narrow-neck bottle containing a liquid
beverage. You try to suck the beverage out of the bottle,
but doing so is not possible. Why?
43 .• When you suck into a drink through a soda
straw, what causes the drink to rise into your mouth:
the muscles of your lungs and cheeks or the weight of
the atmosphere?
44 .• Would it be slightly more difficult to draw soda
though a straw at sea level or on top of a very high
mountain? Explain.
45 .• A little girl sits in a car at a traffic light holding a
helium-filled balloon. The windows are closed and the
car is relatively airtight. When the light turns green and
the car accelerates forward, her head pitches backward
but the balloon pitches forward. Explain why.

38 .• Might it be possible to keep the density of air the
same by simultaneously increasing its temperature
while increasing its pressure? How so?
39 .• At a depth of about 10 meters
the water pressure on you is equal to
the pressure of 1 atmosphere. The
total pressure on you is therefore
2 atmospheres-1 arm from the
water and a second arm from the air
above the water. When the glass
shown here is pushed down to a
depth of around 10 meters, what
will be the level of the water on the
inside of the glass?

46 .• Would a bottle of helium gas weigh more or less
than an identical bottle filled with air at the same pressure? More or less than an identical bottle with the air
pumped out?
47 .• Burning coal produces sulfur oxides. Where did
the sulfur originate?
48 .• In a still room, cigar smoke sometimes rises only
parrway to the ceiling. Explain.

40 .• Why do you suppose that airplane windows are
smaller than bus window?

49 .• Airborne sulfur dioxide doesn't remain airborne
indefinitely. How is it removed from the atmosphere,
and where does most of it end up?

41 .• Place a card over the open top of a glass filled to
the brim with water, and then invert it. Why does the

50 .• Once formed, why is a temperature inversion
such a stable weather system?

SUPPORTING

51 .• The atmosphere is primarily nitrogen, N 2' and
oxygen, 02' Under what conditions do these two materials react to form nitrogen monoxide, NO? Write a
balanced equation for this reaction.

57 .• Why is whitewash sometimes applied to the
glass of greenhouses in the summer?
58 .• Humans are pumping more and more carbon
dioxide into the atmosphere, but the atmospheric concentrations of this gas are not increasing proportionately. Suggest an explanation.

53 .• Explain the connection between photosynthetic
life on Earth and the ozone layer.
54 .• How close are you to a CFC molecule right
now? Explain.
55 .• Does the ozone pollution from automobiles help
shrink the ozone hole over the South Pole? Defend your
answer.
56 .• Chlorine is put into the atmosphere by volcanoes in the form of hydrogen chloride, HCr, but this

CALCULATIONS

•

59 .• If the composition of the upper atmosphere
were changed so that a greater amount of terrestrial
radiation escaped, what effect would this have on
Earth's climate?
60 .• Geological records indicate that many ice ages
were initiated by periods of unusually warm weather.
How can warm weather precipitate an ice age?

BEGINNER

61. • As stated in the text, there are about 25 trillion
(25,000,000,000,000 = 2.5 X 1013) chlorofluorocarbon
molecules in every liter of air you breathe. Think critically about this statement. What information would
you need to know if you wanted to calculate the percentage of CFCs in our air?
62 .•• There are 1000 liters in 1 cubic meter and 1000
grams in 1 kilogram. Show how there are 1.18 grams of
air in 1 liter of air. (Assume a density of 1.18 kg/m".)
63 .• Assuming air has an average molar mass of
28.8 grams/mole, show how there are 0.0410 moles
of air molecules in 1 liter of air. (See Section 9.2 for a
review of this calculation.)
64 .• How many moles of CFC molecules are there in
every liter of air you breathe, and what percentage of air
is this?
65 .•• You measure the
pressure of each of the four
tires of your car to be
35 pounds per square inch
(psi). You then roll your car
forward so that each tire is
upon a sheet of paper. You
outline the surface area of contact between each
tire and the paper, which you later measure to be
30 square inches. Show how the weight of your car is
4200 pounds.
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form of chlorine does not remain in the atmosphere for
very long. Why?

52 .•• A catalytic converter increases the amount of
carbon dioxide emitted by an automobile. Is this good
news or bad news? Explain.

SUPPORTING

CALCULATIONS

•

INTERMEDIATE

•

EXPERT

66 .• A perfectly elastic balloon holding 1.0 liter of
helium at 298 K is warmed to 348 K. Show how the
new volume of the helium-filled balloon is 1.168 liters?
67 .• What is the temperature of2.00 moles of a
gas held at a volume of 5.00 [itcrs and a pressure of
3.00 atmospheres?
68 .• How many gas particles are there in 22.414liters
of gas at 1.0000 atmosphere and 273.15 K?
69 .• A gas is found to have a density of 3.73 g/L at
273 K and 1.00 atmosphere of pressure. It is known
to be a gaseous element, as opposed to a gaseous
compound. How many moles of this gas are there in
1.00 liter at 273 K and 1.00 atmosphere? What is the
atomic mass of this element in units of grams per mole?
Which gaseous element is this?
70 .• From physics we learn that the buoyant force acting on a balloon is equal to the weight of the air it displaces. (a) How many grams of air are displaced by a
401 ,OOO-literhot air balloon? (Assume an air density of
1.18 g/L.) Convert these many grams into pounds using
the conversion factor 1000 g = 2.2 lb. This is the buoyant force upwards. (b) How many grams of hot air are
there inside a 401 ,OOO-literhot air balloon? (Assume a
hot air density of 0.883 g/L.) Convert these many grams
into pounds. This is the downward weight of the hot air.
(c) How many pounds must be added onto the hot air
balloon so that it remains level, neither rising nor falling?
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71. What kinds of air pollution have you been directly
and indirectly responsible for in the past 24 hours?
Rank these pollutants in order of the quantities you
think you produced. Make a list of the sources of these
pollutants, such as gasoline or electricity.
72. Which is a more pressing problem: ozone depletion or global warming? To what degree are the two
interrelated?
73. Politicians in the United States have proposed taxing
individuals and industries for the amount of CO2 they
emit. Collected revenue would be placed in a trust fund
to subsidize consumers who purchase energy-efficient
devices, such as fluorescent lightbulbs and high-gasmileage automobiles. Discuss the pros and cons of such
a proposal. What modifications might you propose?
74. What do we know and not know about global
warming? How might influential people, such as talk
radio hosts, use this to their advantage?
75. Pretend you are a politician addressing a conference of business leaders from the coal industry. One of
the leaders asks you for your stance on global warming.
How do you respond in a way so as not to alienate any
of these influential executives. What points do you
emphasize? What points do you gloss over?
76. Pat and Tony were recent friends. Tony's cell
phone was left over at Pat's house, but Tony took several days to notice that it was missing. Tony looked
everywhere but couldn't find it. Pat, however, found
the cell phone after only a few days but neglected to
let Tony know about it. Several weeks had passed
when Tony called Pat to ask about the cell phone. Pat
was too embarrassed to say it was found and so denied

having seen it. A month later, Pat was feeling guilty
about having lied and thus started avoiding Tony.
Eventually, Pat came to resent Tony for the negative
feeling. The animosity grew and the two drifted apart
as friends. Is this sort of human behavior possible?
How is good mental health related to our ability to
protect the environment?
77. Levels of chlorofluorocarbons in the atmosphere
have declined measurably since the implementation of
the Montreal Protocol. In light of this success, should
further restrictions be placed on the use of chlorofluorocarbons or should we stay the course of the protocol?
Should certain restrictions, such as those that most dramatically impact the economy, be lifted?
78. Air pollution regulations can be implemented and
enforced by local, state, federal, and international levels
of government. Which one of these four levels should
be granted the greatest authority? For each level, list the
reasons why it should be granted the greatest authority.
79. Can industries be trusted to self-regulate the
amount of pollution they produce? Is government
really necessary to enforce these regulations? Shouldn't
the opinion of the consumer and the economic advantages of sustainable practices be sufficient to motivate
industries to protect the environment?
80. Why do many students shun math-related studies?
Is it because their minds are not hardwired to do math
easily? Or is it because the math they've encountered is
not applied to interesting concepts. Is it a bit of both?
What might be done to help these students overcome
their fear of math?

2. The mass of the air is found by multiplying the

density of the air in the tank by the tank volume:
ANSWERS
CORNERS

TO CALCULATION

240 kg
/f

X

0.0100

/

#

= 2.40 kg

,.ID

DENSE

AS AIR

HOT AIR

The density of the air in the tank is 1.18 kilograms/cubic meter. The mass of this air is found by
multiplying by the tank volume:
1.

1. Plug these values into the ideal gas law to solve for
n, the number of gas particles:

n

1.18 kg

--/-x 0.0100,.ID

#

~

=

BALLOONS

=

n

=

n

=

0.0118 kg

PV/RT
(1.00 atm)( 401,000 L)/(0.082057
(398 K)
12,300 moles

L atm/K mol)

EXPLORING

by the mass formula to convert this many
moles into grams:
g/mole)

=

354,000

grams

3. Divide this mass by the volume of the balloon to
derive the density:
(354,000

grams)/(401,000

http://yosemite.epa.
gov/
conten t/Emissions.html
•

L) = 0.883 g/L

4. A balloon of this density would promptly rise
because it is much less dense than air (1.18 g/L). To
hold the balloon level, either on the ground or afloat
in the air, it would need an additional 472,000 354,000 grams = 118,000 grams, which is 118 kg, or
about 260 pounds. Given a constant cargo load, the
balloon pilot causes the balloon to rise or fall by
changing the mass of the air within the balloon. The
pilot does this by applying heat, which forces less
dense warm air out of the balloon's top, or by opening valves that allow denser cool air to enter the balloon. Many soft landings to you!
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infOrmation on such topics as urban air quality, automobile
emissions, the ozone layer, acid rain, and indoor air.

2. Multiply

(12,300 moles)(28.8

FURTHER

OAR! globalwarming.nsf/

Through this EPA site you can download the 2005 Us.
Greenhouse Gas Emissions Inventory, which tracks anthropogenic sources of greenhouse gases in the United States.

www.ucsusa.org
•

The global-resources site for the Union of Concerned Scientists. Follow the link to ozone depletion for a list offrequently asked questions and an overview of the science
behind ozone depletion.

www.cmdl.noaa.gov
II1II

The home page for the Climate Monitoring and Diagnostics Laboratory (CMDL) of the National Oceanic and
Atmospheric Administration.
This organization monitors
greenhouse gases, aerosols, ozone, ozone-depleting gases, and
solar and terrestrial radiation at sites located around the
world.

www.engelhard.com

HANDS-ON

CHEMISTRY

INSIGHT

•

To learn more about the PremAir ozone-to-oxygen catalyst,
type PremAir into the search engine of Engelhard.

http:// toms.gsfc.nasa.gov/
ATMOSPHERIC

CAN-CRUSHER

When the molecules of water vapor come in contact
with the room-temperature
water in the saucepan, they
condense, leaving a very low pressure inside the can.
The much greater surrounding atmospheric pressure
crushes the can. Here you see dramatically how pressure is reduced by condensation. This occurs because
liquid water occupies much less volume than does the
same mass of water vapor. As the vapor molecules come
together to form the liquid, they leave a void (low pressure). This activity also shows how the atmospheric
pressure surrounding us is very real and significant.

I EXPLORING

•

Since 1977, global ozone maps have been generated continuously by the TOMS satellite, and they are available to you
here through this website. Also, be sure to check out their
on-line textbook about stratospheric ozone.

http:// toms.gsfc.nasa.
11

ozone/ ozone.html

gov/ aerosols/ aerosols.html

Global aerosol levels as measured by the Earth Probe,
ADEOS, andNimbus-7 satellites can befound at this web
address. Scientists use this data to observe a wide range of
phenomena, such as desert dust storms, forest fires, and biomass burning.

the

FURTHER

hemistry
place

www.epa.gov/air
•

The Office of Air and Radiation of the Us. Environmental Protection Agenry protects air quality. Explore links to
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VisitThe Chemistry Place at:
www.aw-bc.com/chemplace
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18.2

Paper Is Made of Cellulose
Fibers

•

In addition to their stunning beauty, diamonds also have
great usefulness

because of their remarkable

properties,

which include extreme hardness, superlative ability to conduct heat, and resistance
1950s, researchers

to corrosive chemicals. In the

learned how to produce artificial dia-

monds. Laboratory-produced diamonds find many applica-

The Development of Plastics
Involved Experimentation
and Discovery

tions, particularly for abrasive surfaces, such as that of a

18·3

Metals Come from the Earth's
Limited Supply of Ores

developed to produce thin films of diamond, and by the

18·4

Metal-Containing
Compounds Can Be
Converted to Metals

18·5

Glass Is Made Primarily
of Silicates

18.6

Ceramics Are Hardened
with Heat

18.7

Composites Combine Fibers
and a Thermoset Medium

dentist's drill bit. In the 1970S and 19805, techniques

were

19905, scientists could fabricate diamond films into such
devices as the micrometer-scale

calipers shown on the

opposite page. Diamond technologies continue to advance
at a fast pace. Remarkably, there are now companies that
produce gem-quality

diamonds from the ashes of loved

ones who have passed away. Also, diamond nanostructures
are currently under development,

including a miniature

robotic motor that may one day roam through your bloodstream removing plaque or delivering anticancer

agents

directly to tumors.
These applications

of diamond

Eventually however, our amazement

may seem fantastic.
will fade, and we

will take this technology for granted. Our standard of living will have been raised, as will our expectations for what
we can achieve by understanding

the submicroscopic

world.
The main goal of this chapter is to instill in you an excitement for those "common" materials that have already had an
impact on society. Some advanced materials are introduced,
but for the most part the chapter focuses on paper, plastic,
metals, glass, and ceramics. The history of these materials is
609
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presented for your general interest and to help you gain a better perspective on the impact materials
have-on

have had-and

will surely continue to

the way we live.

•
• 18.1

~ial

Paper Is Made of Cellulose Fibers

has been more vital to the development of modern civilization
With its advent, knowledge could be recorded, allowing us to
learn from our mistakes as well as our successes. Furthermore, with
paper, and the subsequent invention of the printing press, knowledge
became accessible to a broad range of people. Technological, political, and social revolutions followed, and from these movements arose
our complex modern societies.
Paper is reponed to have been made in China as early as A.D.
100, when cellulose fibers from mulberry bark were pounded into
thin sheets. Finer paper was eventually produced by lifting a silk screen
up through a suspension of cellulose fibers in water, so that entangled
fibers collected on the screen. After drying, the fibers remained intertwined,
forming a sheet of paper, as shown in Figure 18.1.
Paper was introduced to the Western world by the Arabs, who in the eighth
century learned how to make paper from Chinese papermakers captured in battle. Paper mills were soon established, and the technology spread swiftly to
Europe. The first European paper mills were built in Spain as early as A.D. 1100.
Only handmade single sheets of paper were fabricated until, in 1798, a
machine that could make continuous rolls of paper was invented in France.
This machine consisted of a conveyor belt submerged at one end in a vat of suspended cellulose fibers. The conveyor belt was a screen so that water would
drain from it as fibers were pulled out of the suspension. The entangled fibers
were then squeezed through a series of rollers to create a long continuous sheet
of paper. Within a few years, an improved version of this machine that used
heated rollers was produced in England. The improved machine was called the
Fourdrinier, after a wealthy industrialist who financed its creation. Automated
Fourdrinier machines, such as the one shown in Figure 18.2, are still used
today.
Most early paper was made from fibrous plant materials, such as bark, shrubs,
and various grasses. Wood was not used because its fibers are embedded in a
highly adhesive matrix of lignin, a naturally occurring polymer that does not dissolve in water. In 1867, researchers in the United States discovered that wood
fibers could be isolated by soaking wood chips in sulfurous acid, which dissolves
the lignin. The ability to make paper from wood was a great boon to entrepreneurs in North America because of that continent's once vast supply of trees. At
about the same time, additives such as rosin and alum were added to strengthen
paper and to make it accept ink well. Paper manufacturers whitened paper by
bleaching it with chlorine and by incorporating opaque white minerals, such as
titanium dioxide. Most large-scale papermaking processes today are basically
unchanged from these earlier methods, except that chlorine is no longer used
because of the cancer-causing dioxins that form as paper is bleached. (See the
Spotlight essay on page 388.) About 75 percent of the paper made in the United
States comes from wood pulp, with the remainder coming from recycled
wastepaper.

J l~h~:;~per.

FIGURE

18.1

Take a closelook at a pieceof
paper, and you'll seethat paper is
made of numerous tiny cellulose
fibers.

FIGURE

18.2

A modern Fourdrinier machine
for manufacturing paper.

18.1

PAPER

IS MADE

Paper made with rosin and alum tends to turn yellow and brittle within a
matter of decades, as shown in Figure 18.3. This is because of the acidic nature
of these additives, which catalyze the decomposition of the cellulose fibers. Noncorrosive alkaline alternatives were developed in the 1950s. Paper made with
alkaline binders are designated archival, which means they last a minimum of
300 years. Until recently, alkaline binders were not used much because of their
greater cost and because of a lack of demand from consumers. Paper companies
were finally prompted to make the switch to "acid-free" paper in the late 1980s
when the cost of wood pulp skyrocketed. Paper made with acidic rosin and
alum binders must be at least 90 percent fiber in order to maintain strength,
whereas paper made with alkaline binders maintains strength with as little as
75 percent fiber. Less fiber translates to monetary savings.
A secondary benefit of alkaline binders is that, in a nonacidic environment,
cheap and abundant calcium carbonate can be used as a whitener in place of relatively expensive titanium dioxide. Acid-free paper has the added advantage that
peroxide bleaches can be used on it instead of chlorine. Furthermore, consumers
have come to recognize the value of archival-quality paper and are now demanding its production.

Was paper made before the mid-txoos

acid-free?

Was this your answer? Yes,because acidic rosin and alum binders were not
used in papermaking until the mid-txoos. (Books from the early 1800s can
be found in pristine condition, whereas books from the 1960s are today
often too brittle to read.)

OF

CELLULOSE

FIBERS
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•
• In 1968, 3M scientist Spence Silver
discovered a new adhesive that
formed itself into tiny spheres.
These microspheres had many
unique properties. They were not
easily melted, they were insoluble
in water, and they could be
sprayed onto a surface where they
formed a monolayer (a layer one
microsphere thick). The monolayer of microspheres had a slight
stickiness-not so strong as tape
adhesive, but strong enoug h to
hold two pieces of paper together.
Allat 3M agreed it was a significant discovery,but no one could
think of any marketable applications. Sixyears later, the 3M chemical engineer Art Frywas singing
in his church choir when he was
frustrated by how his hymnal
bookmark kept sliding down. He
realized that Silver's adhesive
would make a great bookmark
or sticky note. At that moment
the idea of 3M'snow ubiquitous
Post-It®note was born.
MORE

TO

EXPLORE,

www.jm.corn/aboutjrn /pi on eersl
Clickon Innovation Chronicles.

PAPERMAKING

can make paper at home by
passing a screen throug h a soupy
suspension of cellulose fibers,
also known as pulp.

Y

to fit the hole, and tape it to the
tray.

OU

WHAT

YOU

NEED

Clean foam meat tray, window screen
(available from a hardware store),
duct tape, cellulose-containing material (scraps of paper, lint from clothesdryer screen, cotton rags, dried leaves,
flower petals, grass clippings, coffee
grounds), measuring cup, blender,
warm water, cooking pot having
diameter greater than longer dimension of meat tray, two large towels,
sponge, toothpicks
PROCEDURE

1. Build a dipping screen by cutting
out most of the bottom of the
tray. Cut a piece of window screen

2.

Cut the cellulose-containing
material into very small pieces (so
as not to clog the blender).

3- Fillthe blender three-fourths

full
of warm water. Turn on low speed
and slowly add 1cup of the shredded material. There should always
be much more water in the
blender than solid matter. Blend
the material to a fine pulp.

4. Pour the pulp into the pot. Add
more water if necessary to give a
depth of about 10 centimeters.
Submerge the dipping screen and
agitate the mixture to maintain
homogeneity. Then hold the
screen flat and lift it straight up
out ofthe suspension to collect a
thin layer of pulp.

5. Carefully invert the screen onto
the towel, rub across the inverted
screen with a damp sponge, and
then carefully lift the screen, leaving the pulp behind. Ifnecessary,
use a toothpick to poke or pry the
pulp free of the screen.
6. Press down on the pulp with a second towel to flatten it and remove
as much water as possible. Laythe
resulting paper out to dry on a flat
surface.
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18.3

By 1984, the Library of Congress
estimated that 25 percent, or
3 million volumes, of its collection had become too brittle for
circulation.

We use trees to meet our paper needs because they are abundant and renewable-for every tree cut down, a new one can be planted. However, growing
and harvesting trees has some significant drawbacks. Timber takes decades to
mature. This time frame is already not fast enough to keep up with our increasing demand. Also, replanting timber does not re-create a forest. Timber is typically replanted as a monoculture suited primarily for industrial needs. A true
forest is a more evolved system of many species that thrive in one another's
presence.
There are a number of possible alternatives to trees for the mass production of paper, including willow, kenaf, and industrial hemp, the latter shown
being harvested in Figure 18.4. Each of these plants produces more than
three times as much fiber per acre as trees do. They are also fast-growing
plants, which means they replenish quickly. It takes 20 years before trees can
be harvested, but these plants, when grown in favorable climates, can be harvested three times in a single year. Also, the lignin content of willow, kenaf,
and industrial hemp is quite low, which means their cellulose fibers are relatively easy to separate. If paper mills switched from wood to one of these
alternatives, they could avoid the use of countless gallons of sulfurous acid,
which is not only hazardous to the environment but largely responsible for
the stink associated with paper production. The energy content of these rapidly growing plants is also of interest, especially to utility companies, who
may one day burn plant material rather than oil for the production of electricity (Section 19.6).
Today, we use an enormous amount of paper-about
70 million tons a
year in the United States alone. That's about 230 kilograms, or six full-sized
trees, for each U.S. citizen. Currently, we recycle only about 25 percent of
the paper we use. The rest we throwaway. This is unfortunate because recycling paper does more than just save trees. A lot of energy is required to make
paper from a tree. Less than half as much energy is needed to process old
paper into new. Remarkably, about 50 percent of the solid waste produced in
North America is paper. What have you done with your 230 kilograms this
past year?
• 18.2

FIGURE

18.4

Fiber-rich industrial hemp being
harvested on a modern farm in
Spain.

in

The Development of Plastics Involved
Experimentation and Discovery

Chap'" 12, you teamed about the weat variety of synthetic polymers and
their uses. This section covers the inventors who developed these polymers
and the effect these new materials have had on society. The successes and failures in the story of plastics show how chemistry is a process of experimentation
and discovery. As you read through this section, you may want to refer back to
the structures and reactions shown in Chapter 12.
The search for a lightweight, nonbreakable, mol dab le material began with the
invention of vulcanized rubber. This material is derived from natural rubber,
which is a semisolid, elastic, natural polymer. The fundamental chemical unit of
natural rubber is polyisoprene, which plants produce from isoprene molecules,
as shown in Figure 18.5. In the 1700s, natural rubber was noted for its ability
to rub off pencil marks, which is the origin of the term rubber. Natural rubber
has few other uses, however, because it turns gooey at warm temperatures and
brittle at cold temperatures.
In 1839, an American inventor, Charles Goodyear, discovered rubber vulcanization, a process in which natural rubber and sulfur are heated together. The
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Isoprene

Isoprene

Isoprene

Polymerization

Polyisoprene

FIGURE

details of this discovery are questionable.
One version, however, has it that
Goodyear accidentally tipped an open jar of sulfur into a pot of heated natural
rubber. The product, vulcanized rubber, is harder than natural rubber and
retains its elastic properties over a wide range of temperatures. This is the result
of disulfide cross-linking between polymer chains, as illustrated in Figure 18.6.
In 1845, as vulcanized rubber was becoming popular, the Swiss chemistry professor Christian Schobein wiped up a spilled mixture of nitric and sulfuric acids
with a cotton rag that he then hung up to dry. Within a few minutes, the rag
burst into flames and then vanished, leaving only a tiny bit of ash. Schobein had
discovered nitrocellulose, in which most of the hydroxyl groups in cellulose are

(a) Originalform

Stretchedwithlittletendency
to snap backto originalform

Polymerstrands~
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(b) Vulcanizedformwithdisulfidecross-links

FIGURE

Stretchedwithgreat tendencyto
snap backbecauseof cross-links

18.6

Isoprene molecules react with
one another to form polyisoprene, the fundamental chemical
unit of natural rubber, which
comes from rubber trees.

•
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• Vulcanized rubber has found
innumerable applications, from
tires to rain gear, and has grown
into a multibillion-dollar industry. Tohelp quench our evergrowing thirst for vulcanized
rubber, natural rubber (polyisoprene) is now also obtained from
petroleum distillates. Charles
Goodyear (1800-1860) was the
classic eccentric inventor. He lived
most of his life in poverty.
obsessed with transforming rubber into a useful material.
Although a man of ill health who
died in debt, Goodyear remained
stubborn ly optimistic. "Life,"he
wrote, "should not be estimated
exclusively by the standard of
dollars and cents. Iam not disposed to complain that Ihave
planted and others have gathered the fruits. Aman has cause
for regret only when he sows and
no one reapsThe present-day
Goodyear Corporation was
founded not by Goodyear, but by
others who soug ht to pay tribute
to his name 15 years after he died.
MORE

(a) When stretched, the individual polyisoprene strands in natural rubber slip past
one another and the rubber stays stretched. (b) When vulcanized rubber is stretched,
the sulfur crosslinks hold the strands together, allowing the rubber to return to its
original shape.

18.5

TO

EXPLORE,

www.goodyear.com/corporate
hi story /hi story _storyhtm 1
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Nitrocellulose

FIGURE
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(cellulose nitrate)

18.7

Nitrocellulose, also known as cellulosenitrate, is highly combustible because of its
many nitrate groups, which facilitate oxidation.

bonded to nitrate groups, as Figure 18.7 illustrates. Schobein's attempts to market nitrocellulose as a smokeless gunpowder (guncotton) were unsuccessful,
mainly because of a number oflethal explosions at plants producing the material.
COLLODION

(b)
FIGURE

18.8

(a) Smell a freshly cut Ping-Pong
ball, and you will note the distinct odor of camphor, which is
the same smell that arisesfrom
heat cream for sore muscles.This
camphor comes from the celluloid from which the ball is made.
(b) Ping-Pang balls burn rapidly
because they are made of nitrocellulose.

AND

CELLULOID

BEGIN

WITH

NITROCELLULOSE

Although Schobein failed at marketing guncotton, researchers in France discovered that solvents such as diethyl ether and alcohol transformed nitrocellulose
to a gel that could be molded into various shapes. Furthermore,
spread thin on a flat surface, the gel dried to a tough, clear, transparent film. This workable nitrocellulose material was dubbed collodion,
and its first application was as a medical dressing for cuts.
In 1855, the moldable features of collodion were exploited by the
British inventor and chemist Alexander Parkes, who marketed the
material as Parkesine. Combs, earrings, buttons, bracelets, billiard
balls, and even false teeth were manufactured in his factories. Parkes
chose to focus more on quantity than on quality, however. Because he
used low-grade cotton and cheap but unsuitable solvents, many of his
products lacked durability, which led to commercial failure.
In 1870, John Hyatt, a young inventor from Albany, New York, discovered that collodion's moldable properties were vastly improved
by using camphor as a solvent. Hyatt's brother Isaiah named this
camphor-based nitrocellulose material celluloid Because of its greater
workability, celluloid became the plastic of choice for the manufacture of many household items. In addition, thin transparent films of
celluloid made excellent supports for photosensitive emulsions, a boon to the
photography industry and a first step in the development of motion pictures.
As wonderful as celluloid was, it still had the major drawback of being highly
flammable. Today, one of the few commercially available products made of celluloid is Ping-Pang balls, shown in Figure 18.8.
BAKELITE

WAS THE FIRST WIDELY

USED PLASTIC

About 1899, Leo Baekeland, a chemist who had immigrated to the United
States from Belgium, developed an emulsion for photographic paper that was
exceptional in its sensitivity to light. He sold his invention to George Eastman,
who had made a fortune selling celluloid-based photographic film along with
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(b)

Phenol

FIGURE

Phenol-formaldehyde
(Bakelite)

(a)

18.9

(a)The molecular network of
Bakeliteshown in two dimensions. (The actual structure projects in all three dimensions.)
(b) The first handset telephones
were made of Bakelite.

resin

his portable Kodak camera. Expecting no more than $50,000 for his invention,
Baekeland was shocked at Eastmans initial offer of $750,000 (in today's dollars,
that would be about $25 million). Suddenly a very wealthy man, Baekeland was
free to pursue his chemical interests.
He decided that the material the world needed most was a synthetic shellac
to replace the natural shellac produced from the resinous secretions of the lac
beetle native to southeastern Asia. At the time, shellac was the optimal insulator
for electrical wires. Ever since Edison's 1879 invention of the incandescent
lightbulb, miles of shellac-coated metal wire were being stretched across the
land. The supply of shellac, however, was unable to keep up with demand.
Baekeland explored a tarlike solid once produced in the laboratories of Alfred
von Baeyer, the German chemist who played a role in the development of
aspirin. Whereas Baeyer had dismissed the solid as worthless, Baekeland saw it
as a virtual gold mine. After several years, he produced a resin that, when poured
into a mold and then heated under pressure, solidified into a transparent positive of the moId. Baekeland's resin was a mixture of formaldehyde and a phenol
that polymerized into the complex network shown in Figure 18.9.
The solidified material, which he called Bakelite, was impervious to harsh acids
or bases, wide temperature extremes, and just about any solvent. Bakelite quickly
replaced celluloid as a molding medium, finding a wide variety of uses for several
decades. It wasn't until the 1930s that alternative thermoset polymers (Section
12.4) began to challenge Bakelite's dominance in the evolving plastics industry.
THE FIRST PLASTIC

WRAP

WAS CEllOPHANE

Cellophane had its beginnings in 1892, when Charles Cross and Edward Beven
of England found that treating cellulose with concentrated sodium hydroxide
followed by carbon disulfide created a thick, syrupy, yellow liquid they called
viscose. Extruding the viscose into an acidic solution generated a tough cellulose
filament that could be used to make a synthetic silky cloth, today called rayon
(Figure 18.10).

FIGURE
i

18.10

Viscose is still used today in the
manufacture of fibers that make
up the synthetic fabric called
rayon.
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Cellophane transformed the way
foods and other items were marketed.

In 1904, Jacques Brandenberger, a Swiss textile chemist, observed restaurant
workers discarding fine tablecloths that had only slight stains on them. Working
with viscose at the time, he had the idea of extruding it not as afiber but as a thin,
transparent sheet that might be adhered to tablecloths and provide an easyto-clean surface. By 1913, Brandenberger had perfected the manufacture of a
viscose-derived, thin, transparent sheet of cellulose, which he named cellophane.
After failing to form an adequate adhesion between cellophane and cloth, Brandenberger investigated cellophane's possible use as a film support for photography
and motion pictures. This idea didn't work because of the cellophane's tendency
to warp when heated. From these failures, Brandenberger began to realize that the
most likely utility of his newly created cellophane was as a wrapping material.
Within several years, the DuPont Corporation bought the rights to cellophane. After producing several batches, investigators discovered that cellophane
did not provide an effective barrier to water vapor and hence did little to keep
foods from drying out. By 1926, DuPont chemists had solved this problem by
incorporating small amounts of nitrocellulose and wax. Vaporproof cellophane
gained wide popularity as a wrapping for such products as chocolates, cigarettes,
cigars, and bakery goods. Hermetically sealed by cellophane, a product could be
kept free of dust and germs. And unlike paper or tin foil-the alternatives of the
day-cellophane
was transparent and thus allowed the consumer to view the
packaged contents, as seen in Figure 18.11. With properties like these, cellophane played a great role in the success of supermarkets, which first appeared in
the 1930s. Perhaps cellophane's greatest appeal to the consumer, however, was
its shine. As marketing people soon discovered, nearly any product-soaps,
canned goods, or golf balls-would sell faster when wrapped in cellophane.
POLYMERS

WIN

IN WORLD

WAR 11

In the 1930s, more than 90 percent of the natural rubber used in the United
States came from Malaysia. In the days after Pearl Harbor was attacked in
December 1941 and the United States entered World War Il, however, Japan
captured Malaysia. As a result, the United States-the land with plenty of everything, except rubber-faced
its first natural resource crisis. The military implications were devastating because without rubber for tires, military airplanes and
jeeps were useless. Petroleum-based synthetic rubber had been developed in
1930 by DuPont chemist Wallace Carothers but was not widely used because it
was much more expensive than natural rubber. With Malaysian rubber impossible to get and a war on, however, cost was no longer an issue. Synthetic rubber
factories were constructed across the nation, and within a few years, the annual
production of synthetic rubber rose from 2000 tons to about 800,000 tons.
Also in the 1930s, British scientists developed radar as a way to track thunderstorms. With war approaching, these scientists turned their attention to the
idea that radar could be used to detect enemy aircraft. Their equipment was
massive, however. A series of ground-based radar stations could be built, bur
placing massive radar equipment on aircraft was not feasible. The great mass of
the equipment was due to the large coils of wire needed to generate the intense
radio waves. The scientists knew that if they could coat the wires with a thin,
flexible electrical insulator, they would be able to design a radar device that was
much less massive. Fortunately, the recently developed polymer polyethylene
turned out to be an ideal electrical insulator. This permitted British radar scientists to construct equipment light enough to be carried by airplanes. These
planes were slow, bur flying at night or in poor weather, they could detect, intercept, and destroy enemy aircraft. Midway through the war, the Germans developed radar themselves, but without polyethylene, their radar equipment was
inferior, and the tactical advantage stayed with the Allied forces.
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The bulky side groups in
polyrmethyl methacrylate) prevent the polymer chains from
aligning with one another. This
makes it easyfor light to pass
through the material, which is
tough, transparent, lightweight,
and moldable. (Plexiglas'"is a
registered trademark belonging
to

ATOFINA.)

Poly(methyl methacrylate)

Four other polymers that had a significant impact on the outcome of World
War II were Plexiglas, polyvinyl chloride, Saran, and Teflon. Plexiglas, shown in
Figure 18.12, is a polymer known to chemists as polytmethyl methacrylate).
This glasslike but moldable and lightweight material made excellent domes for
the gunner's nests on fighter planes and bombers. Although both Allied and
German chemists had developed poly(methyl methacrylate), only the Allied
chemists learned how small amounts of this polymer in solution could prevent
oil or hydraulic fluid from becoming too thick at low temperatures. Equipped
with only a few gallons of a poly(methyl methacrylate)
solution, Soviet forces were able to keep their tanks operational in the Battle of Stalingrad during the winter of
1943. While Nazi equipment halted in the bitter cold,
Soviet tanks and artillery functioned perfectly, resulting in
victory and an important turning point in the war.
Polyvinyl chloride (PVC) had been developed by a numAnnouncing ... exclusive new package improvement!
ber of chemical companies in the 1920s. The problem with
The wrap that's best for protection is now the easiest to use!
this material, however, was that it lost resiliency when
heated. In 1929, Waldo Semon, a chemist at BFGoodrich,
found that PVC could be made into a workable material by
the addition of a plasticizer. Semon got the idea of using plasticized PVC as a shower curtain when he observed his wife
sewing together a shower curtain made of rubberized cotton.
Other uses for PVC were slow to appear, however, and it
wasn't until World War II that this material became recognized as an ideal waterproof material for tents and rain gear.
After the war, PVC replaced Bakelite as the medium for
making phonograph records.
Originally designed as a covering to protect theater
seats from chewing gum, Saran found great use in World
War II as a protective wrapping for artillery equipment
during sea voyages. (Before Saran, the standard operating
procedure had been to disassemble and grease the artillery
to avoid corrosion.) After the war, the polymer was reformulated to eliminate the original formula's unpleasant
odor and soon pushed cellophane aside to become the most popular food wrap
FIGURE
18.13
of all time (Figure 18.13).
The now-familiar plastic food
The discovery ofTeflon was described in Chapter 1 to show how a scientist's
wrap carton with a cutting edge
sense of curiosiry and analytical thinking can lead to success. Initially, the diswas introduced in 1953 by Dow
coverers ofTeflon were impressed by the long list of things this new material
Chemical for its brand of Saran
wrap.
would notdo. It would not burn, and it would not completely melt. Instead, at

IN SARAN WRAP!
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32rc it congealed

into a gel that could be conveniently molded. It would not
conduct electricity, and it was impervious to attack by mold or fungus. No solvent, acid, or base could dissolve or corrode it. And most remarkably, nothing
would stick to it, not even chewing gum.
Because of all the things Teflon would not do, DuPont was not quite sure
what to do with it. Then, in 1944 the company was approached by governmental researchers in desperate need of a highly inert material to line the valves and
ducts of an apparatus being built to isolate uranium-235 in the manufacture of
the first nuclear bomb. Thus Teflon found its first application, and one year
later, World War II came to a close with the nuclear bombing of Japan.

•

CK
Name four polymers that had a significant impact on the effectiveness
Allied forces in World War 11.

of

Was this your answer? Plexig las, polyvinyl ch loride, Saran, and Teflon.
ATTITUDES

ABOUT

PLASTICS

HAVE CHANGED

With a record of wartime successes, plastics were readily embraced in the postwar years. In the 1950s, Dacron polyester was introduced as a substitute for
wool. Also, the 1950s was the decade during which the entrepreneur Earl Tupper created a line of polyethylene food containers known as Tupperware.
By the 1960s, a decade of environmental awakening, many people began to
recognize the negative attributes of plastics. Being cheap, disposable, and nonbiodegradable, plastic readily accumulated as litter and as landfill. With petroleum so readily available and inexpensive, however, and with a growing
population of plastic-dependent baby boomers, little stood in the way of an
ever-expanding array of plastic consumer products. By 1977, plastics surpassed
steel as the number-one material produced in the United States. Environmental
concerns also continued to grow, and in the 1980s plastics-recycling programs
began to appear. Although the efficiency of plastics recycling still holds room for
improvement, we now live in a time when sports jackets made of recycled plastic
bottles are a valued commodity.
In the past 50 years, there have been a number of significant technological
advances in plastics. Polymers that emit light, for example, can be used to build
display monitors that roll up like a newspaper or can be rolled onto walls like
wallpaper. We have polymers that conduct electricity, replace body parts, and
are stronger but much lighter than steel. Imagine synthetic polymers that mimic
photosynthesis by transforming solar energy to chemical energy, or synthetic
polymers that efficiently separate fresh water from the oceans. These are not
dreams. They are realities that chemists have already demonstrated in the laboratory. Polymers have played a significant role in our past, and they hold a clear
promise for our future. Let's work to ensure that the petroleum starting materials from which we fabricate most polymers are not exhausted before this promise is realized.

Compressed plastics make up about 20 percent of the volume of a typical
landfill. How does this compare with the amount of paper in landfills?
Was this your answer? As noted at the end of Section 18.1, about 50 percent
of the solid waste produced in North America is paper. So, significantly more
paper ends up in our landfills than does plastic.
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• 18.3 Metals Come from the Earth's Limited Supply

of Ores
n Section 2.6 you learned about the properties of metals. They conduct
electricity and heat, are opaque to light, and deform-rather
than fracture-under
pressure. Because of these properties, metals have found numerous applications.
We use them to build homes, appliances, cars,
bridges, airplanes, and skyscrapers. We stretch
metal wire across poles to transmit communication signals and electricity. We wear metal
jewelry, exchange metal currency, and drink
from metal cans. Yet, what is it that gives a
metal its metallic properties? We can answer
this question by looking at the behavior of the
atoms of the metallic elements.
The outer electrons of most metal atoms
tend to be weakly held to the atomic nucleus.
Consequently,
these outer electrons are easily
Electron
Metal ion
dislodged,
leaving behind positively charged
metal ions. The many electrons easily dislodged
from a large group of metal atoms flow freely through the resulting metal ions,
as is depicted in Figure 18.14. This "fluid" of electrons holds the positively
charged metal ions together in the type of chemical bond known as a metallic

••

••

8

bond.
The mobility of electrons in a metal accounts for the metal's significant ability to
conduct electricity and heat. Also, metals are opaque and shiny because the free electrons easily vibrate to the oscillations of any light falling on them, reflecting most of
it. Furthermore, the metal ions are not rigidly held to fixed positions, as ions are in
an ionic crystal. Rather, because the metal ions are held together by a "fluid" of electrons, these ions can move into various orientations relative to one another, which is
what happens when a metal is pounded, pulled, or molded into a different shape.
Two or more metals can be bonded to each other
by metallic bonds. This occurs, for example,
when molten gold and molten palladium
are
blended to form the homogeneous
solution
known as white gold. The quality of the white
gold can be modified simply by changing the
proportions of gold and palladium. White gold
is an example of an alloy, which is any mixture
composed of two or more metallic elements.
By playing around with proportions,
metal
workers can readily modify the properties of an
alloy. For example, in designing the Sacagawea dolFront
lar coin, shown in Figure 18.15, the U.s. Mint needed a
metal that had a gold color-so
that it would be popular-and
also had the
same electrical characteristics as the Susan B. Anthony dollar coin-so
that the
new coin could substitute for the Anthony coin in vending machines.
In this section we focus on the chemistry of naturally occurring
metalcontaining compounds
and their large-scale transformation
to metals. As you
read, keep in mind that, whereas a metal consists of nothing but neutral metal
atoms, a metal-containing
compound is an ionic compound in which positively
charged metal ions are bonded to negatively charged nonmetal ions. Aluminum

FIGURE

18.14

Metal ions are held together by
freely flowing electrons. These
loose electrons form a kind of
"electronic fluid" that flows
through the lattice of positively
charged ions.

Back
FICiURE

18.15

The gold color of the Sacagawea
D.S. dollar coin is achieved by an
outer surface made of an alloy of
77 percent copper, 12 percent
zinc, 7 percent manganese, and
4 percent nickel. The interior of
the coin is pure copper.
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This copper mine at Bingham
Canyon, Utah, is the world's
biggest open-pit mine.
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oxide, Al203, and sodium chloride, NaCI, are two examples.
These compounds mayor may not be opaque to light, are
poor conductors of heat and electricity, and often shatter
under pressure.
Only a few metals-gold and platinum are two examples-appear in nature in metallic form. Deposits of these
natural metals, also known as native metals, are quite rare.
For the most part, metals are found in nature as chemical
compounds. Iron, for example, is most frequently found as
iron oxide, Fe203' and copper is found as chalcopyrite,
CuFeS2. Geologic deposits containing relatively high concentrations of metal-containing compounds are called ores.
The metals industry mines these ores from the ground, as
shown in Figure 18.16, and then processes them into metals. Although metalcontaining compounds occur just about everywhere, only ores are concentrated
enough to make the extraction of the metal economically feasible.
Metal ions bond with only five major types of negatively charged ions, shown
in Figure 18.17. Consequently, metal-containing compounds are classified
according to which type of negative ion they contain. Iron oxide is classified as
an oxide, for instance, and chalcopyrite is classified as a sulfide.
Halides, such as sodium chloride and magnesium chloride, are commonly
referred to as salts.They have good solubility in water and so are readily washed
away by the action of either surface water or groundwater. Most of these and
other water-soluble metal-containing compounds therefore end up in the ocean.
These compounds are recovered by evaporating seawater. Alternatively, watersoluble compounds may end up in land basins, such as the Bonneville salt flats
of Utah, where they are readily mined. In some regions, such as along the Gulf
of Mexico, vast deposits of halides remain undissolved hundreds of meters
below the surface, where groundwater cannot reach. The compounds in these
deposits tend to be very pure, which makes deep mining excavations like the
one shown in Figure 18.18 worthwhile.
In contrast to halides, compounds containing carbonate, phosphate, oxide,
or sulfide ions tend to have relatively low solubilities in water. Hence, their ores
tend to stay put and are found in more diverse geologic locations.
The form in which a metal is most likely to be found in nature is a function of
its position in the periodic table. Figure 18.19 shows that group 1 metals tend to
be found mostly as halides, group 2 metals mostly as carbonates, and group 3 metals and lanthanides mostly as phosphates. Most metals from groups 4 to 8 along
with aluminum, Al, and tin, Sn, tend to be found as oxides, and most metals from
groups 9 to 15 along with molybdenum, Mo, tend to be found as sulfides.

18.17
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Five negatively charged ions to
which positively charged metal
ions bond.
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According to Figure 18.19, which is more abundant
Fe203, or iron sulfide, FeS?
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in nature: iron oxide,

Was this your answer? Figure 18.19shows the most common forms found
in nature, meaning iron is more abundant as iron oxide.
WE SHOULD

CONSERVE

AND

RECYCLE METALS

Because our planet is chock-full of metal-containing compounds, it is difficult
to imagine how we could ever incur a shortage of metals. Experts suggest, however, that if we continue with our present rate of consumption, such shortages
will occur within the next two centuries. The problem is not a shortage of metalcontaining compounds, but rather a shortage of ores from which these compounds can be extracted at a reasonable cost.
Consider the recovery of gold. All the gold in the world isolated from nature
so far could be placed in a single cube 18 meters on a side, which would have a
mass of about 130,000 tons. This includes all the naturally occurring elemental
gold we have mined plus all the gold purified from gold-containing ores.
Because the rate of gold production is steadily decreasing, one might think we
have already isolated a significant portion of Earth's total gold reserves. Our
oceans, however, are laden with gold-as much as 2 milligrams per ton of seawater. Given that there are about 1.5 X 1018 tons of seawater on the planet, our
oceans contain 3.4 billion tons of gold! As yet, however, no method has been
found for recovering gold from seawater profitably-this
gold is simply too
dilute (Figure 18.20).
Like the gold in the ocean, most of the metal-containing compounds in
Earth's crust are finely mixed with other stuff, which is to say the compounds are
diluted. Ores are, by definition, parts of Earth's crust where, for geological reasons, the compounds have been concentrated. High-grade ores, those containing relatively large concentrations of compounds, are the first to be mined. After
these are depleted, we move on to lower-grade ores, which have lower yields that
translate into greater costs. Eventually, a nation's ore supplies are depleted, as are

H

-

He

u Be

B

C

No Mg

AI

Si

Ca

Se

Ti

Rb Sr

Y

Zr Nb Mo

Te Ru

Rh Pd Ag Cd

Hf Ta

W

Re Os

Ir

Db

S9

Bh Hs Mt

K

Cs

Ba La

Fr Ra Ae

Rf

V

',I Th
Halides
Oxides

Fe Co

o
o

Po

U

Np

Carbonates
Sulfides

Ni Cu Zn Go Ge

Pt Au

Hg

Uuu

Uub

Uun

,

As

0

F

Ne

S

Cl

Ar

Se

Br Kr

In Sn Sb Te

I

TI Pb

Bi Po

At Rn

Yb

Eu Gd

Tb

Dy

Ho

Er Tm

Pu Am Cm

Bk

Cf

Es

Fm Md

Pr Nd Pm Sm

\ce

o
o

Cr Mn

N

o

o

Phosphates
Most common as native metal

Xe

Lu
Lr

This subterranean salt deposit
contains relativelypure metalcontaining compounds. After the
deposits are mined, the resulting
caverns are very dry and thus
make excellent archival storage
sites for moisture-sensitive equipment or documents.

FIGURE

18.19

Which compound of a metal is
most prevalent in nature is
related to the metal's position in
the periodic table.
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An open-pit aluminum mine in Australia. Aluminum ore
is no longer mined in the United States because the
reserves have dwindled to the point where it is less expensive to import high-grade aluminum ore from other
countries, including Australia.

Natural resources are unavailable to us when the energy
required to collect them far exceeds the resource's inherent value. For example, most of the world's gold is found
in the oceans, but this gold is too dilute for extraction to
be worthwhile.

the aluminum oxide ores in the United States as described in Figure 18.21. The
nation is forced to import metals or their ores from other countries, which also
have finite ore resources.
We should conserve and recycle metals whenever possible because it is far
cheaper to produce metals from recycled products than from ore. Environmentally sound exploration of new reserves is also required. Ore nodules discovered on the ocean floor, for example, contain as much as 24 percent
manganese and 14 percent iron. Significant quantities of copper, nickel, and
cobalt have also been found in this submarine terrain. Perhaps mining of the
ocean floor may one day replace the mining we now do on land. And in the not
too distant future, perhaps the mining of metal-rich
asteroids in space will
become a reality.

o

Transforming the metal-containing
compound to a metal is less energy
intensive

D Transforming
compound
intensive

FIGURE

the metal-containing
to a metal is more energy

18.22

The ions of metallic elements at
the lower left of the periodic table
are most difficult to reduce. For
this reason, obtaining these elements from the metal-containing
compounds they form is energyintensive. Metallic elements at the
upper right of the periodic table
tend to form compounds that
require less energy to convert to
metals.

• 18.4 Metal-Containing
to Metals

i'

0

convc" a metal-containing

Compounds Can Be Converted

compound to a metal requires an oxidation-

reduction reaction. Recall from Chapter 11 that oxidation is the loss of
electrons and reduction is the gain of electrons. In the metal-containing
compound, the metal exists as a positively charged ion because it has lost one or
more of its electrons to its bonding partner. To convert metal ions to neutral
metal atoms requires that they gain electrons; that is, they must be reduced:

M+
Metal ion

+

e

Electron

~

MO
Metal

The tendency of a metal ion to be reduced depends on its location in the periodic table, as summarized in Figure 18.22. As discussed in Chapters 5 and 11,
metals on the left of the periodic table readily lose electrons. This means it is relatively difficult to give electrons back to these metal ions-in
other words, they
are difficult to reduce. A sodium atom, for example, being on the left of the peri-
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odic table, loses electrons easily. Any ionic compound it forms, such as sodium
chloride, tends to be very stable. Reducing the sodium ion, Na", to sodium metal,
Na", is difficult because doing so requires giving electrons to the sodium ion.
Metals on the left and especially the lower left of the periodic table therefore require the most energy-intensive methods of recovery, which includes
electrolysis. As was shown in Section 11.3, during electrolysis an electric current supplies electrons to positively charged metal ions, thus reducing them.
Metals commonly recovered by electrolysis include the metals of groups 1
through 3, which occur most frequently as halides, carbonates, and phosphates. In addition, aluminum is also commonly recovered by electrolysis, and
other metals are also obtained using electrolysis when very high purity is
needed. The reactions involved when copper is produced this way are shown
in Figure 18.23.

Why is it so difficult to obtain a group
ions of that metal?

1 metal

from a compound

containing

Was this your answer? The metal ions do not readily accept electrons to
form metal atoms.
SOME METALS ARE MOST COMMONLY
FROM METAL OXIDES

OBTAINED

Ores containing metal oxides can be converted to metals fairly efficiently in a
blast furnace. First, the ore is mixed with limestone and coke, which is a concentrated form of carbon obtained from coal. The mixture is dropped into the furnace, where the coke is ignited and used as a fuel. At high temperatures, the coke
also behaves as a reducing agent, yielding electrons to the positively charged
metal ions in the oxide and reducing them to metal atoms. Figure 18.24 shows
this method being used on iron oxide.
FIGURE

18.23

High-purity copper is recovered
by electrolysis.Pure copper metal
deposits on the negative electrode
as copper ions in solution gain
electrons. The source of these
copper ions is a positively
charged electrode made of
Impure copper.

\

Sheets
of pure
copper

Sheets
of impure
copper

\~Solutjon
containing
CUS04
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Iron ore, Fe203
Coke,C
Limestone, CaC03
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metal

Carbon

+
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Carbon
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Oxidized
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FIGURE

18.24

A mixture of iron oxide ore, coke, and limestone is dropped into a blast furnace,
where the iron ions in the oxide are reduced to metal atoms.

In the furnace, the limestone reacts with ore impurities-predominantly
con compounds-to
form slag,which is primarily calcium silicate:
Si02 (s)
• World crude steel production has
grown steadily from about 200
million metric tons in 1950 to
about 1.1 billion metric tons in
2005. The world's leading producer is China, which in 2005
produced about 300 million metric tons (mmt). This was followed
by Japan (120 mmt) and then the
United States (100 mmt). So what
is the difference between a ton
and a metric ton? Aton is the
USCSunit for 2000 pounds. A
metric ton is 1000 kilograms,
which is equal to 2205 pounds.
So which would you rather have:
a ton of gold or a metric ton of
gold?
MORE

TO

EXPLORE,

www.worldsteel.org

Silica sand
(ore impurity)

+ CaC03 (s)
Limestone

-----0>

CaSi03 (€)
Molten slag
(calcium silicate)

+ CO2

sili-

(g)

Carbon
dioxide

Because of the high temperatures, both the metal and the slag are molten. They
drain to the bottom of the blast furnace, where they collect in two layers, the
less-dense slag on top. The metal layer is then tapped off through an opening at
the bottom of the blast furnace.
Once cooled, the metal from a blast furnace is known as a cast metal.
(When the ore is an iron ore, the cast metal is known as pig iron.) A cast metal
is brittle and soft because it still contains impurities, such as phosphorus, sulfur, and carbon. To remove these impurities, oxygen is blown through the
molten cast metal in a basic oxygen furnace, shown in Figure 18.25. The oxygen oxidizes the impurities to form additional slag, which floats to the surface
and is skimmed off.
Most phosphorus and sulfur impurities are removed in a basic oxygen furnace, but the purified metal still contains about 3 percent carbon. For the production of iron, this carbon is desirable. Iron atoms are relatively large, and
when they pack together, small voids are created between atoms, as shown in
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Oxygen

(a) A flow of oxygen through a
basic oxygen furnace oxidizes
most of the impurities in a case
metal to form slag that may be
skimmed away as it floats to the
surface. (b) The basic oxygen furnace is hoisted and its purified
contents poured into a reservoir
used for molding iron pieces.

1

(b)

(a)

Figure 18.26. These voids tend to weaken the iron. Carbon atoms are small
enough to fill the voids, and having the voids filled strengthens
the iron substantially. Iron strengthened
by small percentages of carbon is called steel. The
tendency of steel to rust can be inhibited by alloying the steel with noncorroding metals, such as chromium
or nickel. This yields the stainless steel used to
manufacture eating utensils and countless other items.

FIGURE

External pressure

Pure iron is fairly soft and
malleable because of
voids between atoms.

Void---

External pressure

When the voids are
filled with carbon atoms,
the carbon helps hold
the iron atoms in their
lattice. This strengthened
metal is called steel.

18.26

Steel is stronger than iron
because of the small amounts of
carbon it contains.
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OTHER METALS ARE MOST
FROM METAL SULFIDES

COMMONLY

OBTAINED

Metal suifides can be purified by flotation, a technique that takes advantage of the
fact that metal sulfides are relatively nonpolar and therefore attracted to oil. An
ore containing a metal sulfide is first ground to a fine powder and then mixed vigorously with a lightweight oil and water. Compressed air is then forced up
through the mixture. As air bubbles rise, they become coated with oil and metal
sulfide particles. At the surface of the liquid, the coated bubbles form a floating
froth, as shown in Figure 18.27. This froth, which is very rich in the metal sulfide,
is then skimmed off The metal sulfides recovered from the froth are then roasted
in the presence of oxygen. The net reaction is the oxidation ofS2- in the sulfide to
S4+in sulfur dioxide and the reduction of the metal ion to its elemental state:
FIGURE

18.27

+

MS(s)

Air bubbles rising through a
flotation container transport
metal sulfide particles to the
surface.

Metal sulfide

0z (g)

~

Oxygen

M( €)

+

Metal

SOZ (g)
Sulfur dioxide

The isolation of copper from its most common ore, chalcopyrite, requires
several additional steps because of the presence of iron. First the chalcopyrite is
roasted in the presence of oxygen:
2 CuFeSz (s) + 3 0z (g) ~
Chalcopyrite

Oxygen

2 CuS(s)

+ 2 FeO(s) + 2 SOz (g)

Copper
sulfide

Iron
oxide

Sulfur
dioxide

The copper sulfide and iron oxide from this reaction are then mixed with limestone, CaC03, and sand, Si02, in a blast furnace, where CuS is converted to
Cu2S. The limestone and sand form molten slag, CaSi03, in which the iron
oxide dissolves. The copper sulfide melts and sinks to the bottom of the furnace. The less-dense iron-containing slag floats above the molten copper sulfide and is drained off The isolated copper sulfide is then roasted to copper
metal:
CUzS(s)
Copper
sulfide

+

0z(g)
Oxygen

~

2 Cu( €)
Copper
metal

~

SOz(g)
Sulfur
dioxide

Roasting metal sulfides requires a fair amount of energy. Furthermore, sulfur
dioxide is a toxic gas that contributes to acid rain, and so its emission must be
minimized. Most companies comply with EPA emissions standards by converting the sulfur dioxide to marketable sulfuric acid, H2S04.

Why isn't iron metal commonly obtained by roasting iron ores?
Was this your answer? Most iron ores are oxides, which are more SUitably
converted to metals using the blast furnace.

• 18.5 Glass Is Made Primarily of Silicates

ft'

noted earlier, the prime componen, of ,lag is silicates, and", early as
500 B.C. metal workers noticed that solidified slag had properties not
unlike those of the highly prized volcanic glass obsidian. This prompted people
to heat all sorts of rocks in various combinations. Slags of many colors were pro-
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duced, including some that were transparent. When set to a useful purpose, such
as in the making of beads, containers, or windows, the hardened slag became
known as glass.
Over many centuries, glassmaking gradually improved. Clearer and
stronger glass made possible many important inventions, such as those shown
in Figure 18.28. Eyeglasses were first made in northern Italy in the 13th century. Their use quickly spread, and the effect on society was significant, especially in that eyeglasses prompted people to remain intellectually active
throughout their lives. Another significant achievement made possible by the
development of glass lenses was the telescope, which in 1610 was pointed skyward by Galileo, who observed moons orbiting the planet Jupiter and opened
the door to a golden age of astronomy. Improved glass also made possible the
design of distillation equipment used to isolate alcohol from fermented
broths. Distilled spirits, as they were called, became noted not only for their
intoxicating effects but for their ability to disinfect and promote the healing
of wounds.
Glass is an amorphous material. In such a substance, submicroscopic units
are randomly oriented relative to one another. This is distinguished from a
crystal, in which submicroscopic units are arranged in a periodic and orderly
fashion (Section 6.3). Glass can have a variety of chemical compositions. Common glass is a mixture of sodium silicate, Na2Si03, and calcium silicate,
CaSi03. It is formed by heating a blend of sodium carbonate, calcium carbonate, and silica:
Na3C02
Sodium
carbonate

CaC03
Calcium
carbonate

+ Si02

----1>

Silica

+ Si02
Silica

Na2Si03
Sodium
silicate

----1>

+ CO2
Carbon
dioxide

CaSi03

+ CO2

Calcium
silicate

Carbon
dioxide

Various additives provide glass with special properties. Adding potassium
oxide, K20, for example, makes a very hard glass commonly used for optical
applications. When lead oxides are added, glass becomes dense and has a high
refractive index, which means it readily bends white light into a rainbow of colors. Such glass is called crystal glass because these properties resemble those of
true crystals, such as quartz, which is a crystalline form of silica. Adding boron
oxide, B203, markedly lowers the rate at which glass expands when it is
warmed and contracts when it is cooled. This enables the glass to withstand
sudden changes in temperature without breaking. Such glass is known as Pyrex
glass and is used in laboratory glassware and cooking utensils. Glass can be colored by adding various chemicals. Cobalt oxide gives a blue glass used in specialty dinnerware. Adding the element selenium gives glass a red color, and the
element iridium makes glass black. Glassmaking artists have experimented with
chemical additives to give a variety of colored glasses, such as those shown in
Figure 18.29.
The physical properties of glass are wholly remarkable. It is easily melted, can
be poured or blown into almost any shape, and retains that shape when it cools.
Moreover, pieces of glass can be melted together to become sealed without glue
or cement. This allows for the manufacture of many intricate glassware designs.
Glass is transparent and resistant to even the most corrosive chemicals, which is
why chemical reactions in the laboratory are usually carried out in glass containers. Long, thin strands of glass are flexible enough to be encased in cables that
can stretch for hundreds of kilo meters. These are the fiber-optic cables shown in

FIGURE

18.28

Eyeglasses,a telescope, and a distillation apparatus-pivotal glass
inventions.

FIGURE

18.29

Glass as an art form.
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Figure 18.30, through which pulses of light can travel, carrying information
data with remarkable efficiency.
Fortunately, the starting materials for glass are abundant, and so, unlike the
situation with paper, plastics, and metals, we are not in imminent danger of a
glass shortage. Resources can still be saved, however, by recycling glass. The
energy needed to produce glass from recycled products is only 70 percent of the
energy needed to produce it from raw materials. Glass by any standard has been
one of humankind's best bargains.

• 18.6 Ceramics Are Hardened with Heat
FIGURE

18.30

Information-bearinglight pulses
travelthrough the glassof Iiberoptic cables,a revolutionin longdistancecommunication.

FIGURE

18.31

Ceramicpottery.

FIGURE

18.32

An engine made of the ceramic
siliconnitride.

~y

is a mixture of microcapsules of aluminum oxides and silicon
~~i~:s surrounded by water. It can be shaped easily because the water
serves as a lubricant that allows the microcapsules to slip over one another.
When dry, the microcapsules become locked in position, and the clay holds
its shape. Heating the dried clay to high temperatures causes the silicon
oxides to melt into a glass that on cooling bonds the microcapsules together.
At this point, the clay is transformed to a hard, water-resistant ceramic useful
for making the pottery shown in Figure 18.31 as well as a myriad of other
products.
In general, a ceramic is any solid that has been hardened by heat. Modern
ceramics contain nonmetallic elements such as oxygen, carbon, or silicon, but
they may also contain metallic elements, such as aluminum or a transition
metal. Unlike metals, ceramics cannot be pounded into thin sheets or drawn
into wires. Instead, they tend to fracture, as anyone who has dropped a
ceramic dinner plate knows. But ceramics are superior to metals for some
applications. For example, ceramics are able to withstand extreme temperatures without melting or corroding, and they are lightweight and can be very
hard. An example of a modern ceramic almost as hard as diamond is silicon
carbide, SiC, also known as carborundum. This lightweight ceramic does not
conduct heat and can withstand temperatures up to 2000°C. These properties
make it ideal for coating spacecraft, which are subject to extreme conditions
as they reenter Earth's atmosphere. Components for hot turbine engines are
also being built of either silicon carbide or a similar ceramic, silicon nitride,
Si3N4•
Modern ceramics are ideal for making automobile engine parts, such as
those shown in Figure 18.32. The efficiency of an engine goes up with increasing operating temperatures. Today's metal automobile engines are relatively
inefficient because their operating temperatures must be kept below the melting point of the metals. Radiators remove valuable heat that otherwise would
raise efficiency. In fact, about 36 percent of fuel energy is lost through the
radiator.
So why aren't today's engines made of ceramics? The short answer is that,
unlike metals, ceramics cannot bend and deform to absorb impacts. Intense
research is currently under way to solve the problem of ceramic brittleness, with
some success. Improved resistance to fracturing, for example, can be attained by
careful quality control of starting materials and processing. As we shall see in the
next section, brittleness can also be combated by compositingceramics with other
materials.
Engines consisting of mostly ceramic parts are being developed in Japan,
and Figure 18.33 shows a high-powered sedan featuring a small ceramicbased engine and no radiator. This car uses heat instead of rejecting it, as do
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the prototype turbine ceramic-based
engines developed in
the United States by the Department
of Energy. In place
of pistons, the U.S. versions feature two gas turbines made
of durable silicon nitride, and the engine is designed to
run at a hot 1300°C, with higher efficiency and cleaner
emrssions.

CERAMIC
SUPERCONDUCTORS
NO ELECTRICAL
RESISTANCE

HAVE

In ordinary electrical conductors,
such as copper wire,
moving electrons that flow as electric current often collide
with the atoms of the conductor, transferring some of their
kinetic energy to the conductor as heat, which is lost to the
environment.
This heat loss adds up when electrical energy is being carried
over vast distances, meaning that some of the energy generated at a power plant
never makes it to the consumer. In the late 1980s, researchers found that specially formulated ceramic compounds lost all electrical resistance when bathed
in liquid nitrogen at -196°C. The electrons in these conductors travel in pathways that avoid atomic collisions, permitting them to flow indefinitely. Steady
currents have been observed to persist for extended periods of time without
apparent loss. These ceramics are called superconductors and have zero electrical resistance. The current through them does not decrease, and they generate no heat.
Transmission
of electrical energy is one obvious application
for ceramic
superconductors.
This energy might even be stored for later use in large circular loops of a superconducting
material. Unfortunately,
ceramics tend to
be brittle and cannot be drawn into wires. A solution to these mechanical
problems is to homogenize
the superconducting
ceramic starting materials
with an organic thermoplastic.
At warm temperatures,
the mixture can be
drawn into long fibers, which are then baked into a medium.
When the
fibers are cooled by liquid nitrogen, as shown in Figure 18.34, they become
superconducting.
The mechanisms of superconductivity
in ceramics are not fully understood,
and most progress is still being made by trial and error. Perhaps once the
secrets are unlocked, the many obstacles posed by ceramic superconductors

-.
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FIGURE

18.33

This vehicle has no radiator
because many of its engine parts
are made of heat-resistant
ceramic materials.

•
• Superconductor cables are now
being employed for the transmission of electrical energy within
densely populated metropolitan
areas where there is little room
for additional power lines. The
world's first installation is a
0.6 kilometer superconductor
cable placed underground within
East Garden City,Long Island,
New York.With a capacity of
600 megawatts, this single
cable is capable of powe ring
300,000 homes.
MORE

TO

EXPLORE,

American Superconductor
www.amsuper.com

FIGURE

18.34

High Temperature Superconductor (HTS) materials are wound
within a cable system designed to
also contain liquid nitrogen
coolant.
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will be overcome and their great potential realized. It might even be possible
to design materials that superconduct at room temperature, thereby avoiding
the need for relatively inexpensive but cumbersome liquid nitrogen or other
coolants.

• 18.7 Composites Combine Fibers
and a Thermoset Medium
hermoset plastics (Section 12.4) are pretty tough, as are various polymeric
fibers. Combine the two, however, and you have a composite material that
is more than twice as strong and just as lightweight. Composite materials are
made by incorporating fibers into any thermoset medium, such as thermoset
plastics, metals, or even ceramics. Examples of composite materials are shown in
Figure 18.35.
There are many examples of composites in nature. A tree can grow to great
heights and support heavy branches because it is a composite of flexible cellulose fibers in a lignin matrix, as noted in Section 18.1. Seashells and limestone
are both made of calcium carbonate, but seashells are much harder because they
are composites of crystalline calcium carbonate with embedded polypeptide
fibers. Humans have been fabricating composites ever since they began mixing
straw with clay.The straw not only makes for stronger pots and bricks but also
keeps them from cracking as the clay is dried.
The composite industry was launched in the early 1960s with the development of fiberglass, which consists of short glass fibers in a matrix of some thermoset resin. Fiberglass composites are tough, lightweight, and inexpensive to

FIGURE

18.35

A fewexamplesof composite
materials.

Graphite fiber composite

18.7

COMPOSITES

COMBINE

FIBERS

AND

make, and they have found many marine, housing, construction, sports, and
industrial applications.
The strongest new composites are the advanced composites, in which fibers
are aligned or interwoven before being set within the resin. Advanced composites have extraordinary strength in the direction of the aligned fibers and
are relatively weak in the perpendicular direction. Weakness in one direction
can be overcome by laminating layers together at different angles, as in plywood, a familiar composite. Strength in all directions can be achieved by
weaving the fibers into a three-dimensional network. Besides strength,
advanced composites are also known for their lightness, which makes them
ideal for car parts, sporting goods, and artificial limbs. Advanced composites
tend to be expensive, however, because much of their production is still done
by hand.
Airplane parts, and even whole airplanes, are now being fabricated out of
lightweight advanced composites in order to save fuel. In 1986, the all-composite voyager, shown in Figure 18.36, was the first plane to fly around the world
without refueling. Many private jets are now fabricated out of composites. The
general public may one day have its chance to fly in fuel-efficient, stress-resistant
composite airplanes. In the meantime, we fly in passenger airplanes made of
metal, which are still more economical to build.
The aerospace industry is particularly interested in advanced composites
that are lightweight and can withstand the extreme pressures and temperatures experienced by spacecraft. Efforts are now under way to design and
build a new generation of vehicles capable of transporting astronauts and scientists to the moon by 2015 and then to Mars as early as 2020. The starting
phase of this program is currently focusing on safe and economic means of
achieving low Earth orbit. One competing design is shown in Figure 18.37.
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A COMPOSITE

I

t'S
easy to stretch a layer of dried
white glue until it splits in half, and
it's easy to yan k a sing le strand of
sewing thread into two pieces. Combine the glue with many strands of
thread, however, and the resulting
composite is most resistant to
breakage-but
only in the directions
parallel to the threads. Make this
composite and test its strength.
WHAT

YOU

NEED

White glue, sewing thread, aluminum foil, scissors
PROCEDURE
1.

Pour the glue onto the aluminum
foil to make three strips, each

OF WHITE

GLUE

measuring about 4 centimeters by
8 centimeters.
2.

On one of the strips, lay strands of
thread parallel to the longer side
of the strip. Layenough strands
so that they are no more than
0.5 centimeter apart.

3. On a second strip, lay strands of
thread both parallel and perpendicular to the longer side of the
strip. Again lay enough strands
so that they are no more than
0.5 centimeter apart.
4. After the glue has thoroughly
dried, separate the three strips
from the foil and cut off the ends
of any loose threads. Pull on the

FIGURE

MEDIUM

18.36

The all-composite voyager
airplane.

.

'-,

A THERMOSET

~

,~.- i

AND

THREAD

three strips in various directions,
and compare their strengths and
weaknesses.
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FIGURE

18.37

The next generation of space vehicles will feature capsules that return to Earth via
parachute. This is in contrast to the glider reemry Space Shuttle design. Shown here
is Lockheed-Martin's preliminary design, which features an aerodynamic Crew
Exploration Vehicle, CEV, that permits some maneuverabiliry during descem.
Crew
module

The same materials developed for aerospace planes may one day be applied to
commercial
travel. Hypersonic
aircraft traveling at many times the speed of
sound would reduce the time of a transpacific
flight from America to Australia from 16 hours to a mere 3 hours. What's more, the altitude of the aircraft would necessarily be so high that travelers would get a clear view of the
curvature of Planet Earth.

MiSSion{
module

• In Perspective
lechoo!ogka1

[ea" ace made possible only after the appropriate materials
have been developed. Columbus made it to the Americas with rugged sails
of canvas, firm ropes of hemp, and a sturdy wood hull bound by metal. Likewise, whether our dreams are to remain fiction or turn into fact depends on the
materials available to us. Today, with a growing number of remarkable materials,
we can send data through fiber-optic cables, crisscross the skies, or fly to Mars
and beyond-a
sign that the human spirit of exploration is more empowered
than ever before.

Propulsion
stage

KEY TERMS
Metallic bond A chemical bond in which the metal

Steel Iron strengthened

ions in a piece of solid metal are held together by their
attraction to a "fluid" of electrons in the metal.

carbon.

by small percentages

Superconductor Any material having zero electrical

Alloy A mixture of two or more metallic elements.

resistance.

Ore A geologic deposit containing relatively high
concentrations
of one or more metal-containing
compounds.

Composite Any thermoset
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of plants is most useful in the fab-

2. When was paper introduced

in Europe?

3. What is a Fourdrinier
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machine,
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17. When iron ions are reduced to neutral iron atoms
in a blast furnace, where do the electrons come from?

INVOLVED

5. How did Schobein discover nitrocellulose?
6. What chemical is used to make celluloid a workable
material?
7. What is one of the major drawbacks of celluloid?

18. How are copper sulfide, Cux, and iron oxide, FeO,
separated from each other in a blast furnace in the
preparation of copper metal?
GLASS

8. Who provided Baekeland with the financial
resources to develop Bakelite?

IS MADE

PRIMARilY

OF

SILICATES

19. In what ways did the development of glass affect
human history?

9. What prompted Brandenberger to seek a way to
make thin sheets of viscose?

20. How is glass different from crystal?

10. How did chemists transform cellophane into a
vaporproof wrap?

21. Is crystalware really made of crystal?

11. What was one of the prime motivations for the
Japanese to invade Malaysia at the beginning of World
War II?

23. What are the benefits of recycling glass?

22. How is colored glass made?

CERAMICS

12. What polymer proved useful in the development of
radar equipment lightweight enough to be carried on
airplanes?
13. What role did Teflon play in World War II?

ARE

HARDEN

ED WITH

HEAT

24. What is a ceramic?
25. What advantages do ceramic automobile engines
have over metal ones?
26. What is the primary drawback of a ceramic?

METALS
SUPPLY

COME
FROM
OF ORES

THE

EARTH'S

LIMITED

27. Is it possible for a ceramic to conduct electricity?

14. What are the five types of negatively charged ions
found in metal-containing compounds?

COMPOSITES
COMBINE
FIBERS
AND A THERMOSET
MEDIUM

15. Which metal-containing compounds are most soluble in water?

28. What is a composite, and what are some examples
found in nature?

METAL-CONTAINING
CONVERTED
TO

COMPOUNDS
METALS

CAN

29. Where are you most likely to find composites in the
marketplace today?

BE

30. Why are composites an ideal material for aircraft?

16. Which group of metals requires the most energy to
be recovered from metal-containing compounds?

CONCEPT

BUILDING

•

BEGINNER

•

31 .• How are paper and cooked spaghetti similar to
each other?
32 .• What are the advantages and disadvantages of
using trees to make paper?
33 .• What are the advantages and disadvantages of
using industrial hemp to make paper?
34 .• Fallen trees rot as naturally occurring fungi
digest the lignins that normally bind the wood fibers
together. How might these fungi be used in the manufacture of paper?

INTERMEDIATE

•

EXPERT

35 .• Shown here are the structurers for sulfuric acid,
H2S04, and sulfurous acid, H2S03. Which should be
the stronger acid and why?

o
11

HO-5-0H
11

o
Sulfuric acid

Sulfurous acid
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36 .• Sulfurous acid (shown in the previous question)
is an unstable molecule. It decomposes into what two
compounds?
37 .• What role did chance discovery play in the history of polymers? Cite some examples.
38 .• What is the difference between collodion and
celluloid?
39 .• What is the chemical difference between celluloid and cellophane?
40 .• Why does a freshly cut Ping-Pong ball smell of
camphor?
41. • Why are Ping-Pong balls so highly flammable?
42 .• Melmac is a thermoset polymer discussed in
Chapter 12. How are the chemical structures of Bakelite and Melmac similar to each other? How are they
different?
43 .• List these plastics in order of the year in which
they were developed: cellophane, celluloid, collodion,
Parkesine, PVc, Teflon, viscose.
44 .• What is the great advantage of a plastic over
other materials such as wood, metal, or ivory?
45 .• Camphor is a 10-carbon
odoriferous natural product
made from the joining of two
isoprene units plus the addition
of a ketone. Shown here is its
chemical structure. Find and
circle the two isoprene units.
For help, see Chapter 12, question 100 on page 426.

51..
Given that the total number of atoms on our
planet remains fairly constant, how is it ever possible to
deplete a natural resource such as a metal? Can't we just
recycle the atoms we use?
52 .• An artist wants to create a metal sculpture
using a mold so that his artwork can be readily massproduced. He wants his sculpture to be exactly 6 inches
tall. Should the mold also be 6 inches tall? Why or
why not?
53 .• Iron is much more dense than water. So how is it
possible for a boat made of iron to float? (Hint: See the
first FYI in Chapter 17.)
54 .• Is transparent glass a homogeneous or heterogeneous mixture?
55. • When is glass not fragile?

57 .• In what sense is glass the glue that holds a
ceramic together?
Camphor,

CIOHnO

Why are ores so valuable?

47 .•

Can only group 1 elements form halides?

48 .• Distinguish between a metal and a metalcontaining compound.
49 .• Metal ores are isolated from rock by taking
advantage of differences in both physical and chemical

DISCUSSION

50 .• Iron is useful for reducing copper ions to copper
metal. Might it also be used to reduce sodium ions to
sodium metal? Why or why not?

56 .• Commercial beverages are transported in
both plastic and glass containers. How might it
be that the glass containers are responsible for the
release of more atmospheric pollution than the plastic
containers?

46 .•

I

properties. Cite examples given in the text where differences in physical properties are used. Cite examples
given in the text where differences in chemical properties are used.

58 .• If the efficiency of an engine increases with
increasing temperature, why are conventional automotive engines equipped with radiators to keep them cool?
59 .• In what direction is a sample of plywood weakest? Why?
60 .• Concrete by itself is not strong enough to build
large structures. How do engineers overcome this
inherent weakness?

QUESTIONS

61. Which of the materials described in this chapter are
most important to recycle for economic reasons? For
environmental reasons? For political reasons? Explain
your answers.
62. Should the government require that certain materials be recycled? If so, how should this requirement be
enforced?

63. What are some of the obstacles people face when
trying to recycle materials? How might these obstacles
be overcome in your community?
64. You are given the choice of shopping from either a
modern catalog or one from the 1930s. Which catalog
offers more goods? Which catalog would you choose
and why?

EXPLORING

65. Handheld calculators were first made available to
the general public in the 1970s. They were all the rage,
but soon faded into the backdrop. The desktop computer was the technical wonder of the 1980s. During
the 1990s, it was the World Wide Web. What have
been the technical wonders of the first decade after
Y2K? What might be the wonder of 10 years from
now? 20 years? 100 years?
66. How grateful should we be for technological
advances? Have they really made our lives better?
67. Pretend you have just earned a college degree in
chemistry. You have job offers from a paper mill
($40K), a company that produces plastics ($35K), a
steel mill ($60K), a start-up glass-blowing company
that produces specialty laboratory glassware ($32K),
and a manufacturer of carbon composites used in athletic equipment ($25K). You also have the option of
going to graduate school where they will pay you an
annual stipend of $15 K. Which do you choose? What
factors besides salary and type of employment contribute to your decision?

HANDS-ON

CHEMISTRY

FURTHER
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68. Industrial hemp, the original strain of the marijuana plant, has been cultivated for millennia for its
fiber content, especially for the production of rope and
canvas. In fact, the word canvas is derived from hemp's
Latin name cannabis sativa. Industrial hemp contains
negligible quantities of the psycho active drug THe. If
planted side-by-side with marijuana, it would pollinate
the marijuana, thereby depleting the marijuana's psychotropic properties. Growing industrial hemp without
a permit from the Drug Enforcement Agency, DEA,
however, is a federal crime with a maximum penalty of
life in prison. For what reasons do you suppose the
DEA refuses to grant these permits?
69. You are faced with an empty plastic peanut butter
jar that needs to be washed out before it is acceptable
for recycling. Washing the jar, however, will consume
soap and a lot of hot water. What do you do? (Assume
your pet dog is away on vacation.)
70. What should be done with the mining pits after all
the ore has been removed? Consider the open-pit copper mine of Figure 18.16.

I

INSIGHTS

I

EXPLORING

FURTHER

Stephen Fenichell, Plastic: The Making of a Synthetic
Century. New York: HarperCollins, 1997.

PAPERMAKING

All plants contain cellulose, which is why paper can be
made from all plants. However, all plants also contain
cellulose-binding lignins. Those that have the highest
lignin content, such as trees, require the strongest chemicals in order to free the cellulose fiber. Plants that have
lower lignin content, such as grasses and nonwoody
shrubs, can be treated with milder chemicals in order to
free the cellulose fibers. Such pretreatment can be
avoided altogether when working with recycled fibers,
as you did in this activity using scraps of old paper or
cloth. Thus, recycling paper not only saves trees bur
also makes the papermaking process more efficient.

•

This engaging historical account tells how the development
ofplastics has had a profound effect on our society.

www.ll1vent.org
l1li

Home page for the National Inventors Hall of Fame. Use
this site tofind additional information about many of the
people refirred to in this chapter. TO search by name, follow
the links to www.invent.org/book/index.html.

www.steelnet.org/index.html
•

Websitefor the Steel Manuftcturers Association.

http:// exploration. nasa.gov/ constellation/index.html
A COMPOSITE

OF WHITE

GLUE AND

THREAD
III

The strength provided by the ten or so parallel strands
you used for this activity is considerable. Consider,
then, the strength provided by a fabric made of hundreds of strands laid on the glue.
The strength of a composite is maximum only in
directions parallel to the fibers. Thus, crisscrossing fibers
makes for a composite that has maximum strength in
several directions. In some forms of fiberglass, the
strands of reinforcing glass are strewn in random directions. This random arrangement decreases the strength
in anyone direction but optimizes the overall strength.

Explore the website to learn about NASA:' five-phase spiral
approach to space exploration. This includes the development of the Crew Exploration Vehicle, which is to be versatile enough for manned travel to the moon and Mars.
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19.1

19.2

19·3

Electricity Is a Convenient
Form of Energy

FOR THE PRESENT
AND THE FUTURE

•

In our search for energy sources, it is on ly natural to look to
the sun. The warmth you feel from the sun, however, isn't so
much because the sun is hot. Indeed, the sun's surface temperature

of 600dC

welding

torches.

is no hotter than the flame
Rather, the primary

reason

of some
you are

Fossil Fuels Are a Widely Used
but Limited Energy Source

warmed by the sun is because it is so big. Lookat the lower

There Are Two Forms
of Nuclear Energy

see a small blue dot. This dot (painted on the photograph)

rig ht corner of the chapter-opening
is the approximate

photograph, and you'll

relative size of Earth. Clearly, when we

What Are Sustainable Energy
Sources?

thin k about possible energy sources, the enormous energy

Water Can Be Used
to Generate Electricity

utmost attention.

19·6

Biomass Is Chemical Energy

solar energy that was captured through photosynthesis.

19·7

Energy Can Be Harnessed
from Sunlight

Solar energy is also released when we burn fossil fuels, which

19·4

19·5

19.8

Our Future Economy
May Be Based on Hydrogen

wealth at the heart of our solar system demands

our

Indeed, whenever we burn plant material, we are releasing

are the decayed remains of plants and plant-eating animals.
Electricity-producing

hydroelectric

dams depend on the

water cycle,which is driven by solar radiation. Windmills harness wind to produce electricity and also to pump water, and
winds exist because the sun heats different parts of the
planet at different rates. Photovoltaic cel1sdirectly generate
electric currents when exposed to solar radiation. In addition,
a number of energy sources that do not depend on the sun
are now available, including nuclear, geothermal, and tidal
energies.
Al1usable energy, whatever the source, is delivered to us
either in the form of fuel or in the form of electricity. The
wonder of electricity is the ease with which it can be transmitted to many sites. This property makes electricity one of
our most convenient forms of energy To produce electric637
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ity, however, requires the input of some other source of energy, such as
the burning

of a fuel. We therefore

begin this chapter with a brief

overview of how electricity is generated

and how its consumption

is

measured.

• 19.1

Electricity Is a Convenient Form of Energy

-E:tcici'Y

is the Row of electri charge. It is generated in a mew wi cowhen the
ire is forced to move through a magnetic field and the field causes the electrons of the metallic bonds to flow. By coiling the wire into many loops and rotating the loops through powerful magnetic fields, power companies are able to
generate enough electricity to light up cities. Figure 19.1 illustrates such an electric
generator.

The many loops of wire wrapped around an iron core form what is known as
an armature. The armature is connected to an assembly of paddle wheels called a
turbine. Energy from wind or falling water can cause the turbine and thus the
armature to rotate, but most commercial turbines are steam turbines, meaning
they are driven by steam. To boil the water to create steam requires an energy
source, which is usually a fossil fuel or a nuclear fuel.
Still under development are more efficient gas turbines, which are driven not
by steam but by the hot combustion products of vaporized alcohols and lightweight hydrocarbons.

FIGURE

19.1

Basicanatomy of an electric generator. Electricity is generated in
a looped wire as the wire rotates
through a magnetic field. This
motion causes electrons in the
wire to slosh back and forth.
Becausethe electrons are moving,
they possesskinetic energy and
so have the capacity to do work.

~e

Multiple
wire loops

19.1

ELECTRICITY

15 A CONVENIENT

FORM

639

OF ENERGY

Is electricity more accurately thought of as a source of energy or as a carrier
of energy?
Was this your answer? Electricity is energy that is readily transported
through wires. In this sense, it can be thought of as a carrier of energy The
energy of electricity is used to run a liqhtbulb, true, but the source of this
energy is not the electricity Rather, the electricity is merely delivering
the energy that was generated by some electric generator, which received
energy from some nonelectrical source, such as a fossil fuel or a waterfall.
WHAT'S A WATT?

Power is defined as the rate at which electrical energy (or any other form of
energy) is expended. Power is measured in watts, where 1 watt is equal to 1 joule
per second:
1 watt

=

1 joule
1 second

A lot of watts means that a lot of energy is being consumed quickly. A lOO-watt
lightbulb, for example, consumes 100 joules of energy each second, and a 40-watt
bulb consumes only 40 joules each second.

CALCillATlON

I~

KllOWATT-HOU

• Take a careful look at your
next electric bill. Note that you
pay for electrical energy in units of kilowatt-hours. Akilowatt-hour (kWh) is the
amount of energy consumed in 1 hour at a rate of 1 kilowatt (1000 joules per second). Therefore, if electrical
energy costs 15 cents per kilowatt-hour, a lightbult that
has a power rating of 100 watts (0.1 kilowatt) can be run
for 10 hours at a cost of 15 cents.

Alternatively, ten loo-watt bulbs can also be run for 1 hour
at a cost of 15cents.
Step 1. Calculate the total amount of energy consumed
in kilowatt-hours:
power in kilowatts x time =
energy consumed in kilowatt-hours
»>

to jnrlbs x
,

T

power in kilowatts x time =
energy consumed in kilowatt-hours
0.1

kW x

10

h

1

)Julo ,

Step 2. Calculate the cost of consuming this much
energy:
kilowatt-hours consumed x
price per kilowatt-hour

=

cost

= 1 kWh
1

.kwh x

Step 2. Calculate the cost of consuming this much
energy:
kilowatt-hours consumed x
price per kilowatt-hour
1

0.1 kW

--<'- X 1 h = 1 kWh

power in kW

he calculation to arrive at this cost is done as follows:
Step 1. Calculate the total amount of energy consumed
in kilowatt-hours:

RS

]vWh/ x --/ '5<:
l]vWh

=

15<:

YOUR
=

cost

1.5<:,..

=

15<:

l.kWn

TURN

How much does it cost to operate ten loo-watt light bulbs
for 10 hours at a cost of 15 cents per kilowatt-hour?
Answers to Calculation Corners appear at the end of each chapter.
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The typical D.S. household consumes electrical
energy at an average rate of about 800 joules per second, or 800 watts. For a small city of 100,000 households,
this adds up to a rate of 80,000,000 watts,
Coal
or 80 megawatts (MW). This, however, is just the
average rate of energy consumption. To meet peak
Natural gas
demands, electric power plants must sometimes
quadruple their average output. This is why small
cities require electric power plants that can proNuclear
Renetoubiee
duce energy at a power rating of 300 megawatts or
Petroleum
higher. These needs are easily met by present-day
2010
2020
power plants. A typical coal-fired plant produces
on the order of 500 megawatts of electrical energy,
a large nuclear plant can produce on the order of
1500 megawatts, and a large hydroelectric dam can produce more than
10,000 megawatts.
One factor affecting the cost of electricity is the source of the electrical
energy. Fossil fuels and nuclear fuels produce hundreds of megawatts of power
from a single power plant and are thus able to serve large areas, including
cities (Figure 19.2). Therefore, economies of scale make electricity from fossil
fuels and nuclear fuels relatively inexpensive. Electricity from sources that are
not so easily centralized, such as wind energy, have traditionally been more
expensive. However, this gap has narrowed significantly as technology has
improved.

Projectione

19.2

Coal and natural gasare expected
to be the predominant energy
sourcesfor the production of
electricityin the United States.

• 19.2

Fossil Fuels Are a Widely Used but Limited
Energy Source

ur fossil fuel supplies were created hundreds of millions of years ago
when ancient plants and animals died and became buried in swamps,
lakes, and seabeds. These supplies cannot be replaced after we have used them
up, which is why they are often referred to as nonrenewable energy sources.
Estimates vary on the world's supply of fossil fuels, which include coal, petroleum, and natural gas. Even the most conservative estimates, however, show
that, at present consumption rates, recoverable petroleum reserves will be
depleted within 100 years and recoverable natural gas reserves within 150
years. As depletion approaches, these valuable commodities will become too
costly. Coal reserves, on the other hand, are more abundant and may last
another 300 years. Worldwide, nearly all our present energy needs are met by
fossil fuels-38 percent from petroleum, about 30 percent from coal, and
about 20 percent from natural gas.
Why are fossil fuels so popular? First, they are readily available in many
regions of the world, as shown in Figure 19.3. Second, gram for gram, they store
much more chemical energy than other combustible fuels, such as wood. Third,
they are portable and make excellent fuels for vehicles.
Gases emitted when fossil fuels are burned have negative environmental
effects. As discussed in Section 17.2, sulfur and nitrogen oxides lead to acid rain.
These gases, along with particulates created from the combustion of fossil fuels,
are also a leading cause of urban smog. On a global level, the burning of fossil
fuels presents a potentially more devastating disturbance-increased
global
warming, as discussed in Section 17.4.

19.2

FOSSIL

FUELS

ARE A WIDELY

USED

BUT

LIMITED

ENERGY

l!J
Middle East
Coal 6.2%
Petroleum 65.4%
Natural gas 33.8%

FIGURE

19.3

Fossilfuel deposits are not distributed evenlythroughout the world. For instance,
65 percent of the world's recoverablepetroleum deposits are in the Middle East,
along with 34 percent of recoverablenatural gas deposits. North America is relatively poor in petroleum and natural gas but has a bit more than one-fourth of the
world's supply of coal.

The molecular structure of fossil fuels accounts for their physical phases. As
shown in Figure 19.4, coal is a solid consisting of a tightly bound three-dimensional network of hydrocarbon chains and rings. Petroleum, also called crude
oil, is a liquid mixture of loosely held hydrocarbon molecules containing not
more than 30 carbon atoms each. Natural gas is primarily methane, CH4,
which has a boiling point of -163°C. Smaller amounts of gaseous ethane,
C2H6, and propane, C3Hs, are also found in natural gas.
Interestingly, there is a fourth form of fossil fuel, known as methane hydrate.
Most deposits of this material are located kilo meters beneath the ocean floor,
but in certain locations, the deposits lie just beneath the ocean floor, where
researchers can collect samples. Methane hydrate is a white, icy material, and it
is made up of methane gas molecules trapped inside cages of frozen water, as
shown in Figure 19.5. According to the United States Geological Survey
(USGS), the amount of natural gas stored within methane hydrate in the
United States alone is about 320,000 trillion cubic feet. By comparison, conventional natural gas reserves within the United States contain about 190 trillion cubic feet. There is no shortage of methane hydrate. The problem is that
this material is many times more difficult to extract. As a solid it is not readily
pumped from its deep underground or underocean locations. Also, it is usually
found within nonporous rock, such as shale, which further helps to lock the

SOURCE
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Coal
Natural gas

Petroleum

FIGURE

19.4

Typical molecular structures of coal, petroleum, and natural gas.

FIGURE

19.5

(a) Bubbles of methane gas
escaping from a deposit of
methane hydrate found on the
ocean floor. (b) Once brought to
the surface, methane hydrate
crystals quickly decompose as the
ice melts and the methane gasseen here burning-is
released.

(al

(b)
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SOURCE
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Coal miners in Pennsylvaniain
the 1930s.

methane underground. Researchers are now looking for ways to overcome these
obstacles and the search is on for relatively accessible deposits. Even a small fraction of the vast methane hydrate reserves represents a supply of fossil fuel greater
than all the world's coal, petroleum, and natural gas combined
COAL

IS THE

FILTHIEST

FOSSIL

FUEL

Worldwide, the amount of energy available from coal is estimated to be about
ten times greater than the amount available from all petroleum and natural gas
reserves combined. Coal is also the filthiest fossil fuel because it contains large
amounts of such impurities as sulfur, toxic heavy metals, and radioactive isotopes. Burning coal is therefore one of the quickest ways to introduce a variety
of pollutants into the air. More than half of the sulfur dioxide and about 30 percent of the nitrogen oxides released into the atmosphere by humans come from
the combustion of coal. As with other fossil fuels, the combustion of coal also
produces large amounts of carbon dioxide.
Extracting coal from the ground is also harmful to human health and to the
environment. Mining coal from underground mines, as the workers in Figure
19.6 did, is a dangerous job with many health hazards. Local waterways are contaminated as they receive effluents from the mines. These effluents tend to be
very acidic because of the sulfuric acid that forms from the oxidation of such
waste minerals as iron sulfide, FeS2• When coal is mined from the surface, a
process called strip mining, there are fewer occupational hazards, but the tradeoff is that whole ecosystems are destroyed. Although strip mining is initially
cheaper than digging, the cost of restoring the ecosystem can be prohibitive.
Despite these drawbacks, coal reserves remain abundant, and so close to 60 percent of the electric power generated in the United States comes from coal-fired
plants.
There are several ways to make burning coal a cleaner process. The coal can
be purified before it is burned, pollutants can be filtered out after combustion,
or the combustion process can be modified so that it is more efficient and fewer
pollutants are produced.
Purifying coal prior to combustion usually involves pulverizing the coal and
mixing it with detergents and water, as is demonstrated in Figure 19.7. The density of coal is lower than the density of any of its mineral impurities. A proper
adjustment of the solution's density therefore allows the coal to float to the surface,

FIGURE

19.7

Pulverized coal floats on water,
but impurities sink. This difference in densities allowsfor a simple and efficient means of
purifying coal before it is burned.
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where it is skimmed off, while the impurities sink to the bottom. This method of purification, called flotation, adds further
cost to the coal, which is already expensive because of the high
mining and shipping costs. Nonetheless, flotation is successful
at removing most of the coal's mineral content, including up to
Spray tower
90 percent of the iron sulfide. Large quantities of sulfur still
remain chemically locked in the coal, however. This sulfur can
be removed only after combustion. Most coal-fired utilities
today remove any sulfur dioxide created when coal is burned by
directing gaseous effiuems into a scrubber, illustrated in Figure
19.8. Within the scrubber, the effiuents come in contact with a
slurry of limestone, CaC03" Up to 90 percent of the sulfur
t ~CaS04,to
dioxide is removed as it reacts with the limestone to form solid
solid-waste
calcium sulfate, CaS04' which is readily collected and sent to a
disposal site
solid-waste disposal site.
As a result of flotation and scrubbing technologies, sulfur
SOrcontaining----,)
dioxide emissions have decreased by 30 percent over the past
effluents from
coal-fired
20 years, despite a 50 percent increase in the use of coal. This
power plant
is promising, but given our dependence on coal, there is still
plenty of room for improvement. For example, nitrogen oxide
emissions have remained relatively constant. Also, equipping a
FIGURE
19.8
coal-fired power plant with a scrubber reduces the efficiency at which the coal
A scrubber is used to remove
energy is converted to electrical energy from 37 percent to 34 percent.
most of the sulfur dioxide created
Fewer pollutants and greater efficiencies are achieved by redesigning the comwhen coal is burned.
bustion process. In conventional power plants, pulverized coal is burned in a
combustion chamber, where the heat vaporizes water in steam tubes. Newer
chambers send jets of compressed air into the pulverized coal, and as a result the
coal becomes suspended as it burns. This allows the coal to burn more efficiently
and also provides a better transfer of heat from the coal to the steam tubes.
Because air-suspended coal burns more efficiently, lower temperatures can be
maintained, resulting in a tenfold decrease in nitrogen oxide emissions. (Recall
from Chapter 17 that nitrogen oxides form as atmospheric nitrogen and oxygen
are subjected to extreme temperatures.) Air-suspended coal can be burned in the
presence of limestone, which removes more than 90 percent of the sulfur dioxide as it forms, thus avoiding the need for a scrubber. Cleaned of sulfur and
nitrogen oxides, the hot, pressurized effiuent can be directed into a gas turbine
that generates electricity in tandem with the steam turbine. Overall, this system
converts coal energy to electrical energy with an efficiency of about 42 percent.
More efficient combustion is one possible future for coal. Another and more
hopeful future involves treating coal with pressurized steam and oxygen, a process
that produces clean-burning fuel gases such as hydrogen, H2. These futures for coal,
however, are only short-term. Like all other fossil fuels, coal is a nomenewable
energy source, and it will not be with us for the long haul if we continue to burn it.
Scrubbed gas to atmosphere

What is the major advantage

of using coal as an energy source?

Was this your answer? Coal is relatively abundant,
used as an energy source for many years to come.
PETROLEUM

IS THE KING

which means it can be

OF FOSSIL FUELS

The energy content of the coal reserves in the United States far exceeds that of
the fossil fuel reserves of all Middle East nations combined. Why, then, does the
United States import so much petroleum from these nations? The immediate
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answer is because petroleum is a liquid, and liquids are far more convenient to handle in bulk
quantities.
Consider, for example, that because petroleum
is a liquid, it is easy to extract from the Earth.
Punch a hole in the ground in the right place, and
up it comes-no
underground mining necessary.
Being a liquid, petroleum is also easy to transport.
Huge oil tankers easily load and unload liquid
petroleum, as shown in Figure 19.9. On land,
petroleum can be pumped vast distances via a network of pipelines. Coal, on the other hand, must
be dug out of the ground with heavy machinery
and shipped as solid cargo, usually aboard trucks or
freight trains.
Petroleum is also versatile. It contains all the commercially important hydrocarbons, such as those that make up gasoline, diesel fuel, jet fuel, motor oil,
heating oil, tar, and even natural gas. Using fractional distillation (Section 12.1),
oil refineries can convert one type of petroleum hydrocarbon to another, thereby
tailoring their output to fit consumer demand. Furthermore, petroleum contains much less sulfur than does coal and so produces less sulfur dioxide when
burned. So, despite its vast coal reserves, the United States has a royal thirst for
petroleum, the king of fossil fuels, consuming about 20 million barrels each day.
This is about 11 liters per U.S. citizen per day.
Of the 20 million barrels of petroleum consumed each day in the United
States, 19 million is burned for energy. The remaining 1 million is used to provide raw material for the production of organic chemicals and polymers. Thus
only one-twentieth of the hydrocarbons consumed daily goes into useful materials. The rest is burned for energy and ends up as heat and smoke.
NATURAL

GAS

IS THE

PUREST

FOSSIL

FUEL

Natural gas is a component of petroleum, but there are also vast deposits of free
natural gas in underground geologic formations. The natural gas in these deposits
can be collected and stored in tanks like the ones shown in Figure 19.10.
Natural gas burns more cleanly than petroleum and much more cleanly than
coal. This purest of fossil fuels contains negligible quantities of sulfur; hence,
insignificant amounts of sulfur dioxide are produced. Also, because natural gas
burns at lower temperatures, only small amounts of nitrogen oxides are released.
Perhaps most important, however, is that generating energy from natural gas
produces less carbon dioxide-about
half as much as is produced from burning

BUT
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Petroleum is easilyand cheaply
transported because it is a liquid.

• In the 195°5,petroleum geologist
M. King Hubbert used data about
known and projected petroleum
reserves in the United States to
predict that u.s. oil production
would peak in the early 1970s. In
1971,Hubbert's prediction came
true. Applying Hubbert's methods to known and projected
world oil reserves strongly suggests that world oil production
will have peaked before 201o. This
peak in world oil production is
known as Hubbert's Peak. It tells
us that as world oil production
continues to decline, the price of
oil and oil-based products, such
as plastics and gasoline, will rise
exponentially.
MORE

TO

EXPLORE,

Hubbert's Peak
www.princeton.edu/hubbert

FIGURE

19.10

Natural gas is stored in large
spherical tanks because this shape
holds the greatest volume for a
given amount of containment
material.
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If you use gasand it is stored outsideyour home in a pressurized
tank, you are using propane. If
there is no tank outsideyour
home, you are using methane.

coal. Because it is a gas, however, this fossil fuel is cumbersome to isolate and
transport. Also, its natural abundance is not much greater than that of petroleum. Therefore, we cannot rely on natural gas for meeting our long-term
energy needs. Experts suggest, however, that switching to natural gas as much
as possible may buy time and protect the environment until technologies for
nonfossil energy sources are perfected and made competitive.
Another advantage of natural gas is that it can be used to generate electricity
with great efficiency. With a steam turbine, fossil fuel is burned in a boiler to
produce steam, which runs the electricity-generating turbine, as shown in
Figure 19.1. Such a system burning natural gas to boil the water produces electricity with an efficiency of about 36 percent, comparable to the 34 percent
efficiency attained using coal. However, as mentioned in Section 19.1, the latest development in turbine technology is the gas turbine, in which the step of
converting water to steam is eliminated. Instead, the hot combustion products
of natural gas are what drive the paddle wheels of the turbine. In addition, the
exhaust from the gas turbine is sufficiently hot to convert water to steam,
which is then directed to an adjacent steam turbine to generate even more electricity. This system of using a gas turbine in tandem with a steam turbine can
produce electricity with an efficiency as high as 47 percent. Even higher efficiencies can be attained by chemically converting natural gas to molecular
hydrogen, H2, which can be used to generate electricity in fuel cells, discussed
in Section 11.3.
There are two types of natural gas supplied to consumers, one containing
primarily methane, CH4, and the other containing primarily propane, C3Hs.
Methane is lighter than air, which makes it relatively safe to deliver through a
network of pipes extending throughout a municipality. If a leak occurs, the
methane merely rises skyward, minimizing the fire hazard. Propane is heavier
than air and readily liquefies under pressure. Because of these properties,
propane is best stored as a liquid in pressurized tanks like the one shown in
Figure 19.11. Propane tanks are used in areas not connected to municipal gas
lines and require periodic filling.
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Of the three forms offossil fuels, which is most abundant worldwide?
Which burns most cleanly? Which is the easiest to transport?

Were these your answers? Coal is the most abundant. Because it contains
few impurities, natural gas burns most clean ly.Because it is a liquid, petroleum is easiest to transport.

• 19.3 There Are Two Forms of Nuclear Energy
Figure 19.12 summarizes the two forms of nuclear energy. One form is
nuclear fission, which involves the splitting apart oflarge atomic nuclei, such as
uranium or plutonium. The other is nuclear fusion, which involves the combining of two small atomic nuclei, such as deuterium and tritium, into a single
atomic nucleus, helium. All nuclear power plants to date use nuclear fission.
These plants produce electrical energy without emitting any atmospheric pollutants. For a review of the concepts underlying nuclear fission and fusion, see
Chapter 4. In this section we discuss some of the social and technological issues
related to nuclear energy.
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Nuclear

Nuclear fission involves the splitting apart of large atomic nuclei.
Nuclear fusion involves the coming together of small nuclei.

fragments
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Energy
released

+

w)

Neutrons

Nuclear fusion
Small
nuclei
Energy
released
Products
of fusion

NUCLEAR

FISSION

GENERATES

SOME

OF OUR

ELECTRICITY

Nuclear fission energy for the commercial production
of electricity has been
with us since the 1950s. In the United States, about 20 percent of all electrical
energy now originates from 103 nuclear fission reactors situated throughout the
country. Other countries also depend on nuclear fission energy, as is shown in
Figure 19.13. Worldwide, there are about 442 nuclear reactors in operation and
29 currently under construction.
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Percentage of electricity generated from nuclear fission reactors
in selected countries.
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YuccaMountain in Nevadais a
promising site for a permanent
repository for nuclear wastes.
Exploratory tunnels have already

been drilled, and extensivetests
are underway.

Countries turning to nuclear fission energy have decreased their dependence
on fossil fuels and have diminished their output of carbon dioxide, sulfur oxides,
nitrogen oxides, heavy metals, airborne particulates, and other pollutants. Money
that would have been spent on foreign oil payments has been saved. It is estimated, for example, that nuclear fission energy has saved the United States
$150 billion in foreign oil payments.
Without an enormous and concerted conservation effort, the world energy
demand is going to increase, especially in light of growing populations and the
dire need for economic growth in developing countries. Should nuclear energy
production come to a standstill, allowing fossil fuels to accommodate this
increased energy demand? Or should we continue to operate existing nuclear
power plants-and even build new ones-until the alternative sources of energy
discussed later in this chapter become feasible on a large scale? Nuclear advocates suggest a fivefold increase in the number of nuclear power plants over the
next 50 years. They argue that nuclear fission is an environmentally friendly
alternative to increased dependence on fossil fuels.
In the United States, however, the public perception of nuclear energy is less
than favorable. There are formidable disadvantages, including the creation of
radioactive wastes and the possibility of an accident that releases radioactive substances into the environment. In rebuttal, advocates point out that we cannot
insist that nuclear fission energy be absolutely safe while at the same time accept
tanker spills, global warming, acid rain, and coal-miner diseases.
So how much radioactive waste is there? According to the U.S. Department
of Energy, there is on the order of 40,000 tons of spent nuclear fuel rods stored
at reactor sites around the nation, and this amount continues to grow by about
2000 tons each year.The military is also a significant source of radioactive wastes.
Holding tanks at the Hanford nuclear weapons plant in the State of Washington,
for example, contain about 200 million liters of highly radioactive wastes. The
general consensus among scientists is that our radioactive wastes are best handled
by storing them in underground repositories located in geologicallystable regions.
Water seeping into such a repository, however, could greatly accelerate the corrosion of casks housing the radioactive wastes. Therefore, an
effective repository should also be relatively void of water
and placed hundreds of meters above any water table.
To date, no long-term repositories are in operation
anywhere in the world, primarily because few, if any,
communities want such a repository in their "backyard."
Furthermore, once a potential site gets chosen, extensive
and time-consuming evaluations are necessary. For example, tests at a promising site beneath Yucca Mountain in
Nevada, shown in Figure 19.14, have been going on since
1982. In 2002, President George W Bush gave his
approval to the site. If approval is upheld, a network of
tunnels 150 kilometers in combined length could accommodate 70,000 tons of radioactive wastes. Signs of water
seepage, however, raise concerns that this site is less than
ideal. If so, what then? Because of the difficulty in finding locations and the costs involved, Yucca Mountain is
currently the only site under consideration in the United States.
In addition to generating radioactive wastes, nuclear power plants pose the risk
of having an accident in which radioactive material is released into the environment. The safety design of a nuclear power plant, however, has great bearing on
the risks associated with generating nuclear fission energy. In 1979, a nuclear reactor at a facility on Three Mile Island, near Harrisburg, Pennsylvania, heated to the
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point that the reactor core began to melt. No appreciable radioactivity leaked into
the environment because the core was housed in a containment building (shown
in Figure 4.27). Seven years later, in 1986, a total meltdown occurred at the
nuclear power plant shown in Figure 19.15, the Chernobyl plant in what is now
Ukraine. Notably, the reactor core of the Chernobyl plant was not built and operated in accordance with internationally accepted nuclear safety principles. For
example, the medium used to control the fission reactions was graphite, which
loses its ability to control the reactions as the core temperature rises. Also, the reactor was not housed in a containment building. Because there was no containment
building, large amounts of radiation escaped into the environment.
Risk analysis of all nuclear power plants operated according to internationally
accepted safety standards indicates that one significant release of radioactive material from one of these plants can be expected every 200 years. Recent technological
advances, however, hold the promise of lowering this rate considerably. The new
Generation IV plant designs discussed in Chapter 4 involve smaller reactors that
generate between 155 and 600 megawatts of power rather than the 1500 megawatts
that is the usual output of today's reactors. Smaller reactors are easier to manage and
can be used in tandem to build a generating capacity suited to the community
being served. Perhaps most significantly, as breeder reactors they can be run using
uranium isolated from spent nuclear fuel otherwise destined for long-term burial.
Significant advances have also been made in reactor safety. Earlier reactors rely
on a series of active measures, such as water pumps, that come into play to keep
the reactor core cool in the event of an accident. A major drawback is that these
safety devices are subject to failure, thereby requiring backups and, in some cases,
backups to the backups! The Generation IV reactor designs provide for what is
called passive stability, in which natural processes, such as evaporation, are used
to keep the reactor core cool. Furthermore, the core has a negative temperature
coefficient, which means the reactor shuts itself down as its temperature rises
owing to a number of physical effects, such as any swelling of the control rods.
The percentage of the world's electricity produced by fission reactors in 2005
stood at about 16 percent. Without major efforts to replace aging plants, the
International Atomic Energy Agency projects that by 2020 nuclear reactors will
account for as little as 9 percent of the world's electricity generation. This poses
a tough dilemma because projections are that by 2020 the world's electrical
needs will have increased by about 75 percent, as indicated in Figure 19.16. If
nuclear fission energy is phased out, what will replace it? This question is of particular concern when viewed in the context of the Kyoto Protocol, an agreement among some 160 nations that by 2012 they will have reduced their
emissions of greenhouse gases back to or below 1990 levels.
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In 1986, a meltdown occurred at
this nuclear power plant in Ch ernobyl, Ukraine. Becausethere
was no containment building,
large amounts of radioactive
material were released into the
environment. Three people died
outright, and dozens more died
from radiation sicknesswithin a
few weeks.Thousands who were
exposed to high levelsof radiation stand an increased risk of
cancer.Today, 10,000 square
kilometers ofland remain contaminated with high levelsof
radiation.

• According to the World Nuclear
Association: "During the next
50 years, as Earth's population
expands from 6 billion toward
9 billion, humanity will consume
more energy than the combined
total used in all previous history.
With carbon emissions now
threatening the very stability of
the biosphere, the security of OUT
world requires a massive transformation to clean energy.
'Renewables'like solar, wind and
biomass can help. But only
nuclear power offers clean, environmentally friendly energy on a
massive scale."
MORE

ro

EXPLORE,

World Nuclear Association
wwwworld-nuclear.org/
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Totalworldwideelectricityconsumption projectedthrough the
year2020.
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of nuclear fission as an energy source?

Was this your answer? Nuclear fission reactors generate large amounts of
radioactive wastes that require permanent, large-scale storage facilities.
NUCLEAR

•
• Small-scale, tabletop nuclear
fusion devices, known as compact accelerator neutron generators, are routinely used as a
source of neutron radiation. By
design, however, these devices
consume more energy than they
release. The beam of neutrons
generated by these devices can
be used to identify the elemental
composition of a material. The
coal industry uses such beams to
measure the sulfur content of
coal in real time as the coal
moves over conveyor belts. The
cement industry similarly uses
these beams to judge the quality
of cement mixes. These fusiongenerated neutrons are also used
to identify the elemental composition of nuclear wastes and for
the detection and identification
of explosives.
MORE

TO

EXPLORE,

www.aip.org/tip/INPHFA/
vol-g/iss-6/p22.htm 1

FUSION

IS A POTENTIAL

SOURCE

OF CLEAN

ENERGY

A potential major source of energy for the mid- to late-21st century is nuclear
fusion. In today's experimental fusion reactors, deuterium and tritium atoms
(both isotopes of hydrogen) fuse to create helium and fast-flying neutrons. The
neutrons escape from the reaction chamber, carrying with them vast amounts of
kinetic energy.
Two positively charged hydrogen nuclei do not just willingly come together,
however, because there is a powerful electric force of repulsion to be overcome.
In Section 4.10, we discussed one possible method for fusing hydrogen nuclei:
laser confinement, which involves dropping pellets of deuterium and tritium
into the crossfire of powerful lasers that squeeze the fuel to a density 20 times
that oflead. Another technique is magnetic confinement, which involves bringing nuclei to star-hot temperatures (about 350 million degrees Celsius) so that
they are moving so fast that their inertia brings them into contact with one
another and they fuse. Because the star-hot deuterium and tritium fuels are fully
ionized, they can be contained by strong magnetic fields. For both systems,
energetic neutrons escape into a surrounding "blanket" that absorbs heat that
can be used to create either steam or hot ionized gases for generating electricity.
Fusion has already been achieved in several devices, but not beyond the
break-even point, where the amount of energy produced is the same as the
amount consumed. Much basic research is still required and is the focus of a
number of international collaborative efforts. As discussed in Chapter 4, foremost among these efforts is the International Thermonuclear Experimental
Reactor (ITER), which will be a scale-up of the Princeton Tokamak Fusion Test
Reactor shown in Figure 19.17.
Fusion energy offers a number of advantages over all other energy sources,
including fission. Fusion reactors do not produce air pollutants that contribute
to global warming or acid rain. The deuterium fuel they use is available in essentially unlimited supply from seawater, and tritium can be generated on-site as
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part of the fusion process. Lastly, the amounts of radioactive wastes produced
are much smaller than the amounts produced by fission reactors.
One important possible drawback for fusion power is that the cost of building fusion facilities may well exceed the value of the returns. Scientists already
know that a fission facility generally needs to be operating for about 20 years
before investments are recovered. Because fusion power is necessarily more complex, the time span for financial recovery is likely to be much longer. Thus, only
the most developed nations may be able to afford nuclear fusion power plantsand not so many at that. Meanwhile,
demographers
tell us that the greatest
energy needs in the future will be in rapidly growing developing nations. So
despite the potential technical advantages of fusion power, on a social level its
development may widen the gap between the haves and have-riots of this world .

•

ENERGY

How many nuclear fusion plants are generating
today?

electricity for communities

Was this your answer? Because there are many technical hurdles yet to be
overcome in buildinq fusion plants, there are currently none in operation.

• 19.4 What Are Sustainable Energy Sources?
-The fossil fuels currently available to us are limited. At present rates of consumption, known recoverable oil and gas reserves will disappear by the end
of the century and coal reserves several centuries after that. Furthermore,
burning fossil fuels adds undesirable amounts of greenhouse gases to the atmosphere.
Nuclear fission reactors do not emit greenhouse gases, but they generate massive
quantities of radioactive wastes. Nuclear fusion reactors offer many potential
benefits, but it may take many decades before they are both technologically
and
economically feasible. So what do we do?

19.17

(a) An interior view of the Tokamak Fusion Test Reactor at the
Princeton Plasma Physics Laboratory. Magnetic fields confine a
fast-moving plasma to a circular
path. At a high-enough temperature, the atomic nuclei in the
confined plasma fuse to produce
energy. (b) A cross-sectional view
of the ITER (rhymes with "fitter") planned to be built and
operating in Cadarache, France,
before 2020.
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What we ultimately need are sustainable energy sources and we need access to
those sources as soon as possible. The ideal sustainable energy source is one that
is not only inexhaustible but also environmentally benign. The nuclear fusion
reactor has the potential to become an excellent sustainable energy source, but
the ultimate source of sustainable energy is the nuclear fusion that goes on
within our sun. Other astronomical sustainable energy sources we can tap into
include the warm interior of our own Planet Earth, as well as tidal forces resulting from the close proximity of the moon. For the remainder of this chapter, we
discuss various technologies that allow us to tap into these solar-system-sized
energy sources.
Switching to sustainable energy sources will require commitment from the general public. Perhaps the largest obstacle to changing public attitudes is the present
abundance of fossil fuels, which are so packed with energy and so incredibly convenient to burn. In a national survey of public attitudes conducted by the U.S.
Department of Energy, however, sustainable sources were the most desirable form
of energy by far. But can people put their money where their hearts are? Fortunately,
technologies are progressing rapidly, and sustainable energy sources will eventually
cost the consumer less.This is a critical point because in a market economy, it is the
dollar that speaks. Let's take a look at what some of the major alternative sustainable energy technologies have to offer as well as some of their potential drawbacks.

•

CK
What is a sustainable

energy source?

Was this your answer? A sustainable energy source is an energy source that
has the potential for being available indefinitely. The technologies that take
advantage of these sources should be environmentally benign.

• 19.5 Water Can Be Used to Generate Electricity
~ower

originates from one of three sources: the sun, Earth's hot
~~~~rfor,or the moon. As you read the following descriptions of methods we use to harness energy from water, trace the energy to one of these three
sources.

W

HYDROELECTRIC
POWER
OF FLOWING WATER

COMES

FROM THE KINETIC

ENERGY

Water flowing through a hydroelectric dam rotates a turbine that spins an electric generator to produce electricity, as Figure 19.18 illustrates. In a modern
facility, the efficiency with which kinetic energy is converted to electrical energy
can be as high as 95 percent, which translates to low costs for the consumer.
Hydroelectric power is clean, producing no pollutants such as carbon dioxide,
sulfur dioxide, and other wastes. The source of this power is the sun, which
transports water to mountain altitudes by way of the hydrologic cycle. Hydroelectric power is the most widely used sustainable energy source in the United
States, supplying about 10 percent of our electricity needs. In developing countries, hydroelectric power supplies about 30 percent of all electricity needs.
There is great potential for increasing the output of hydroelectric power,
but not by building more dams. Only 2400 of the 80,000 existing dams in the
United States are used to generate power. Many of these "untapped" dams
could be fitted with turbines and generators. Furthermore, most hydroelectric
dams in the United States were built in the 1940s, when equipment was not
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An overviewof a hydroelectric
dam.

River

as efficient as it is today. New technologies can allow these older plants to
operate more efficiently, producing more electricity. The U.S. Department of
Energy estimates that a 1 percent improvement in the efficiency of existing
US hydropower plants would produce enough power to supply 283,000
households.
Hydroelectric power plants may be pollutant-free, but for the local environment around the dam, there are surely consequences (Figure 19.19). Fish
and wildlife habitats are significantly affected. One tragic consequence of
some dams is that they prevent fish from reaching their spawning grounds;
therefore, fish populations decline. To address this concern, many dams have
been retrofitted with fish "ladders" that are supposed to encourage upstream
migration to spawning grounds. The success of these ladders has been limited,
however. Reservoirs created by dams tend to fill with silt, affecting water quality and limiting the lifespan of the dam. Furthermore, dams detract from the
natural beauty of a river, and in many cases, valuable downstream cropland is
lost or disrupted. Dams also need to be well maintained and inspected regularly to minimize the potential of a break, which would lead to catastrophic
flooding.
TEMPERATURE
DIFFERENCES
CAN GENERATE ELECTRICITY

IN THE OCEAN

There is always a difference between the temperature of surface seawater (warmer)
and the temperature of deep seawater (colder). A process known as ocean thermal
energy conversion (OTEC) exploits this difference to produce electricity. As shown
in Figure 19.20, warm surface water is used to boil a liquid that has a low boiling
point, such as ammonia. The resulting high-pressure vapor pushes against the turbine, and the movement of the turbine generates electricity. After passing through
the turbine, the vapor enters a condenser, where it is exposed to pipes containing
cold water pumped up from great ocean depths. As its temperature drops, the
vapor condenses to a liquid, which is recycled through the system.
OTEC is limited to regions where differences between ocean surface temperatures and deepwater temperatures are greatest. Fleets of floating offshore rigs have
been proposed, with the electricity generated used to produce transportable
hydrogen fuel made from seawater. Onshore OTEC plants are best suited for
islands, such as Hawaii, Guam, and Puerto Rico, where deep waters are relatively

FIGURE
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The Three Gorges Dam under
construction in China. The Chinese government estimates it will
spend about $25 billion to build
what will be the world's largest
hydroelectric project. When completed in 2009, the dam will
extend 2.2 kilometers across,
creating a reservoirthat will be
600 kilometers long and will have
displaced closeto 2 million people from their homes and altered
the natural habitat of the soon-tobe-extinct Chinese river dolphin
(as 0£2005 only about 5 individual dolphins remain). The capacity of the dam will be on the
order of 19,000 megawatts.This,
combined with another 82,000
megawatts from other current
hydroelectric projects, will provide an estimated 30 percent of
the country's electricity.
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G) Warm surface water is used

An ocean thermal energy conversion operation.

to vaporize ammonia.

CD Vapor pushes against turbine.

CD Vapor condenses to liquid

<.

ammonia as it is cooled by
cold water.

Warm surface water

Ocean

~

Cold deep water

close to shore. The world's first OTEC plant, shown in Figure 19.21, has been
running in Hawaii since 1990, producing
about 210 kilowatts of electricity.
Most of this electricity is used by a local aquaculture
industry, which uses the
nutrient-rich
deep ocean water piped by the OTEC unit to breed specialty fishes
and crustaceans for the U.S. and Japanese markets. Interestingly, the piped cold
water is also used to air-condition the OTEC offices and laboratories.
CiEOTHERMAL

ENERCiY

COMES

FROM

EARTH'S

INTERIOR

Earth's interior is quite warm because of radioactive decay and gravitational
pressures. In some areas, the heat comes relatively close to Earth's surface. When
this heat pokes through, we see it as lava from a volcano or steam from a geyser.
This is geothermal energy, and it can be tapped for our benefit. Figure 19.22
shows some areas in the United States that have geothermal activity.

FIGURE

19.21

(a) An aerial view of The Natural
Energy Laboratory of Hawaiithe world's first OTEC facilitylocated oceanside of the
Kona-Kailua airport. (b) The vertical axis turbine of the OTEC
facility. The vapor-to-liquid heat
exchanger is seen to the right.
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19.22

Regions of the United States
where the prospects for geothermal energy are greatest.

Potential applications

o Electric generation
o Direct heat
Hydrothermal energy is produced by pumping naturally occurring hot water
or steam from the ground. It is the predominant form of geothermal energy now
being used commercially
for electricity generation.
Californians
currently
receive about 1000 megawatts from hydrothermal power plants operating in a
region known as the Geysers, a large steam reservoir north of San Francisco.
There are 45 hydrothermal power plants in the United States, and many more
in Italy, New Zealand, and Iceland. The present generating capacity of all
hydrothermal power plants worldwide is about 7000 megawatts; one installation is shown in Figure 19.23.
Hydrothermal
plants produce electric power at a cost competitive with the
cost of power from fossil fuels. Besides generating electricity, hydrothermal
energy is used directly to heat buildings. Across the United States, geothermal
hot-water reservoirs are much more common than geothermal steam reservoirs.
Most of the untapped hot-water reservoirs are in California, Nevada, Utah, and
New Mexico. The temperatures of these reservoirs are not hot enough to drive
steam turbines efficiently, but the water is used to boil a secondary fluid, such as
butane, whose vapors then drive gas turbines.

FIGURE

19.23

About 50 percent of the electricity generated in Iceland is from
geothermal sources. This is the
Blue Lagoon, a warm pool created from the effluent of the
hydrothermal power plant visible
in the background.
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• As little as 5 meters below Earth's
surface, the temperature
remains nearly constant yearround. In New England, for example, the ground at this depth
remains at about SOC(46°F).During the winter, ground water can
be pumped into a basement heat
exchanger, where it causes a lowboiling material, such as freon, to
evaporate. This cools the water
down to about 4°C (39°F)but
adds energy to the freon. The
gaseous freon is then pumped to
a network ofbaffies, where it condenses, releasing this heat to a
second system of water that is
piped throug h the floors of the
house. Repeated cycles of the
heat exchanger can warm the
second system of water to up to
50°C(120°F),which is sufficient to
keep the house toasty warm
through the winter. This variation
of geothermal energy is applicable to nearly any home or business with a backyard. The source
of the energy is actually solar.
Can you figure out why?
MORE

ro

EXPLORL

Geothermal Heat Pump
Consortium
wwwgeoexchange.org/

Hot dry-rock energy, another form of geothermal energy, involves using
hydraulic pressure to open up a large reservoir deep underground. Liquid water
is injected into the reservoir, heated by the hot rock, and then brought back to
the surface as steam to generate electricity. One test facility near Los Alamos,
New Mexico, consists of wells drilled to a depth of 4 kilometers.
Geopressured brine, yet another form of geothermal energy, is extracted warm
subterranean brine water that is high in dissolved methane. Deposits of this
brine are found primarily along the coast of the Gulf of Mexico. The methane
can be separated on-site and then used to heat the brine. Both these technologies are still largely developmental.
Geothermal energy is not without disadvantages. Few gaseous pollutants are
emitted, but one of those pollutants is hydrogen sulfide, H2S, which smells of rotten eggs even at low concentrations. Also, water coming from inside the Earth is
often several times more saline than ocean water. This salty water is highly corrosive, and its disposal is a problem. Furthermore, withdrawing water from geologically unstable regions may cause land to subside and possibly trigger earthquakes.
THE ENERGY

OF OCEAN

TIDES

CAN BE HARNESSED

The moon's gravitational pull on our planet is uneven. The side of Earth closest
to the moon experiences the greatest pull, and the side farthest away experiences
the weakest pull. The result of this uneven pull is a subtle, planerwide elongation of our oceans. As the Earth spins underneath this elongation, Earthbound
observers notice a perpetual rise and fall of sea level. These are our ocean tides,
and they can be harnessed for energy.
Tidal power is normally obtained from the filling and emptying of a bay or
an estuary, which may be closed in by a dam. When tidal waters flow through
the dam (in either direction), they cause a paddle wheel or turbine to rotate, and
this motion generates electricity.
The prospects for using tidal power on a large scale are not good. In order to
be effective, the tides must be relatively great. This severely limits the number of
potential sites worldwide. Furthermore, many of these potential sites are praised
for their natural beauty. In such cases, public opposition to building a power
plant would be strong. Nonetheless, tidal power is an option some communities may wish to consider. One successful site, located in Brittany, a region of
France, produces about 240 megawatts of electricity.

Of the forms of water power discussed in this section, which are solar in origin? Which is lunar? Which is a result of Earth's hot interior?
Were these your answers? The energy obtained from dams, from ocean
thermal energy conversion, and from a geothermal heat exchanger is solar
because they all involve water being warmed by the sun. Tidal energy is
lunar, and geothermal energy is the result of Earth's hot interior.

• 19.6 Biomass Is Chemical Energy

r

~e

photosynthesis to convert radiant solar energy to chemical
~::~g:,sThis chemical energy comes in the form of the plant material
itself-biomass. We can use the energy ofbiomass in two ways: processing the
biomass to produce transportable fuels, or burning the biomass at a properly
equipped power plant to produce electricity. Biomass can be grown on demand

19.6

in regions where water supplies are abundant. If biomass is produced at a sustainable rate, the carbon dioxide released when the biomass is burned balances
the carbon dioxide consumed during photosynthesis. Biomass combustion
products generally contain about one-third the ash produced by coal and about
30 times less sulfur.
FUELS CAN BE OBTAINED

FROM

BIOMASS

The U.S. transportation industry is 97 percent dependent on petroleum and
consumes 63 percent of all petroleum stockpiles. Fuels from biornass, such as
the alcohols ethanol and methanol, are natural alternatives to petroleum-based
fuels. In fact, both these alcohols have a higher octane rating than gasoline,
which is why they are the preferred fuels of race-car drivers. They were also the
preferred fuels of automotive pioneers Henry Ford and Joseph Diesel, who originally intended biofuels for their automobiles. Ethanol from fermented grains
was about to be used by the automobile industry just prior to the passage of the
19th U.S. Constitutional Amendment prohibiting its use. Prohibition allowed
the petroleum industry to take over.
Today in the United States, government programs requiring the addition of
10 percent alcohol to gasoline are becoming widespread. You can recognize a
service station selling gasohol by signs such as the one shown in Figure 19.24.
Ethanol, also known as grain alcohol, can be prepared from the fermentation of
food biomass-any grain will do, but simple carbohydrates such as sugars work
best. Methanol, also known as wood alcohol, can be obtained by heating woody
biomass in the absence of atmospheric oxygen. The methanol evaporates and is
collected by distillation. The remaining un distilled plant matter produces a charcoal that is the equivalent of sulfur-free coal. Furthermore, some important
industrial chemicals, such as acetic acid, acetone, and hydrocarbon-based oils, are
also produced.
Ethanol is currently the biofuel used most widely in the United States,
accounting for nearly 1 percent of the nation's transportation fuel needs. Production is based in the Midwest, where about 400 million bushels of corn are
fermented into more than 4 billion liters of ethanol annually. The country
that has the largest program is Brazil, where ethanol is produced from the fermentation of sugar cane. The Brazilian program was an innovative response
to the oil crisis of the 1970s. By 1989, some 12 billion liters of ethanol
replaced almost 200,000 barrels of gasoline a day in approximately 5 million
Brazilian automobiles. The program created 700,000 jobs and significantly
improved air quality in polluted metropolises, such as Sao Paulo and Rio de
Janeiro.
Ethanol from fermentation is relatively expensive because of the great financial and environmental costs of growing food biomass, a process that requires
vast amounts of water and fertilizer. Ethanol derived from petroleum is actually
less expensive. (But only because crude oil prices are kept artificially low. If taxpayer subsidies, exemptions from paying for the environmental damage from
mining and drilling, and the cost of military protection are factored in, the price
of crude oil quadruples.)
Methanol from biomass can also be costly because only relatively small
amounts of it are produced through distillation. For this reason, most methanol
today is produced from natural gas. The coal industry is even gearing up to
produce methanol from its vast coal reserves. However, creating methanol from
coal produces more pollution than is saved by burning the cleaner methanol.
On the bright side, technology is being developed for making fermentable
sugars out oflow-cost woody feed stocks. Ethanol produced from such inexpensive sources would be greatly cheaper than gasoline.

BIOMASS

IS CHEMICAL

ENERGY
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•
• Does biomass sound reminiscent
offossil fuels? It should, because
biomass is simply a fossil fuel
without the fossil-dead plant
material that has yet to turn into
coal, petroleum, or natural gas.
Just about anything you can do
with fossil fuels, you can do with
biomass, except, of course,
deplete it and create as much
pollution.
MORE

TO

EXPLORE,

National Renewable Energy
Laboratory
www.mel.gov/biomass/

Gasohol is gasolinecontaining
an alcoholadditive.The alcohol
providesan octane boost, allowing an engine to run more efficientlywith lesspollution. If the
alcohol is produced from biomassgrown within a nation,
there is the added benefit of a
reduced dependence on foreign
oil.
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FIGURE

19.25

Since 1984, the Vermont Biomass Gasification Project has
supplied more than 50 MW of
electricity to the Burlington, Vermont, area. The electricity is generated by gas turbines powered
by the combustion of a gaseous
fuel mixture created as wood
chips are mixed with very hot
sand (lOOO°C).

CAN

BE BURNED

TO GENERATE

ELECTRICITY

Converting biomass to a transportable fuel is an extra step that
decreases energy efficiency. Higher efficiencies are obtained by
burning the biomass directly. In the United States, electricity
produced from biomass has grown from 200 megawatts in the
early 1980s to more than 8000 megawatts in 2000-a
4000
percent increase. Estimates are that this will grow to about
23,000 megawatts by 2020. Most biomass power is generated
by paper companies and forest products companies, using
wood and wood wastes as fuel. Municipalities are experimenting with solid-waste incinerators that provide electricity and
waste disposal simultaneously. (On average, about 80 percent
of the dry weight of municipal solid waste is combustible
organic material.)
The traditional approach to generating electricity from biomass is to bum the biomass in a boiler where water is converted
to steam used to drive a steam turbine. Efficiencies can be more
than doubled by first converting the biomass to a gaseous fuel,
which may be done by applying air and steam at high pressure.
Alternatively, gaseous fuels are also produced by mixing the biomass with very hot sand, as is done at the Vermont facility
shown in Figure 19.25. The gaseous fuel is burned, and the hot
combustion products are directed to a gas turbine that generates
electricity. In addition, the exhaust gases from the turbine can be used to produce
steam for industrial applications or for additional power generation.

•

CK
What do biomass and fossil fuels have in common?
Was this your answer? They both originate from solar energy.

• 19-7 Energy Can Be Harnessed from Sunlight
unlight can be used directly to heat our homes. Mirrors and lenses can concentrate sunlight onto water to create steam for generating electricity. Sunlight
causes winds, which can drive electricity-producing wind turbines. With photovoltaic cells, the energy of sunlight can be converted to an electric current. All these
methods of harnessing energy from direct sunlight are advancing rapidly. In the near
future, they will be cost-competitive with methods using fossil and nuclear fuels.
SOLAR

HEAT

IS EASILY

COLLECTED

Whether you live in a hot or cold climate, you can conserve energy by taking advantage of the sun's rays. Heating water for bathing and washing dishes and clothes
consumes a considerable amount of energy. A typical household uses about 15 percent of its total energy consumption in that way. Energy to heat water could just as
well come from the sun as from the local electric power plant or natural gas supplier.
A solar energy collector for heating water is not much more than a black
metal box covered with a glass plate, as Figure 19.26 illustrates. Sunlight passes
through the glass and into the box, where it is absorbed by the black metal,
which becomes hot and so emits infrared radiation. Because glass is opaque to
infrared, these rays stay in the box and cause significant warming. Water passing
through pipes in the box is heated by this trapped warmth.
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Glass plate

Warm water

(b)

(a)

Water that has passed through a series of collectors can be scalding hot. This
water can be stored in well-insulated
containers and used for all washing purposes. Air passing over coils of solar-heated water becomes warm and may be
used to heat buildings. Even in cold northern climates, more than 50 percent
of all home heating could be obtained
from solar collectors.
Although
installing them can be expensive, over time they pay for themselves with energy
savmgs.
SOLAR

THERMAL

ELECTRIC

GENERATION

PRODUCES

ELECTRICITY

A variety of technologies collectively known as solar thermal electric generation
can be used to produce electricity from sunlight. One technology
involves
pumping
a synthetic
oil through
a pipe positioned
near a mirror-coated
trough, as shown in Figure 19.27. The extremely hot oil is then used to generate steam in a steam turbine being used to generate electricity. This design is
currently being used in the desert regions of southern California, where more
than 360 megawatts of electricity is produced at an operating cost of about 10
cents per kilowatt-hour.
A natural gas burner provides supplemental
heat during periods of high demand or cloudy weather.
A second technology involves a large array of sun-tracking
mirrors focused
so that the sun shines on the top of a central tower, where the temperature
soars to about 2200°C. Much of the solar heat is carried away by a molten salt,

FIGURE

19.26

(a) A solar energy collector is covered with glass to provide a
greenhouse effecr: sunlight passing into the box is converted to
infrared radiation, which cannot
escape. (b) Most solar energy collectors are located on roof tops.
The collectors are painted black
to maximize the absorption of
solar heat. The roof top collector
shown here is used for warming
an outdoor swimming pool.

FIGURE

I A solar

19.27

thermal electricI generation unit. A pipe containing synthetic oil is positioned
along a mirror-coated trough.
Sunlight hitting the mirror is
reflected onto the pipe and heats
the oil to 370°C. The hot oil is
then pumped out and used to
convert water to steam III a turbine in an electric power plant.
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hich type of cover best keeps
the water in a swimming pool
warm? Companies claim their
"solar pool covers" increase the
water temperature by as much as
lOoCabove the average outdoor temperature, What is the best material
from which to make a solar pool
cover? Perform this simple activity
to find out.
WHAT

YOU

NEED

Six identical soup bowls, aluminum
foil, colorless plastic food wrap, colorless plastic bubble wrap, black plastic
garbage bag, liquid detergent,
kitchen thermometer
PROCEDURE
1.

Cut one piece of aluminum foil,
food wrap, bubble wrap, and
garbage bag into a circle that
completely covers the top of a
bowl, with 1 centimeter or so of
overhang.

FIGURE

19.28

The SolarII powerplant near
Barstow,California.The central
tower is more than 70 meters tall,
and the sun-trackingmirrors
covera land areaof about 8 acres.

Set all six bowls outside in the sun
(preferably before noon), and fill
each with tap water to the brim.
Measure and record the temperature in each bowl.

3- Cover one bowl with the alu-

minum foil (shiny side up), one
with the food wrap, one with the
bubble wrap (bubble side down),
and one with the black garbage
bag. Add several drops of liquid
detergent to the fifth bowl, and
don't do anything to the sixth
bowl, which is your control.
4. The temperature of the water will
rise as the bowls sit in the sun, but
because of the different covers,
the temperature increase will vary
from bowl to bowl. Guess which
water will be warmest at the end
of the experiment, which will be
second warmest, and so on.

POOL

COVER

that are lightly overcast.) Take
temperature readings every half
hour. Stir the water with the thermometer before taking a reading,
and always rinse the thermometer after dipping it into the detergent-containing water. Record
your data.
6. Plot your data on a graph showinq
temperature on the vertical axis
and time on the horizontal axis.
Alternatively, develop a bar graph
showing the rise in temperature
of the water in each bowl over
time.

5. Allow the bowls to sit in the sun
for at least 4 hours. (Good results
can also be obtained with skies

primarily sodium nitrate, NaN03" The hot
molten salt is piped to an insulated tank
where the solar thermal energy can be
stored for up to 1 week. When electricity is
needed, the salt is pumped to a conventional steam-generating system for the production of electricity. The molten salt
recirculates to the central tower for reheating. An important advantage of this
approach is that the salt retains heat for a
long time, which allows for the production
of electricity even after the sun has set or
during periods of inclement weather.
Figure 19.28 shows the first commercial
central-tower solar thermal energy plant
installed in the United States. Located in
Barstow, California, it started operating in
1996 and generates about 100 megawatts of electricity.
WIND

POWER

IS CHEAP AND WIDELY

AVAILABLE

Wind power is currently the cheapest form of direct solar energy. This is due, in
part, to its simplicity-wind blows on a wind turbine, and the rotation of the
turbine blades generates electricity. Most of the early development of wind
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power took place in California during the 1980s
as a result of favorable tax incentives. Costs were
relatively high because there was little standardiz>-::2
ing of procedures and a lack of experience in mass
.~
s:
.- .Jtt.
production.
Today, most of these problems have
tn
30
QI l:
been resolved, and the reliability, performance,
-III u
III
1jIl: ~
and cost of wind power have improved dramati'u ~ 20
~ 0
cally, as the graph of Figure 19.29 shows. In
"'gc.
•..D.l:
regions where wind speed averages 13 miles per
'Cqi
hour, for example, the operating cost of windt:o E0
generated electricity now stands at about 4 cents
u
•..
per kilowatt-hour.
Unlike conventional
energy
1990
1995
2000
1985
2005
sources whose prices keep going up, the cost of
Year
wind energy has actually been coming down.
Within a decade it may well drop below 1 cent
per kilowatt-hour,
which is significantly cheaper
than the cost of electricity from conventional sources such as coal.
FIGURE
19.29
In 2005, the worldwide installed capacity for wind energy totaled about 50,000
Wind is free, but building and
megawatts, which is exponentially greater than the worldwide 1990 total of only
maintaining the wind turbines
2000 megawatts. For perspective, consider that the United States alone consumes
that convert wind energy to elecenergy at a rate of about 440,000 MW So, wind energy is still only a small pertrical energy is not. Over the past
centage of the total, but it is clearly the fastest-growing sector of the energy industry
20 years, the reliability and efficiency of wind turbines have
(Figure 19.30). The American Wind Energy Association (AWEA) estimates that
improved,
resulting in dramatiby 2020 wind power could supply at least 6 percent ofU.S. electric power needs.
cally
lower
costs for electricity
As is shown in Figure 19.31, most of the wind resources in the United States are
produced from wind power. In
concentrated in the northern Great Plains. The U.s. Department
of Energy estithe near future look for highly
mates that more than all of the nation's electricity needs could be met if the wind
efficient vertical-axis wind turin these states were fully exploited. Within a couple of decades, most wind-rich
bines in which the blades rotate
states of the Great Plains will likely exceed their demand for electricity and either
like a carousel.
export the excess or use it to create hydrogen fuel through the electrolysis of water.
The major drawback to wind energy is aesthetic: wind turbines are noisy, and
many people do not want to see them on the
landscape. These objections need to be weighed
against the benefit of reduced dependence
on
fossil fuels and the idea that if people are
endeared to the classic windmills of Holland,
then perhaps these new-age windmills might also
one day be looked upon as an attractive sign of
prosperity (Figure 19.32). Fortunately, much of
the wind-rich land in the United States is farmland, and wind power and agricultural activities
are compatible. At the Altamont wind farms in
California, ranchers lost only about 5 percent of
their grazing area. Their land prices, however,
quadrupled because of royalties they receive from
wind power companies using their land.
For people who purchase small wind turbines
for their home, unused electricity causes their electric meter to run backwards! As this happens, the
FIGURE
19.30
wind-generated electricity becomes available for other people connected to the same
grid. By law, utility companies are required to either purchase this electricity from
About 4000 wind turbines at the
turbine owners or provide credit on their electric bill. In this way, turbine owners
I Tehachapi site in southern Caliare able to "bank" the energy collected on windy days for use on days when the
fornia supply 626 megawatts of
electricity.
wind speed is too low.
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Most of the V.5. wind potential
is in the Great Plains region.

Power classification

05

6 Outstanding

03

Fair

Excellent

02

Marginal

01

Poor

04 Good

What do fossil fuels have in common with the various forms of direct solar
energy just discussed?
Was this your answer? They all originate with the sun.
PHOTOVOLTAICS

FIGURE

19.32

The European Wind Energy
Association anticipates the
installed wind energy capacity in
Europe to reach 180,000 MW by
2020.

CONVERT

SUNLIGHT

DIRECTLY

TO ELECTRICITY

Photovoltaic cells are the most direct way of converting sunlight to electrical energy.
Since their invention in the 1950s, photovoltaics have made remarkable strides.
The first major application was in the 1960s with the US. space programspace satellites carried photovoltaic cells to power radios and other small electronic
devices. Photovoltaics gained further momentum
during the energy crisis of the
mid-1970s.
The cost of receiving electricity through photovoltaics dropped from $60 per
kilowatt-hour
in 1970 to $1 per kilowatt-hour
in 1980 to about 18 cents per
kilowatt-hour
in 2005. This, however, does not include the cost of installing the
photovolatic system, which necessarily includes a mounting system, backup batteries, and other electrical equipment.
With these included, the average 2005
market price for a 2-kilowatt residential system is about $20,000. This amount
of money spread out over a 25 year lifespan comes out to around 37 cents per
kWh, assuming you live in a sunny climate. By comparison,
in 2005 utilities
charged an average of about 10 cents per kWh.
Worldwide, sales of photovoltaics grew from less than $2 million in 1975 to
more than $1 billion in 2000, but then grew exponentially to more than $7 billion by 2005. More than a billion handheld calculators, several million watches,
several million portable lights and battery chargers, and thousands of remote
communications
facilities are all powered by photovoltaic cells. As Figure 19.33
illustrates, the range of their usefulness is huge.
Photovoltaics
offer many advantages. Because they need minimal maintenance and no water, they are well suited to remote or arid regions. They can operate on any scale, from multiwatt portable electronic gear to multimegawatt
power
plants covering millions of square meters. Photovoltaic technology is progressing
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rapidly and is on the verge of being cost-competitive with fossil and
nuclear fuels.
Conventional photovoltaic cells are made from thin slabs of ultrapure silicon. The four valence electrons in a silicon atom allow for
four single bonds to four adjacent silicon atoms, as shown in Figure
19.34a. This configuration can be changed by incorporating trace
amounts of other elements that have either more or fewer than four
valence electrons. Arsenic atoms, for example, have five valence electrons each, also shown in Figure 19.34a. Within the silicon lattice,
four of these arsenic electrons participate in bonding with four silicon
atoms, but the fifth electron remains free. This is n-type silicon, so
called because of the presence of free negative charges (electrons)
brought in by the arsenic. Boron atoms, on the other hand, have only
three valence electrons, represented in Figure 19.34b. Incorporating
boron into a silicon crystal lattice creates "electron holes," which are bonding
sites where electrons should be but are not. This is p-type silicon, so called
because any passing electron is attracted to this hole as though the hole were a
positive charge.
What happens when a slice of n-type silicon is pressed against a slice of p-type
silicon? Remember that the n-type contains free electrons and the p-type contains electron holes just waiting to attract any available electrons. Sure enough,
electrons migrate across the junction from the n-type to the p-type, as shown in
Figure 19.35a. This occurs only up to a certain point, however, because losing or
gaining electrons upsets the electron-to-proton balance. As the n-type silicon
loses electrons, it develops a positive charge on its side of the junction. As the
p-type silicon gains electrons, it develops a negative charge. This charge buildup
at the junction serves as a barrier to continued electron migration, as Figure
19.35b illustrates.
Photovoltaic cells rely on the photoelectric effect, which is the ability of
light to knock electrons away from the atoms in an object. In most materials,

(a) n-Type silicon

FIGURE

(b) p-Type silicon

19.34

(a) The four valence electrons in a silicon atom can form four bonds. The fifth
valence electron of arsenic is unable to participate in bonding in the silicon lattice
and so remains free. Silicon that contains trace amounts of arsenic (or any other element whose atoms have fivevalence electrons) is called n-type silicon. (b) Boron has
only three valence electrons for bonding with four silicon atoms. One boron-silicon
pair therefore lacks an electron for covalent bonding. Silicon containing trace
amounts of boron (or any other element whose atoms have three valence electrons)
is calledp-type silicon.

FIGURE

FROM

SUNLIGHT
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Photovoltaic cells come in many
sizes,from those in a handheld
calculator to those in a rooftop
unit that provides electricity to a
house.
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Free electrons in n-type
slice repelled by negative
charge at junction.

(a) Initially, free electrons migrate
from the n-type silicon to the
p-type silicon. (b) Quickly, however, charge buildup at the junction prevents the continued flow
of electrons.

n-Type

+

p-Type

p-Type
(b)

(a)

Sunlight

\

\ \

The photoelectric effect in silicon. Light rays knock out bonding electrons, which are free to
travel about the crystal lattice.

FIGURE

the electrons either are completely ejected from the object or simply fall back to
their original positions. In a select number of materials, however, including silicon, dislodged electrons roam about randomly in and among neighboring
atoms without being locked into anyone place, as represented in Figure 19.36.
However, random electron motion is not an electric current because for every
one electron moving to the left, there is another canceling that motion by moving to the right. Greater random motion simply means higher temperatures.
This is why solar energy shining onto a piece of silicon produces nothing more
than heat.
The junction barrier between adjacent slices of n-type and p-type silicon acts
like a one-way valve. Electrons knocked loose in the n-type slice are inhibited
from migrating across the junction to the p-type slice. Electrons knocked loose
in the p-type slice, however, are readily drawn into the n-type slice, as shown in
Figure 19.37. So the flow of electrons across the barrier is unidirectional,
always from the p-type to the n-type. As Figure 19.37 shows, a complete electric circuit can be made by connecting a wire to the outside faces of the two
slices of silicon. When light hits either slice, dislodged electrons are forced by
the junction barrier to move in one direction: from the n-type slice through the
wire to the p-type slice and back again across the junction to the n-type slice.
This way, rather than being transformed to heat, energy from sunlight is transformed to electricity.

19.37

Free electrons in the n-type wafer
are repelled by the positive charge
of the p-type wafer. Free electrons
in the p-type wafer, however, are
attracted to the positive charge of
the n-type wafer. The energy of
sunlight gets these electrons moving to the point they are pushed
into an external circuit in a unidirectional fashion.
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One wafer of n-type silicon and one wafer of p-type are pressed together,
with no wire connecting the outside faces. An initial flow of electrons from
n-type to p-type results in a charge buildup at the junction. What happens
to this charge buildup as light shines on the n-type wafer: does it increase,
decrease, or stay the same?
Was this your answer? The num ber of free electrons in the n-type silicon is
greatly increased because the lig ht knocks electrons out of their atoms. An
electric "pressure" thus pushes more electrons throug h the barrier to the
electron holes in the p-type wafer This results in an even greater charge
buildup at the junction, which makes the migration of additional electrons
even more difficult When the light is turned off, the charge buildup drops
back to its normal level.

The goal of the photovoltaic industry is to create a cell that is highly efficient,
inexpensive to manufacture, and easily mass-produced. Traditional photovoltaic
cells manufactured from ultrapure crystalline silicon yield efficiencies as high as
15 percent, which is good. However, the high cost of producing ultrapure crystalline silicon prevents these cells from being cost-competitive. Although great
strides have been made in the past 20 years, electricity from these cellsstill remains
three to four times more expensive than electricity from conventional sources.
Perhaps the most promising area of photovoltaic research involves thin-film
photovoltaic cells. These cells are not produced from expensive crystalline silicon. Rather, they are formed as vaporized silicon or some other photovoltaic
material is deposited on a glass or metal substrate. The resulting films are about
400 times thinner than traditional silicon wafers, which saves in material costs.
Furthermore, the films are easy to mass-produce.

• 19.8 Our Future Economy May Be Based on Hydrogen
ne of the most ideal fuels is hydrogen, H2. By weight, hydrogen packs
more energy than any other fuel, which is why it is used to
launch spacecraft. It is readily produced from the electrolysis of
water, and the electrolysis equipment can be driven by solarderived electricity. In this way, hydrogen provides a convenient
means of storing solar energy.
Hydrogen burns very cleanly, producing almost nothing but
water vapor. The vapor can be used to drive a gas turbine for the
production of electricity. The waste heat can be used either for
industrial purposes or to warm buildings. The water that condenses
from the turbine can be used for agriculture or human consumption, or it can be recycledfor the production of more hydrogen.
Because it is a gas, hydrogen is easily transported through
pipelines. In fact, pumping hydrogen through pipelines is more
energy-efficient than transmitting electricity through power
lines. Thus, hydrogen facilities could be located in regions where
production is cheapest-desert
regions for solar thermal and
photovoltaics, windy regions for wind turbines, and moist regions for biomass-and then transported to meet the energy needs of distant communities.
Hydrogen can even be used as a fuel for automobiles, as shown in Figure
19.38. Porous metal alloys have been developed that absorb large quantities of

FIGURE

19.38

A hydrogen-powered test vehicle
developed by BMW The exhaust
consists primarily of water vapor.
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hydrogen gas. Pressing the gas pedal of a car powered by hydrogen fuel sends a
warming electric current to the alloy, which is housed in the gas tank. As the
alloy heats up, it releases hydrogen, which powers either an internal combustion
engine or an electricity-producing fuel cell. Gas stations of the future may truly
be gas stations!

Why does the combustion

of hydrogen produce no carbon dioxide?

Was this your answer? There is no carbon with which to form carbon dioxide! Hydrogen is an ideal fuel that when burned produces almost nothing
but water vapor-no carbon dioxide, no carbon monoxide, and no particulate matter.
FUEL CELLS PRODUCE

ELECTRICITY

FROM

FUEL

As Section 11.3 discussed, the most efficient way to produce electricity from
hydrogen, or any other fuel, is with a fuel cell. Utilities could produce megawatts
of electricity by stacking fuel cells. Present-day fuel cells have an efficiency of
about 60 percent, which is well above the 34 percent efficiency of a typical coalfired power plant. Interestingly enough, one potential source of hydrogen is
coal, which when treated with high-pressure steam and oxygen produces hydrogen gas and methane gas. Burning these gases in a gas turbine results in a coalto-electricity efficiency as high as 42 percent. If the gases are first run through
electricity-producing
fuel cells, the efficiency is even higher. Meanwhile,
because the coal is not burned directly, fewer pollutants are released into the
environment.
PHOTOVOLTAIC
FROM WATER

FIGURE

19.39

This special photoelectrochemical electrode submerged in water
uses the energy of sunlight to
generate hydrogen gas, which
forms on its surface.

CELLS CAN BE USED TO PRODUCE

HYDROGEN

The cleanest and most abundant source of hydrogen on our planet is water.
Creating hydrogen from water is an energy-intensive process, however, best
done using electrolysis, a technique discussed in Section 11.3. Ideally, the electrical energy required to create hydrogen from water could be provided by a
solar-driven photovoltaic cell. The electricity generated by the cell is then sent
to a second cell, where water is electrolytically cleaved to produce hydrogen.
There is also research currently underway that seeks to develop photovoltaic
surfaces that directly generate hydrogen from water, as shown in Figure 19.39.
Over the past several years, there has been great progress toward the realization
of a commercially feasible solar energy-to-hydrogen system. For such a system, the
efficiency at which the solar energy is converted to hydrogen needs to be as high as
possible. Initial systems had efficiencies of no more than 6 percent. One of the
main hurdles was developing a photovoltaic system optimized for 1.23 volts, which
is the voltage needed for the hydrolysis of water. Such a system was developed by
1998 and provided an efficiency of 12.4 percent. By 2005, researchers were reporting efficiencies of around 30 percent. With newer nanotechnologies now under
development, researchers are anticipating efficiencies in excess of 60 percent.
If hydrogen can be efficiently produced using electricity from photovoltaics
or wind turbines, then a number of interesting possibilities arise. Photovoltaics
and wind turbines are "distributed" sources of energy as opposed to "centralized" sources. In other words, they can be placed in people's own backyards or
within neighborhood solar energy parks, which is in contrast to the conventional coal-fired power plant. The solar electricity and hydrogen can thus be
produced locally at the point of use, thereby avoiding energy losses inherent in
shipping energy over long distances. Such a system would not likely put the cen-
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tralized utility out ofbusiness, but would instead help the utility cope with everincreasing energy demands. Perhaps most important is the fact that the greatest
growth in energy demand for the next century will be occurring in developing
nations where the infrastructure for centralized energy sources simply does not
exist. Starting these people off with noncentralized and non polluting sustainable
energy sources would be a most worthwhile investment.
BUT HYDROGEN

MAY

NOT BE THE ULTIMATE

SOLUTION

Hydrogen as the fuel of the future certainly has much appeal. There are still,
however, numerous drawbacks. According to the National Academy of Sciences
(NAS), for example, fossil fuels will likely continue to be the primary source of
hydrogen for the next several decades. Some argue that funds pushed towards
the hydrogen economy would be better spent on increasing current vehicle efficiencies. The demand for hybrid vehicles, for example, is great, but the automotive industry in the United States was late in meeting it because vehicle fuel
efficiencies were not its top priority. The resulting delay in the implementation
of hybrid vehicle technology thus contributed to additional fossil fuel consumption and carbon dioxide output.
Major breakthroughs are still required in order for hydrogen fuel cells to
become cost-competitive with hybrids. So can we do both? Develop hydrogen
cars while advancing hybrid technology at the same time? Some say yes. Others
say biofuels, which are immediately available, would be more efficient and environmentally friendly. They point to the fact that energy use in the average home
contributes more to air pollution and climate change than the average car. Others point to research indicating that we will soon be able to replicate photosynthesis, whereby we can generate methanol and other organic liquid fuels and
feedstocks using sunlight and atmospheric carbon dioxide. Think about that.
On the web, use the keyword "artificial photosynthesis" and you will find there
to be no shortage of human ingenuity.

• In Perspective
he U.S. Department of Energy projects that by 2010, our country will
need 200,000 megawatts of new electricity-generating capacity. Furthermore, nearly a quarter of all U.S. facilities that generate electric power will need
major renovations, overhauls, or replacement by that time. This represents a
grand opportunity for the development of sustainable energy sources. Even
greater opportunities exist in developing nations, where there are more than
2 billion people without electricity now and, with rapid population growth,
many more to come. An estimated $1 trillion will be spent in the next few years
to bring electric power to these people. Current decisions about where that
energy comes from and how it is produced will affect the environment for a
long, long time to come.
All regions of the world will benefit from energy conservation, which is the natural partner of sustainable energy. Conservation measures can be quite effective,
as was demonstrated after the Arab oil embargo imposed by the Organization of
Petroleum Exporting Countries (OPEC) in 1973. From the start of this embargo
until 1986, energy consumption in the United States remained constant as a result
of increased efhciencies, while the economy grew by 30 percent. Are we close to
Out limit in terms of conservation measures? New technologies and materials suggest there is still much we can do. Superinsulated buildings, for example, now
require only one-tenth as much heating in winter and cooling in summer. Hybrid
combustion-electric vehicles can now drive more than 40 kilo meters on 1 liter of

•
r'

I

i • According to the Energy Star efficiency program, if every household in the United States
replaced one lightbulb with a
compact fluorescent bulb, it
would prevent enough pollution
to equal removing 1 million cars
from the road. Similarly, there are
more than 100 million exit signs
in use throug h the United States.
Typicallylit by less-efficient
incandescent bulbs, these signs
consume from 30 to 35 billion
kWh of energy each year. If all US
companies switched to Energy
Star-qualified exit signs, they
would save $75million in electricity costs.
MORE

TO

EXPLORE,

www.EnergyStar.gov
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TABLE

Year
2000
2050

2100

19.1

THE WORLD'S
World Population
(billions)

INCREASING

x

ENERGY
Energy per
Person (MW)

NEEDS
Total Power
Consumed (MW)

6.2

X

0.003

19 million

10.0

x

0.003

30

million

10.0

x

0.0075

75

million

15.0

x

0.003

45

million

15.0

x

0.0075

112 million

gasoline and 25 kilowatts of battery power-this corresponds to about 100 miles
per gallon! If you were to replace a single 75-watt incandescent bulb with an 18watt fluorescent, you would save the electricity that a typical D.S. power plant
would make from 350 kilograms of coal or 250 liters of oil. As a result, about 730
kilograms of carbon dioxide would not be released into the atmosphere. How
many fluorescent bulbs are in your home?
Our energy needs are increasing primarily because of our increasing population, as shown in Table 19.1. The data in this table assume an acceptable standard of living can be had at 0.003 megawatt pet person. On average, however,
the 1.2 billion individuals of developed nations consume about 0.0075 megawatt
per person. If conservation measures are not set in place and if the far greater
number of individuals in developing nations are brought up to 0.0075 megawatt
per person, then the world will use 75 million megawatts in 2050 and 112 million megawatts in 2100, six times the amount consumed in 2000.
As hard as controlling population growth may be, it is likely to be easier than
providing increasing numbers of people with energy, food, water, and much
else. Thomas Jefferson described revolution as an extraordinary event necessary
to enable all ordinary events to continue. If a decent standard of living for all
human beings is to be held as ordinary, what we need is nothing short of an
energy revolution. The days of our using nonrenewable energy sources are numbered. The sooner we make the necessary transitions, the better.
Good chemistry to you.
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KEY TERMS
Power

The rate at which energy is expended.

Watt A unit for measuring power, equal to 1 joule of

energy expended per second.
The amount of energy consumed in
1 hour at a rate of 1 kilowatt.

Kilowatt-hour

Coal A solid consisting of a tightly bound network of

ELECTRICITY
OF

Natural gas A mixture of methane plus small amounts

of ethane and propane.
Biomass

A general term for plant material.

effect The ability of light to knock
electrons out of atoms.

hydrocarbon chains and rings.

I CHAPTER

Petroleum A liquid mixture of loosely held
hydrocarbon molecules containing not more than
30 carbon atoms each.

Photoelectric

HIGHLIGHTS
IS A CONVENIENT

FORM

WHAT

ENERGY

ARE

SUSTAINABLE

ENERGY

SOURCES?

13. What defines an energy source as sustainable?

1. What does an electric current generate?
2. What does an electrical wire moving through a magnetic field generate?

WATER

3. Is electricity a source of energy?

14. What does the acronym OTEC stand for?

4. What's a watt?

15. Why is Hawaii particularly well suited for generating electricity using OTEC technology?

FOSSIL
BUT

FUELS

LIMITED

ARE

A WIDELY

ENERGY

USED

CAN

BE USED

TO

GENERATE

ELECTRICITY

16. Why are hydrothermal vents often quite smelly?

SOURCE

5. Why are fossil fuels such a popular energy resource?

17. How are tides used to generate electricity?

6. Why is coal considered the filthiest fossil fuel?
7. How does a scrubber remove noxious gaseous effluents created in the combustion of coal?

BIOMASS

IS CHEMICAL

ENERGY

18. In what sense is biomass a form of solar energy?

8. Can coal be converted to cleaner-burning fuels?

19. Which has a higher octane rating, ethyl alcohol or
gasoline?

THERE

20. What country named in this chapter currently generates most of its fuel from biomass?

ARE

TWO

FORMS

OF

NUCLEAR

ENERGY

9. Why has the number of operating nuclear fission
plants in the United States decreased over the past two
decades?
10. For about how long must a fission plant be operating before the initial financial investments are paid off?
11. What are the advantages of having smaller fission
reactors that produce on the order of 155 to 600
megawatts of power?
12. Why was most of the radiation from the Chernobyl
meltdown released into the environment?

21. What is the most efficient way to convert biomass
to electricity?

ENERGY

CAN

BE HARNESSED

FROM

SUNLIGHT

22. Why are solar water heaters painted black?
23. Describe two technologies used to convert solar
heat to electricity.
24. What is a major drawback of wind power?
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OUR FUTURE
ON HYDROGEN

25. How is p-type silicon made?
26. What happens when a slice of n-type silicon is
joined to a slice of p-type silicon?

BUILDING

•

BEGINNER

MAY

BE BASED

28. Why is hydrogen such a great fuel?
29. How might cars one day store hydrogen fuel?

27. Light shining on a slab of pure silicon dislodges
electrons from the silicon atoms. What happens to
these electrons?

CONCEPT

ECONOMY

30. How are fuel cells different from batteries?

•

31.. What is the difference between a kilowatt and a
kilowatt-hour? Which is a quantity of energy? Which is
a measurement of available power?
32 .• Why are gas turbines more efficient at generating electricity than steam turbines?
33 .• Why are airplanes flown by the power of electricity rather than the power of gasoline fuel so impractical?
34 .• How can fossil fuels be considered a form of
solar energy?
35 .• Why is it impractical to burn any fuel in such a
way that no nitrogen oxides are formed as combustion
products?

INTERMEDIATE

•

EXPERT

produce virtually no chemical pollutants as they create
electric power?
46 .• At atmospheric pressure, water has a boiling point
too high to allow it to be used as the turbine-pushing
fluid in an OTEC electric generator. How might the
generator be modified to overcome this problem? How
might such a modification allow for the production of
fresh water from seawater?
47 .• How is it that here on Earth we can derive energy
from the moon, which is 400,000 kilometers away?
48 .• What are some disadvantages of producing
ethanol by fermenting food biomass?
49 .• How does a nonsolar pool cover increase the efficiency of a pool heater?

36 .• Why does burning natural gas produce less carbon dioxide than burning either petroleum or coal?
(Hint: Consider the chemical formulas of the compounds making up these materials.)

50 .• What is the utility of south-facing windows in
northern climates?

37 .• What are some advantages of deriving energy
from nuclear fission?

51 .• Suggest how solar energy might help destroy
pathogens in drinking water.

38 .• Why would a fission control substance that loses
neutron-absorbing power as its temperature increases
be dangerous?

52 .• How might solar heat be used to generate colder
temperatures?

39 .• Why are countries teaming up to develop
nuclear fusion energy?
40 .•

What is the source of fuel for nuclear fusion?

41. • In 1973, the Organization of Petroleum Exporting Countries stopped exporting oil for a time. What
effect do you suppose this embargo had on the nuclear
power industry?
42 .• What are some advantages of deriving energy
from nuclear fusion?
43 .• Is it possible for a nuclear fission power plant to
blow up like an atomic bomb?
44 .• Why is it in a country's best national security
interests to invest in sustainable energy sources?
45 .• Why do many environmental groups oppose
building more hydroelectric dams when these dams

53 .• In the simplified electric generator shown here,
a power source is needed at either point A or point B.
Where could each of the following power sources be
used, at A or at B?
natural gas
wind
nuclear fusion

hydroelectric
coal

DISCUSSION

QUESTIONS
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54 .• How does blending arsenic atoms into a sample of
silicon increase the silicon's ability to conduct electricity?

58 .• What are some major advantages of using seawater to produce hydrogen from electrolysis?

55 .• When you have p-type silicon and n-type silicon
joined together, why don't electrons dislodged by light
in the n-type cross the junction barrier and enter the
p-type?

59 .• A disadvantage of tidal power is that electricity is
generated only when tides are coming in or going out.
How might a tidal electric power plant be outfitted so as
to be able to provide a continuous supply of electricity?

56 .• How is the junction barrier between n-type and
p-type silicon much like a one-way valve?

60 .• What if Mars were inhabitable by humans and
we had developed the technology to transport and settle half the world's population there? At present
birthrates, how long would it be before we were faced
with not one but two world populations of 6 billion?
(Hint: See Table 19.1.)

57 .• In an operating photovoltaic cell, electrons move
through the external circuit to the negatively charged
p-type silicon wafer. How can the electrons move to the
negatively charged silicon when they themselves are
negatively charged? Don't like signs repel each other?

I

SUPPORTING

CALCULATIONS

•

BEGINNER

•

INTERMEDIATE

•

EXPERT

I

61 .• How much money would you save per hour by
replacing a 100-watt incandescent lightbulb with an
equally bright 20-watt fluorescent bulb? Assume the
cost of electricity to be 15 cents per kilowatt-hour.

64 .• Assuming one megawatt of electricity is sufficient to meet the needs of about 350 homes, how many
kilowatts of power are needed to meet the needs of a
single home?

62 .• It is estimated that in the year 2020, about
200,000,000 MW hours of electricity will be produced
from the combustion ofbiomass. How much power is
this in units of MW? (Hint: there are 8760 hours in a
year.)

65 .• You order a 2-kW system of photovoltaic cells to
be installed on the roof of your house. The cells are
guaranteed to last at least 25 years. The cells plus installation plus electrical equipment will cost you $20,000
if you buy now, but $10,000 if you wait 10 years. The
average cost of electricity from your utility is 10 cents
per kilowatt-hour. What else do you need to know in
order to calculate the amount of money you will have
spent within 25 years going with either plan?

63 .• One megawatt (1.0 MW) of electricity is sufficient to meet the needs of about 350 households within
a developed nation. As per Figure 19.32, Europe
expects to have a wind energy capacity of 180,000 MW
by 2020. How many households is this?

DISCUSSION

QUESTIONS

66. Why might some people consider it a blessing in
disguise that fossil fuels are such a limited resource?
Centuries from now, what attitudes on the combustion
of fossil fuels are our descendants likely to have?

whereas the risks associated with smoking are voluntary
because a person chooses to smoke. Why are we so
un accepting of involuntary risk but accepting of voluntary risk?

67. The 1986 accident at Chernobyl, in which dozens
of people died and thousands more were exposed to
radiation that might lead to cancer in the future, caused
fear and outrage worldwide and led some people to call
for the closing of all nuclear plants. Yet many people
choose to smoke cigarettes in spite of the fact that 2
million people die every year from smoking-related diseases. The risks posed by nuclear power plants are
involuntary, risks we must all share like it or not,

68. Lithuania is more dependent on nuclear power
than any other country in the world. Its two 1500megawatt reactors produce more than 80 percent of the
country's electricity. The reactors, however, are the same
design as the unit that caused the Chernobyl disaster.
With both reactors working, Lithuania can produce
almost twice as much energy as its domestic demand,
allowing the country to sell the excess to other nations.
If one unit were shut down, however, the country
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would have to import electricity at a cost of $4 billion a
year. A 1998 study determined that Lithuania's older
reactor can no longer operate safely. Without foreign
aid to assist with the cost of importing electricity once
this obsolete plant is shut down, Lithuania intends to
operate both facilities for at least 15 more years. What
should be done and at whose expense?
69. What is the most important scientific and technological issue facing humanity in the 21st century?
70. Why might wind-rich states be particularly interested
in the development of the long-range, high-capacity,
superconducting cables discussed in Chapter 18?
71. What energy technologies should developed
nations, such as the United States, be marketing to
developing nations?
72. In the centralized model for generating electricity, a
relatively few number of power plants produce the massive amounts of electricity that everyone needs. In the

ANSWERS
CORNER

TO CALCULATION

KilOWATT-HOURS

Step 1 Total energy consumed in kilowatt-hours:
(l0 bulbs)(0.100 kW/bulb)(lO h) = 10 kWh
Step 2 Cost of consuming this much energy:
(l0 kWh)(l5<1:/kWh) = 150<1:= $1.50

HANDS-ON

SOLAR

POOL

CHEMISTRY

INSIGHT

COVER

Evaporation accounts for a significant amount of heat
loss from a swimming pool. Therefore just about any
covering that inhibits evaporation will help keep a pool
warm. This explains why the water covered by aluminum foil gets warmer despite the fact that the aluminum reflects incoming solar radiation. As discussed
in Chapter 8, detergents form a thin layer on the surface of water. This layer inhibits evaporation enough to

decentralized model, electricity is generated by numerous smaller substations, which may include personal
wind turbines or photovoltaics, What are the advantages and disadvantages of each model? When should
one be favored over the other?
73. List all of the advantages that electricity from wind
energy has over electricity from a coal power plant. List
all the disadvantages. Assuming your electric bill from
each was the same, which would you rather have? Should
where you live make a difference in your preference?
74. How would commercial jet airline businesses benefit from a hydrogen economy? Might commercial jet
airplane engines ever be designed to use hydrogen as a
fuel? Why or why not?
75. Create a list of all the measures you have taken
within the past month to conserve energy. Create a similar list of measures you can take within the next month
to conserve energy.

allow the water in the bowl treated with detergent to
become slightly warmer than the uncovered control
bowl. Some commercial "liquid solar blankets" are
nothing more than nonfoaming detergents that when
added to the swimming pool inhibit evaporation and
thus cut down on heat loss.
You know that black vinyl car seats get hotter in the
sun than white vinyl seats do. Did you then assume
that the black covering would result in the warmest
water? You may have poked your finger into the water
samples to sense the temperature differences. You may
have noticed that the water under the black plastic was
markedly warmer at the top of the bowl than at the
bottom. (This is true of the water in the other bowls,
bur the effect is not as pronounced.) Although it is true
that the black plastic gets the warmest of all the coverings, remember that it's the water you want to get
warm, not the plastic. The temperature gradient results
because only the water directly below the black plastic
gets warmed-that
is, it's the plastic that heats the
water and not the sun.
Transparent covers tend to work best because they
both inhibit evaporation and allow the sunlight to heat
the water directly. Thus your highest temperatures
should have been for the food wrap and the bubble
wrap. The food wrap allows the most light to pass
through, which explains why the water beneath it tends
to reach the highest temperature. After the sun goes
down, however, the bubble wrap serves as a better insulator, maintaining a higher temperature over a longer
period.
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www.awea.org

EXPLORING

FURTHER

•

www.lea.org
•

The International Energy Agency was set up in 1974 to
ftcus on issuesof energy security, eJpeciallyoil security, but is
today more concerned with how energyproduction and use
can be reconciled with the preservation of our natural environment. An excellent sitefOr obtaining up-to-date statistics
on worldwide energy consumption.

www.nrel.gov
ill

Home page fOr the Us. Fusion Energy Sciences Program,
whose mission is to acquire the knowledge base neededfOr
an economically and environmentally attractive fusion
energy source. Many useful links to worldwide fUsion projects are incfuded.

http:// solstice.crest.org/
•

Solstice, the Center fOr Renewable Energy and Sustainable
Technologies,is an on-line resourcefOr sustainable-energy
information. Be sure to explore the related website
www.crest.org, where you will learn about the us. Renewable Energy Policy Project.

www.laea.org
11

The International Atomic Energy Agency is the world's central intergovernmental ftrum [or scientific and technical
cooperation in the nuclear field and is the international
inspectoratefOr nuclear safiguards.

Home page of the National Renewable Energy Laboratory,
run by the us. Department of Energy.

www.solarbuzz.com/
•

www.ofesJusion.doe.gov/
•

Home page fOr the American Wind Energy Association.
Since 1974, this organization has advocated the development of wind energy as a reliable, environmentally superior
energy alternative.

This extensive website is dedicated to keeping tabs on the
workings of the ever-expanding solar energy industry. If you
are looking for reliable numbers and graphs, this is the place
to visit.

www.aapnetwork.org/
•

Home page fOr the Australian Artificial Photosynthesis Network. Artificial photosynthesis mimics natural photosynthesis by transforming solar energy and atmospheric carbon
dioxide into energy-rich organic compounds, such as
methanol.
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APPENDIX
A
SCIENTIFIC
NOTATION IS USED
TO EXPRESS LARGE AND SMALL NUMBERS

•

I

nscience, we often encounter very large and very small numbers. Written in
standard decimal notation, these numbers can be cumbersome. There are, for
example, about 33,460,000,000,000,000,000,000
water molecules in a thimbleful of water, each having a mass of about 0.00000000000000000000002991
gram. To represent such numbers, scientists often use a mathematical shorthand
called scientific notation. Written in this notation, the number of molecules in
a thimbleful of water is 3.346 X 1022, and the mass of a single molecule is
2.991 X 10-23 gram.
To understand how this shorthand notation works, consider the large
number 50,000,000. Mathematically this number is equal to 5 multiplied by
10 X 10 X 10 X 10 X 10 X 10 X 10 (check this out on YOut calculator). We
can abbreviate this chain of numbers by writing all the 10s in exponential
form, which gives us the scientific notation 5 X 107. (Note that 107 is the
same as 10 X 10 X 10 X 10 X 10 X 10 X 10. Table A.1 shows the exponential
form of some other large and small numbers.) Likewise, the small number
0.0005 is mathematically equal to 5 divided by 10 X 10 X 10 X 10, which is
5/104. Because dividing by a number is exactly equivalent to multiplying
by the reciprocal of that number, 5/104 can be written in the form 5 X 10-4,
and so in scientific notation 0.0005 becomes 5 X 10-4 (note the negative
exponent).
All scientific notation is written in the general form

where C, called the coefficient, is a number between 1 and 9.999 ... and n is
the exponent. A positive exponent indicates a number greater than 1, and a
negative exponent indicates a number between 0 and 1 (not a number less
than 0).
Numbers less than 0 are indicated by putting a negative sign befOre the coefficient (not in the exponent):
Decimal
notation

Large positive number
(greater than 1)

6,000,000,000

Small positive number
(between 0 and 1)
Large negative number
(less than - 1)
Small negative number
(between -1 and 0)

Scientific
notation

0.0006
-6,000,000,000
-0.0006

6 X 109
6

X

10-4

-6

X

109

-6

X

10-4
Al

Az
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A

SCIENTIFIC

NOTATION

IS USED

TABLE

TO EXPRESS

LARGE

DECIMAL

AND

A.1

AND

SMALL

NUMBERS

EXPONENTIAL

NOTATIONS

= 10 X 10 X 10 X 10 X 10 X 10 = 106

1,000.000

=
=

100,000
10,000

10 Xl0

Xl0

10 X 10 X 10 X 10

=

10 Xl0

=

=

= 105

104

= 103

1000 = 10Xl0Xl0
100

X 10 X 10

102

10 = 10 = 10'
1 = 1 = 10°
0.1 = 1110= 10-1
0.01 = 1/(10 X 10) = 10-2
0.001 = 1/(10 X 10 X 10) = 10-3
0.0001 = 1/(10 X 10 X 10 X 10) = 10-4
0.00001
0.000001

= 1/(10 X 10 X 10 X 10 X 10) = 10-5
= 1/(10 X 10 X 10 X 10 X 10 X 10) = 10-6

Table A.2 shows scientific notation used to express some of the physical data
often used in science.
To change a decimal number that is greater than + 1or less than -1 to scientific notation, you shift the decimal point to the left until you arrive at a number
between 1 and 9.999 .... For decimal numbers between + 1 and -1, you move the
decimal point to the right until you arrive at a number between 1 and 9.999 ....
This number is the coefficient part of the notation. The exponent part is simply
the number of places you moved the decimal point. For example, to convert the
decimal number 45,000 to scientific notation, move the decimal point four
places to the left to get a number between 1 and 9.999 ... :
45,000

'(J.JJ.J

=

4.5

X

104

4 321

The number 0.00045, on the other hand, is converted to scientific notation by
moving the decimal point four places to the right to arrive at a number between
1 and 9.999 ... :
0.00045

\AAJJ

=

4.5

X

10-4

1 234

Number of molecules in thimbleful of water
Mass of water molecule
Average radius of hydrogen atom
Proton mass
Neutron mass
Electron mass
Electron charge
Avogadro's number
Atomic mass unit

3.346

22

X 10

2.991 X 10-23

gram
5 X 10- meter
1.6726 X 10-27 kilogram
1.6749 X 10-27 kilogram
9.1094 X 10-31 kilogram
1.602 X 10-19 coulomb
6.022 X 1023 particles
1.661 X 10-24 gram
11
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Note that because you moved the decimal point to the right in this case, you
must put a minus sign on the exponent.

Express the following exponentials
b. 1X108

a. 1x 10-7

as decimal numbers:
C. 8.8 X105

Express the following decimal numbers in scientific notation:
e. -0.00354
f. 15

d. 74°,000

Were these your answers?
d.7AX105

e. -3.54X10-3

a. 0.0000001

f. 1.5xlO'

b.

100,000,000

c. 880,000
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Which meter stick offers
greaterprecision?
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wo kinds of numbers are used in science-those that are counted or defined
and those that are measured There is a great difference between a counted or
defined number and a measured number. The exact value of a counted or
defined number can be stated, but the exact value of a measured number can
never be stated.
You can count the number of chairs in your classroom, the number of fingers
on your hand, or the number of quarters in your pocket with absolute certainty.
Thus counted numbers are not subject to error (unless, of course, you count
wrong).
Defined numbers are about exact relationships and are defined as being true.
The defined number of centimeters in a meter, the defined number of seconds
in an hour, and the defined number of sides on a square are examples. Thus
defined numbers also are not subject to error (unless you forget a
definition) .
Every measured number, however, no matter how carefully
measured, has some degree of uncertainty. This uncertainty (or
margin of error) in a measurement can be illustrated by the two
metersticks shown in Figure B.l. Both sticks are being used to
measure the length of a table. Assuming that the zero end of each
meterstick has been carefully and accurately positioned at the left
end of the table, how long is the table?
The upper meterstick has a scale marked off in centimeter intervals. Using this scale, you can say with certainty that the length is
between 51 and 52 centimeters. You can say further that it is closer
to 51 centimeters than to 52 centimeters; you can even estimate it
to be 51.2 centimeters.
The scale on the lower meterstick has more sudivisions-and
therefore
greater precision-because it is marked off in millimeters. With this scale, you
can say that the length is definitely between 51.2 and 51.3 centimeters, and you
can estimate it to be 51.25 centimeters.
Note how both readings contain some digits that are certain, and one digit
(the last one) that is estimated Note also that the uncertainty in the reading
from the lower meterstick is less than the uncertainty in the reading from the
upper meterstick. The lower meters tick can give a reading to the hundredths
place, but the upper one can give a reading only to the tenths place. The lower
one is more precise than the top one. So, in any measured number, the digits tell
us the magnitude of the measurement and the location of the decimal point tells
us the precision of the measurement. (Figure B.2 illustrates the distinction
between precision and accuracy.)
Significant figures are the digits in any measured value that are known
with certainty plus one final digit that is estimated and hence uncertain.
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These are the digits that reflect the preClSlon of the instrument used to
generate the number. They are the digits that have experimental meaning.
The measurement 51.2 centimeters made with the upper meters tick in
Figure B.l, for example, has three significant figures, and the measurement
51.25 centimeters made with the lower meters tick has four significant figures. The rightmost digit is always an estimated digit, and only one estimated
digit is ever recorded for a measurement. It would be incorrect to report
51.253 centimeters as the length measured with the lower meterstick. This
five-significant-figure value has two estimated digits (the final 5 and 3) and is
incorrect because it indicates a precision greater than the meterstick can
obtain.
Here are some standard rules for writing and using significant figures.
Good precision

Rule

1

In numbers that do not contain zeros, all the digits are significant:

but
poor accuracy

five significant figures
three significant figures
three significant figures

4.1327
5.14
369
Rule

2

All zeros between significant digits are significant:
four significant figures
four significant figures
three significant figures

8.052
7059
306
Rule 3

Zeros to the left of the first nonzero digit serve only to fix the position
of the decimal point and are not significant:
0.0068
0.0427
0.0003506

Rule 4

three significant figures
four significant figures
three significant figures
five significant figures

In a number that has no decimal point and that ends in one or more
zeros, the zeros that end the number are not significant:
3600
290
5,000,000
10
6050

Rule 6

two significant figures
three significant figures
four significant figures

In a number that contains digits to the right of the decimal point,
zeros to the right of the last nonzero digit are significant:
53.0
53.00
0.00200
0.70050

Rule 5

Poor precision
and
poor accuracy

two significant figures
two significant figures
one significant figure
one significant figure
three significant figures

When a number is expressed in scientific notation, all digits in the
coefficient are taken to be significant:
4.6 X 10-5
4.60 X 10-5
4.600 X 10-5
2 X 10-5
3.0

X

4.00

10-5
X

10-5

two significant figures
three significant figures
four significant figures
one significant figure
two significant figures
three significant figures

Good precision

and
good accuracy

FIGURE

B.2

Archery as a model for understanding the difference
between precision and accuracy. Precision means close
agreement in a group of measured numbers; accuracy means
a measured value that is very
close to the true value of what
is being measured. If you
measure the same thing several times and get numbers
that are close to one another
but are far from the true value
(perhaps becauseyour measuring device is not working
properly), your measurements
are precise but not accurate.
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How many significant figures in
a. 43,384
b. 43,084
d. 43,084.0
e. 43,000

Were these your answers? a. 5 b. 5 c. 4

MEANING

c. 0.004308
f. 4.30 x 104
d. 6

e.

2

f. 3

In addition to the rules cited above, there is another full set of rules to be followed for significant figures when two or more measured numbers are subtracted, added, divided, or multiplied.
These rules are summarized
in the
appendix of the Conceptual Chemistry Laboratory Manual.
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31. The Chapter Highlight questions are a simple review of the chapter. They are not designed to be challenging, but they set the stage for
rhe more rigorous Concept Building questions. If you have not
already studied the chapter and worked through the Chapter Highlight questions, you will have a more difficult time with the Concept
Building questions, which are the types of questions found on exams.
To benefit most from the Concept Building questions you should try
writing out your answers or, better yet, explain your answers verbally
to a friend.
33. Biology is based upon the principles of chemistry as applied to living organisms, whereas chemistry is based upon the principles of
physics as applied to atoms and molecules. Physics is the study of the
fundamental
rules of nature, which more often than not are rather
simple in their design and readily described by mathematical
formulae. Because biology sits at the top of these three sciences, it can be
considered to be the most complex of them all.
35. The members of the Chemical Manufacturers
Association pledge
to manufacture without causing environmental
damage through a
program called Responsible Care.
37. A good scientist must change his or her mind when faced with evidence to the contrary. Holding to hypotheses and theories that are
either not testable or have been shown to be wrong is contrary to the
spirit of science.
39. A hypothesis is a testable assumption often used to explain an
observed phenomenon.
A theory, however, is a single, but comprehensive, idea that can be used to explain a broad range of phenomena.
41. This is not unusual at all. As discussed in the answer to exercise
33, there is much overlap between the different sciences. While Baker
is interested in how the chemicals produced by the sea butterfly may
be used for some human purpose, McClintock
is interested in how the
sea butterfly uses this chemical in its own self-delense. Here we see
two different approaches to the same phenomenon.
Aside from learning from each other, studying the same system together allows these
researchers to pool their research resources.
43. Experimentation
is a very important aspect of science, but it is
hardly the only aspect. 50 long as you are engaging in activities that
help to Further your knowledge or your understanding
of the natural
environment,
you are practicing science. There is, however, a reason
science instructors like to have you perform lab experiments. Such
experiments allow you to see for yourself the science concepts in
action. This is much better rhan having someone simply tell you what
was supposed to occur.
45. There are many university
perform experiments.
Instead,
and postdoctoral
students who
professor, however, is still very
aspects of the scientific process
scientist.

E
BUilDERS
IONS

science professors who only rarely
they oversee undergraduate,
graduate,
perform the actual experiments.
The
much engaged in the many other
and is by all measures a proFessional

47. The performing of experiments is typically the most involved and
time-consuming,
as well as money-consuming,
activity. That said, it's
quite possible that the scientist might instead end up devoting hoards
of time to other scientific activities.
49. A hypothesis can come at any time to a scientist no matter what
she may be doing. She could be cooking at a barbeque when suddenly
the idea pops into her head. Again, for emphasis, there is no one prescribed method for doing science. In fact, there are as many ways of
doing science as there are people interested in doing science.
51. If it all came from the soil, then one might expect a large hole to
develop around the tree if it were grown in a pot. Also, the weight of
the soil in the pot should be greater when the ttee is young than when
the tree is older.
53. Because of the great potential for error in a procedure, an experiment can only be considered valid if other scientists can reproduce it.
55. According to the many worlds model each conceivable possibility
corresponds to a diFFetent universe. We can understand how the die
lands on all values at once by concluding that the die lands on different values in six different universes. You have 1/6 of a chance of being
in the universe in which the die rolled to a 6. Another you in another
universe saw that it rolled to a 5.
57. One year is the time it takes Earth to revolve around the sun. If
you got this correct, congratulations.
You are among those who have
a decent grasp of basic scientific discoveries. Continue studying this
textbook and you will soon find yourself among the creme of the
crop.
59. Perhaps the Scientologists were also assisting in the distribution
of
food and clothing and the building of shelters. The victims would
likely perceive this as admirable. If the relief efforts of the Scienrologists, however, consisted merely of passing out pamphlets and pracricing their "touch assist" healing, then their relief efforts may have been
perceived as questionable.
If the victims' wounds healed within a few
days, it's possible that the victims may have attributed the healing to
the touch assist. In this case, they may be more likely to start reading
the 5cientology pamphlet.
61. The volume

of the cat changes as well as its average density.

63. Yes, an object can have mass without having weight. This may
occur deep in space where a Boating object (with mass) would be
"weightless." In order to have weight, however, the object must have
mass. So, an object cannot have weight without having mass.
65. The mass of a 1O-kg object anywhere

is 10 kg!

67. Yes, a 2-kg iron brick has twice the mass as a I-kg block of wood.
Its volume, however, is a different story. One kilogram of wood, not
being very dense, might occupy much more volume than a 2-kg block
of iron.
69. Temperature
difference determines the direction of heat Bow,
which is always from a higher-temperature
material to a lowertemperature
material.
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71. A swimming pool of boiling water contains more energy than a
cup of boiling water.
73. Yes, your body will possess energy after it dies in the form of
chemical potential energy. After a cremation, however, this amount of
potential energy is substantially less.
75. Temperarure is a measure of the motion of atoms and molecules.
The minimum temperature is simply where there is no atomic or
molecular motion. Assuming there is no limit on the relative speed of
atoms and molecules, we can deduce that there is no maximum temperature. At ultrahigh temperatures, as within a star, however, atoms
and molecules break apart into protons, neutrons, and electrons. At
higher temperatures still, as at the beginning of the universe, even
more dramatic changes occur. In this light, we understand that there
is, in fact, a maximum temperature at which a material can exist
before it is annihilated into something else.

BUILDERS

AND

SUPPORTING
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perature. For most materials, the solid phase is more dense than the
liquid phase. For the material represented here, however, the liquid
phase is seen to be more dense than the solid phase. As is explored further in Chapter 8, this is exactly the case for water where the solid
phase (ice) is less dense than the liquid phase (liquid water).
95. A denser object is not necessarily always more massive. A wedding
ring made out of gold, for example, is more dense than a huge block of
wood, but it is certainly nor more massive.
97. Ice is less dense than water because it has more volume for the
same mass, which is why ice floats on water.
99. The pressure at the bottom of the ocean is great enough to compress the water balloon to a smaller volume. The density, therefore, is
increased. The colder temperatures at the bottom of the ocean also
serve to decrease the water balloon's volume, hence, increase its density.

77. The glass will contract when cold and expand when warmed. Fill
the inner glass with cold water while running hot water over the ourer
glass to help separate the two.
79. The boulders break for the same reason that a hot drinking glass
breaks when doused with colder water or when boiling hot water is
added to a cool drinking glass. The rapid cooling or heating causes a
non uniform thermal contraction or expansion of the material. When
one part contracts or expands faster than another part, the material
tends to fracture. Glass that is "oven safe" or designed to hold hot liquids is glass that has been doped with compounds, typically boron
compounds, that dramatically lower thermal expansion or contraction. This glass doesn't expand or contract very well upon a temperature change and is therefore resistant to fracture.
81. The chimney expands as it contains the fire from the fireplace and
contracts after the fire goes out. Any weight-bearing wall attached to
the chimney would experience a back-and-forth wear and tear, which
over time would weaken the support.
83. The swimming pool has much more energy. Consider the electric
urility bill after heating each of these to their respective temperatures.
85. At 25°C there is a certain amount of thermal energy available to
all the submicroscopic particles of a material. If the attractions
between the particles are not strong enough, the particles may separate
from each other to form a gaseous phase. If the attractions are strong,
however, the particles may be held together in the solid phase. We can
assume, therefore, that the attractions among the submicroscopic particles of a material in its solid phase at 25°C are stronger than they are
within a material that is a gas at this temperature.
87. If each one of these particles represented a water molecule, the box
on rhe left would be indicative of ice melting, which occurs at O°e.

10 1. Mulitply by the conversion factor to arrive at the answer:
130 lb x l kg/2.2051b

=

59 kg

103. Multiply by the conversion factor to arrive at the answer:
I joule
230,000 calories x ----= 960,000 joules
0.239 calories
105. There are zero mL of dirt in the whole, but
1000mL
5 Lx --1L

.

= 5000 mL of air

107. From Table 1.4, the density of gold is 19.3 g/mL. Use the following formula to find the volume of the sample:
M

52.3 g

D

19.3 g/mL

v=-=

CHAPT

= 2.71 mL

R 2

31. Neither. You simply don't yet understand the language. Likewise,
don't assume chemistry is difficult because you are not yet familiar
with its language.
33. It is easy to hide a lack of understanding by using big words you
know others are not familiar with. If you have truly mastered a concept, you should be able to explain that concept to others using a language that is familiar to you both.
35. If you can adequately articulate this idea to others, then you have
passed the ultimate test of understanding.

Increases.

37. As each kernel is heated, the water within each kernel is also
heated to the point that it would turn into water vapor. The shell of
the kernel, however, is airtight and this keeps the water as a superheated liquid. Eventually, the pressure exerted by the superheated
water exceeds the holding power of the kernel and the water bursts out
as a vapor, which causes the kernel to pop. These are physical changes.
The starches within the kernel, however, are also cooked by the high
temperatures, and this is an example of a chemical change.

93. Box A represents the greatest density because it has the greatest
number of particles packed within the given volume. Because the particles of this box are packed close together and because they are randomly oriented, this box is representative of the liquid phase. Box C is
representative of the gaseous phase, which occurs for a material at
higher temperatures. This box, therefore, represents the highest rem-

39. The popcorn in the skillet can represent the alcohol molecules
lying on the surface of the rabletop. As the kernels are heated, they
eventually leave the skillet. Likewise, as the alcohol molecules absorb
heat from the rablerop, they evaporate away from the tabletop. Do you
see how easy it is to explain the disappearance of the alcohol by supposing the existence of alcohol molecules? We find that the concept of

89. The gas particles take time to cross a room because they bump
into each other as well as other particles in the air.
91. Density is the ratio of a material's mass to volume. As the mass
stays the same and the volume decreases, the density of the material
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molecules can be used to readily explain so many different phenomena. This is why so many people came to believe in their existence
many years before the discovery of direct evidence.
41. If matter were conrinuous and NOT made of atoms and molecules, then this implies that there is no such rhing as empty space I
For example, just as you see no empty space when submerged in a
swimming pool, you'd still see no empry space if you magically got
(Q be infinitely small within that swimming
pool. It must have been
mind blowing when people first discovered that the atmosphere gets
thinner and thinner at higher and higher altitudes, as was confirmed by high-altitude balloon flights in the 1800s. This might
imply that beyond the atmosphere there was empty space. Interestingly, this idea was so inconceivable that most scientists at that rime
believed thar beyond the atmosphere there was an essence they
called aether. This hypothesis, of course, turned our to be wrong.
Enough musing. Back to trying to explain the evaporation of alcohol without the idea of atoms and molecules. Sorry, I can't do it.
Such a thought is too inconceivable for YOUtauthor who has been
too entrenched in this atorn and molecule concept. The evidence
for atoms and molecules and the empty space between them is too
overwhelming.
43. The dye should become dispersed uniformly within the hot water
fitst. The higher the temperarure, the grearer the average kinetic
energy of the molecules. Because the molecules within the hot water
are moving faster, they have a quicker effect on the dye of the Koolaid crystals. Furthermore, the hot water will rend to have more convection currents that will also help to distribute the dye throughout
the water.
45. As suggested by Figure 2.17, sugar molecules are much more massive than are water molecules. As such, they have more inertia and are
not moving so fast as are the water molecules of the same temperarure.
In a sense, they "impede" the dispersion of the dye throughour the
glass. This is why you can expect the glass containing distilled water to
become uniform in color first.
47. The 50 mL plus 50 mL do nor add up to 100 mL because within
the mix, many of the smaller BBs are able to fir within the pockets of
space that were empty within the 50 mL of large BBs.
49. Boiling down the maple syrup involves the evaporation of water,
As the syrup hits the snow it warms the snow, causing it to melt while
the syrup becomes more viscous. These are all examples of physical
changes. Interestingly, as the maple syrup is boiled the sugar within
the syrup begins to carmelize, which is an example of a chemical
change.
51. Across any period (horizontal row), the properties of elements
gradually change until the end of the period. The next element in rhe
next period has properties that are abruptly different.
53. That this process is so reversible suggesrs a physical change. As
you sleep in a reclined position, pressure is taken off of the discs
within your spinal column, which allows them to expand so that you
are significantly taller in the morning. Astronauts returning from
extended space visits may be up to two inches taller upon their
return.
55. The atoms are connected differently in B than they are in A,
which means that this represents a chemical change.
57. The change from A to B represents a physical change because no
new rypes of molecules are formed. The collection ofbluelred molecules on the bottom of B represents these molecules in the liquid or
solid phase after having been in the gaseous phase in A. This must
occur with a decrease in temperature. At this lower temperature, the
purely red molecules are still in the gaseous phase, which means that
they have a lower boiling point, while the blue/red molecules have a
higher boiling poinr.
59. The ones that have atomic symbols thar don't march their
modern atomic names. Examples include iron, Fe; gold, Au; and
copper, Cu.

CONCEPT

BUILDERS

AND

SUPPORTING

CALCULATIONS

Ag

61. No, it doesn't follow that what is good for you in small quantities
is also good for you in large quantities. Small amounts of aspirin can
cure a headache or help protect against heart disease. Eating the whole
bottle of aspirin, however, is lethal. Likewise, breathing air that is
21 percent oxygen is good, but breathing 100 percenr oxygen for
extended times can be damaging because oxygen, 02' is a rather reactive molecule. Too much of it can cause a multitude of unwanted side
effecrs, including premature aging.
63. A percentage is transformed into a fraction by dividing by 100. To
find 50 percent of something, for example, you multiply that something by 0.50, which is 50/1 00. The percentage 0.0001 percent transforms into the fraction 0.00000 I, which when multiplied by 1 X 1024
equals 1 X 1018.
65. There are certainly a lot of pesticide molecules in your glass of
water, The number of water molecules, however, far exceeds this number (see exercise 67) and so these pesticides are nor problematic. As an
analogy, consider that there were about 12 billion pennies minted in
1990. This is certainly a lot of pennies, but they are still, nonetheless,
relatively rare because the total number of pennies in circulation is far
grearer~on the order of over 300 billion.
67. Find the number of water molecules in the glass and then compare
them to the number of impurity molecules. According to exercise 63,
there are a trillion trillion water molecules in a glass of water. If this
water is 99.9999 percent pure, then it also contains a million trillion
impurity molecules. A trillion trillion is a million times more than a
million trillion, therefore. there are a million times more water molecules than there are impurity molecules. In other words, for every million water molecules, there is only one impurity molecule. Thus, in a
sample of water that is 99.9999 percent pure, the number of water
molecules far exceeds the number of impurity molecules, even though
there are trillions of each.
69. Salt, sodium chloride; classification: compound. Stainless steel,
mix of iron and carbon; classification: mixture. Tap water, dihydrogen
oxide plus impurities; classification: mixture. Sugar, chemical name:
sucrose; classification: compound. Vanilla extract, natural product;
classification: mixture. Butter, natural product; classification: mixture.
Maple syrup, natural product; classification: mixture. Aluminum,
metal; classification: in pure Iorm-c-clcmenr (sold commercially as a
mixture of mostly aluminum with trace metals, such as magnesium).
Ice, dihydrogen oxide; classification: in pure [orrn-c--cornpound; when
made from impure tap water-s-mixrure. Milk, natural product; classificarion: mixture. Cherry-Havered cough drops, pharmaceutical; classification: mixture.
71. Box A: mixture. Box B: compound. Box C: element. There are
three different rypes of molecules shown altogether in all three boxes:
one with two open circles joined, one with a solid and open circle
joined, and one with two solid circles joined.
73. The atoms within a compound are chemically bonded together
and do not come apart through the course of a physical change. The
components of a mixture, however, may be separated from each other
by physical means.
75. The chemical properry involves a chemical change. Through a
chemical change, the material changes its fundamenral identity, Thus,
you may have separated it, bur now it is something else, which means
that you need to convert it back to what it was rhrough a second
chemical change. This can be an energy- and time-intensive process
that is much less efficient than separating based upon differences in
physical properties.
77. A centrifuge can be used to determine if a mixture is a solurion or
a suspension because it will separare the componenrs of a suspension.
79. Box "C". Remember these are all submicroscopic viewpoints.
Whar may be depicted in "c" is the inrerface between a solid and liquid phase within a suspension.
81. Box "C" shows a pure material, which may be indicative of a
compound.
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83. Based upon its location in the periodic rable we find that galliwn,
Ga, is more metallic in character than germanium, Ge. This means that
gallium should be a better conductor of electricity. Computer chips manufactured from gallium, therefore, operare faster than chips manufacrured from germanium. (Gallium has a low melting point of30°C,
which makes it impractical for use in the manufacrure of computer chips.
Mixtures of gallium and arsenic, however, have found great use in the
manufacture of ultrafast, though relatively expensive, computer chips.)
85. Helium is placed over to the far right-hand side of the periodic
table in group 18 because it has physical and chemical properties most
similar to those of the other elements of group 18.
87. Calcium is readily absorbed by the body for the building of bones.
Since calcium and strontium are in the same atomic group, they have
similar physical and chemical properties. The body, rherefore, has a
hard time distinguishing between the two and strontium is absorbed
just as though it were calcium.
89. Dirt is a mixture of chemical compounds and much more. The
periodic table is used to show elements, which are materials that consist of only one kind of atom.
91. The periodic table is a reference to be used, not memorized. You
need not memorize the periodic table any more than you need to
memorize a dictionary. Both the periodic table and the dictionary
should be readily available to you when you need them.
93. Fruit punch is a mixture and mixtures can be separated into their
components by differences in physical properties. Initially, freezing
water molecules selectively bind to themselves to form ice crystals.
This excludes the sugar molecules. The effect is that the liquid phase
loses water molecules to the ice crystals. The proportion of sugar molecules in the liquid phase, therefore, increases, which makes the liquid
phase taste sweeter. Upon complete freezing, the sugar become
trapped within the ice crystals and the frozen juice can be used as a
popsicle. Suck hard on a frozen popsicle, however, and you'll find that
only the concentrated sugar solution pulls into your mouth.
95. The changes that occur as we age involve the chemical re-formation
of our biomolecules. These are chemical changes.
97. The drug companies could argue that the cost of researching and
developing the drugs was most expensive. The high price of the drugs
would allow these companies to recoup their losses and thus remain in
business to produce even more wonder drugs. Also, if the demand for
these drugs is very high, then people would be willing to pay the high
prices. Furthermore, the cost of keeping someone alive via more traditional means is already very expensive. The drug companies could use
this expense as a starting point for their pricing structure. For example, if it costs $10,000 to keep you alive without the drug, then they
could charge you $9,000 for the drug. Their advertisements could
focus on the fact that not only are they saving your life but they are
saving you $1,000 as well. What a deal!
99. Sciemists are as well equipped to answer the question of how to
increase the human life span as they are to answer how to get crops to
be more productive, or how to create better medicines, or how to
make our water safer to drink. The problem of getting food and medicine to the needy is better addressed by the politician. Scientists, however, like all citizens, are free to help with worthy causes as they see fit
to the best of their abilities.

101. The difference between these twO concentrations is 950 ppm or
950 milligrams per liter. The amount of salts added to the river water
is 950 milligrams.
103. A concentration of 0.16 ppt is 0.16 nanograms per liter. Convert
nanograms to milligrams by the following equalities: 1 gram = 103 mg,
1 gram = 109 ng.
(0.16 ng)(1 gram/f O" ng)(103 mg/1 gram)
0.00000016 mg

=

1.6

X

10-7 mg

=
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105. The concentration of chlorine in drinking water tends to
decrease as it leaves the water trearrnenr plant because of evaporative
processes but also because the chlorine is reacting with the organic tissues of bacteria. The greater the bacterial content, the quicker the
chlorine concentration decreases. Technicians can gauge the bacterial
content of water by monitoring changes in chlorine concentration
along the delivery system.

CHAPTER

3

31. The cat leaves a trail of molecules across the yard. These molecules
leave the ground and mix with the air, where they enter the dog's nose,
activating the sense of smell.
33. The atoms in the baby are just as old as those in the elderly person-all appreciably older than the solar system.
35. You are a part of every person around you in the sense that you are
composed of atoms that at one time were part of not only every person
around you but also every person who ever lived on Earth!
37. The moisture of the puddle combines with the heat of the sun to
form air.
39. That the heat of the flame causes the air to become moist is
counter to Aristotle's model of matter.
41. That two forms of "water" could combine to produce heat is
counter to Aristotle's model of matter. In Chapter 9, the atomic
model is used to explain how the combining of two molecules can
give rise to heat.
43. A material that arises from a compound mayor may not be elemental. The only way to find oue is to perform further experiments
that attempt to create two or more new substances out of that one.
45. Lavoisier observed that tin gained mass as it decomposed into a
gray powder and asked how that could happen. He hypothesized that
the tin gained mass because it absorbed something from the air. He
then predicted that ifhe could keep track of air volume as this reaction
took place, he would find a change in air volume. He tested his prediction by heating a piece of tin floating on a wood block enclosed by a
glass container. After observing that the volume of air surrounding the
tin decreased by 20 percem, Lavoisier theorized that 20 percent of the
air is made of a gaseous compound that reacts with tin.
47. Moving from left to right would be representative ofPriestley's
production of oxygen gas from mercuric oxide. Moving from right to
left would be representative ofLavoisier's experiment in which tin
reacted with atmospheric oxygen.
49. The atoms of the gasoline transform into the atoms of the exhaust
fumes, which escape into the atmosphere. The atoms literally go into
the gas tank and then out the exhaust pipe. The atoms are conserved,
but the gasoline isn't.
51. The vinegar helps the steel wool to rust. As the steel wool rusts it
absorbs the oxygen found within the sealed bottle. As the oxygen is
lost to the iron, the pressure on the inside of the bottle decreases.
The greater outside atmospheric pressure pushes the balloon inward
and eventually causes the balloon to inflate in an inverted manner.
Look into the balloon through the mouth of the bottle and you can
actually see what it looks like on the inside of an inflated balloon.
Try it!
53. Five containers and 5 lids can combine to produce 5 covered containers. Five containers and 7 lids will also produce 5 coverered containers (2 lids are left over). Seven containers and 3 lids will produce
only 3 covered containers (with 4 containers left over).
55. Forty-two grams of containers is 3 containers, while 42 grams of
lids is 14 lids. Three containers and 14 lids can produce 3 covered
containers. The combined mass of these 3 covered containers is
51 grams. Do you see how containers and lids react in a 1:1 ratio by
number but in a 14:3 ratio by mass?
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57. Nine grams of water wiJl be formed.
59. From left to right: D, B, A, C. The reaction sequence is as follows:

+
B

4A

2C

B

61.

Elements
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you should recognize that most of these investigators were in their 30s
at the time of their noted scientific contribution (average age about
37). Thus it is in science that a person's greatest contributions typically
are made when she or he is young and not yet fully established in a
field. Fresh ideas come from fresh minds.

79. The force upwards on the ping-pong ball must be equal and opposite to the weight of the ping-pong ball. The force exerted by the wind
on the ping-pong ball, therefore, is 1 ounce in an upward direction.

Compounds

Substance A

Substance C

Substance B

Substance

0

63. Avogadro correctly assumed that equal volumes of oxygen gas and
water vapor contain equal numbers of particles. To account for the
fact that the volume of oxygen has more mass than the volume of
water vapor, Avogadro hyporhesized that each particle of oxygen gas
consists of two oxygen atoms bound together into a single unit that we
know today as an oxygen molecule, Oz. With two oxygen atoms per
particle, a volume of oxygen gas is more massive than an equal volume
of water vapor, which has only one oxygen atom per particle (along
with two lightweight hydrogen atoms).
65. For the first reaction, the box on the far right should show the
same thing as the box adjacent to it-ten HCI molecules. Each box
contains 36.5 grams ofHCl. For the second reaction, there is insufficient hydrogen to react with all the chlorine. Thus only 36.5 gtams of
hydrogen chloride forms. The box on the far right should show the
five unreacted Clz molecules. Their combined mass is 35.5 grams.
67. The 1 L of mono atomic nitrogen, N, would combine with the 3 L
of mono atomic hydrogen, H, to produce 1 L of ammonia, NH3.
69. Hydrogen and oxygen are diatomic molecules-two
molecule.

BUILDERS

77. If the particles had a greater charge, they would be bent more
because the deflecting force is directly proportional to the charge. (If
the particles were more massive, they would be bent less by the magnetic force-obeying the law of inertia.)

+
2C

CONCEPT

atoms per

71. According to Cannizzaro's interpretation of Avogadro's hypothesis,
the same volumes of any two gases have the same number of particles,
provided they are at the same pressure and temperature. The number
of atoms within 1 liter of oxygen, therefore, is the same as the number
of atoms within I Iiter of hydrogen. To find the relative mass, you
need only divide the two masses. Chlorine atoms, therefore, are
3.165 glO.0900 g ~ 35.2 times more massive than hydrogen atoms.
In other words, chlorine has a mass of35.2 relative to hydrogen. This
number is slightly different from the number that appears under chlorine in the periodic table. It was decided in the mid-20th century that,
by convention, all masses listed in the periodic table would be relative
to the carbon-12 isotope. Chlorine, therefore, has a mass of35.453
relative to the carbon-12 isotope.
73. Throughout the development of modern chemistry, there were
numerous instances where investigators clung tightly to the ideas of
the past. One example presented in this chapter was the reluctance of
Dalton and other early chemists to accept Avogadro's hypothesis of the
diatomic nature of oxygen and hydrogen. There are many other examples that the text didn't have the time to go into. Boyle, for example,
held on ro Artistorle's notion that there was only one form of matter
and that this "one form" took on different "qualities" to make up the
materials around us. Priestley refused to believe Lavoisier's explanation
that his new gas was a new element absorbed by materials as they
burned. Instead, Priestley used the ideas of his predecessors in stating
that the "new air" he had generated was a form of air that lacked an
"essence" that materials release as they burn. Fire burned brighter in his
air because it rapidly absorbed this essence as the essence was released
by the burning material.
75. The youngest was Gay-Lussac, who in 1808 at the age of30
showed that gases react in definite volume ratios. More significantly,

81. As with Millikan's oil droplet experiment, the operator may conclude that the smallest fundamental unit of weighr is the multiple of
all these measurements, which would be 5 ounces. The weight of the
marble is analogous to the charge on an electron and the force of the
wind is analogous to the strength of the electric field that pulled
upwards against the force of gravity.
83. The neon sign is a fancy cathode ray tube, which means that the
ray oflight is the result of the flow of elecrrons through the tube. A
magnet held up to these flowing electrons alters their path, which
shows up as a distortion of the light ray.
85. The one on the far right, where the nucleus is not visible.
87. The resulting nucleus would be that of arsenic, which is poisonous!
89. The iron atom is electrically neutral when it has 26 electrons to
balance its 26 protons.
91. Carbon-13 atoms have more mass than carbon-12 aroms. Because
of this, a given mass of carbon-If contains fewer atoms than the same
mass of carbon-12. Look at it this way-golf balls have more mass
than ping-pong balls. So, which contains more balls: 1 kilogram of
golf balls or 1 kilogram of ping-pong balls? Because ping-pong balls
are so much lighter, you need many more of them to get 1 kilogram.
93. Protons, which are nearly 2000 times more massive than electrons,
contribute much more to the mass of an atom. Protons, however, are
held within the atomic nucleus, which is only a tiny, tiny fraction of
the volume of the atom. The size of the atom is spelled out by the electrons, which sweep rhrough a relatively large volume of space surrounding the nucleus.
95. From the periodic table we see that a carbon atorn has a mass of
about 12 amu. The carbon dioxide molecule, COz, consists of one
carbon atom bonded to two oxygen atoms for a total mass of about
44 amu.
97. The air we exhale is somewhat more massive than the air we inhale
because it contains a greater proportion of the heavier carbon dioxide
molecules. Interestingly, the added water vapor in our exhaled breath
is less massive than the oxygen that it replaced, but not enough to
counteract the much greater mass of the carbon dioxide. Breathing
causes you to lose weight.
99. Yes, this textbook is made of about 99.9 percent empty space. In
fact, anything made of atoms is mostly empty space, including our
bodies.

101. Eight grams of oxygen will react with only 1 gram of hydrogen to
produce 8 + 1 ~ 9 grams of water. Because only 1 gram of the hydrogen reacts, there is 8 - 1 ~ 7 grams of hydrogen left over.
103. Mass
(amu)
Mass of6Li
Mass oflLi

Fraction of
Abundance
6.0151 X 0.0742 ~ 0.446
7.0160 x 0.9258 ~ 6.495
6.941 amu

104. A 50:50 mix ofBr-80 and Br-81 would result in an atomic mass
of about 80.5, while a 50:50 mix ofBr-79 and Br-80 would result in
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an atomic mass of about 79.5. Neither of these is as close to the value
reported in the periodic table as is a 50:50 mix ofBr-79 and Br-81,
which would result in an atomic mass of about 80.0. The answer is (c).

31. Kelvin was not aware of radioactive decay, a source of energy to
keep Earth warm for billions of years.
33. A radioactive sample is always a little warmer than its surroundings because the radiating alpha or beta particles impart internal
energy to the atoms of the sample. (Interestingly enough, the heat
energy of Earth originates with radioactive decay of Earth's core and
surrounding material.)
35. An alpha particle undergoes an acceleration due to mutual electric
repulsion as soon as it is out of the nucleus and away from the attracting nuclear force. This is because it has the same sign of charge as the
nucleus. Like charges repel.
37. Alpha and beta rays are deflected in opposite directions in a magnetic field because they are oppositely charged-alpha rays are positive
and beta rays are negative. Gamma rays have no electric charge and are
therefore un deflected.
39. Alpha radiation decreases the atomic number of the emitting element by 2 and the atomic mass number by 4. Beta radiation increases
the atomic number of an element by ] and does not affect the atomic
mass number. Gamma radiation does not affect the atomic number or
the atomic mass number. So alpha radiation results in the greatest
change in atomic number, and hence charge, and mass number as well.
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tive decay, the interior of the Earth is similatly warmed. The great
radioactivity in Earth's interior therefore heats the water, but doesn't
make the water itself radioactive. The warmth of hot springs is one of
the "nicer effects" of radioactive decay.
59. Although there is significantly more radioactivity in a nuclear
power plant than in a coal-fired power plant, almost none of it escapes
from the nuclear plant, whereas most of what radioactivity there is in a
coal-fired plant does escape, through the stacks. As a result, a typical
coal plant injects more radioactivity into the environment than does a
typical nuclear plant. All nukes are shielded; coal plants are not.
61. The irradiated food does not become radioactive as a result of
being zapped with gamma rays. This is because the gamma rays lack
the energy to initiate the nuclear reactions in atoms in the food that
could make them radioactive.
63. Radium is a "daughter" element, the result of the radioactive decay
oflong-lived uranium.
65. Radioactive decay rates are statistical averages oflarge numbers of
decaying atoms. Because of the relatively short half-life of carbon-14,
only trace amounts would be left after 50,000 years-too little to be
statistically accurate.
67. At 3:00 p.m. there will be 1/8 g left over. At 6:00 p.m. there will
be 1/64 g left over. At ] 0:00 p.m. there will be 1/1024 g left over.
69. One-sixteenth will remain after 4 half-lives, so 4 x 30 = 120 years.
71. Eight alpha particles and six beta particles are emitted in the decay
chain from U-238 to Pb-206. (The numbers are the same for the
alternate routes.)

41. They repel by the electric force and attract each other by the
strong nuclear force. The strong force predominates. (If it didn't, there
would be no atoms beyond hydrogen!) If the protons are separated to
where the longer-range electric force overcomes the shorter-range
strong force, they fly apart.

73. Unenriched uranium-which
contains more than 99 percent of
the nonfissionable isotope U-238-undergoes
a chain reaction only if
it is mixed with a moderator to slow down the neutrons. Uranium in
ore is mixed with other substances that impede the reaction and has
no moderator to slow down the neutrons, so no chain reaction occurs.

43. The mass of the element is 157 + 104 = 261. Its atomic number is
104, a transuranic element recently named rutherfordium.

75. Nuclear fission is a poor prospect for powering automobiles primarily because of the massive shielding that would be required to protect the occupants and others from the radioactivity and the problem
of radioactive waste disposal.

45. Only gamma rays are able to penetrate the metal hull of an airplane. Flight crews are required to limit their flying time so as to minimize the potential harm caused by the significant radiation at high
altitudes. Recall from the text that a single flight from New York to
Los Angeles exposes each human in the plane to about as much radiation as a chest X ray.
47. Alpha particles are, first of all, much bigger in size than beta particles, which makes them less able to pass through the "pores" of materials. Second, alpha particles are enormously more massive than beta
particles. So if beta particles have the same kinetic energy, they must
be moving considerably faster. The faster-moving and smaller beta
particles are therefore more effective in penetrating materials.
49. To decay to about one-sixteenth the original amount would take
5 half-lives, which in this case equals 120 years.
51. When radium (A = 88) emits an alpha particle, its atomic number
reduces by 2 and becomes the new element radon (A = 86). The
resulting atomic mass is reduced by 4. If the radium was of the most
common isotope, 226, then the radon isotope would have atomic
mass number 222.
53. An element can decay to elements of greater atomic number by
emitting electrons (beta rays). When this happens, a neutron becomes
a proton and the atomic number increases by 1.
55. Agree with your friend who attributes helium to alpha particles.
It's true, alpha particles emitted by radioactive isotopes in the ground
slow down and stop, capture two electrons, and become helium
atoms. Our supplies of helium come from underground. Any helium
in the atmosphere is dissipated to space before long.
57. Earth's natural energy that heats the water in the hot spring is the
energy of radioactive decay. Just as a piece of radioactive material is
warmer than its surroundings due to thermal agitation from radioac-

77. (Another rario of surface area to volume application.) Surface area
for a given volume decreases when small pieces of material are assembled. (It's easier to see the opposite process where surface area for a
given volume is increased when big pieces are broken up into little
pieces; for example, you break a sugar cube into little pieces to increase
the surface area exposed to tea for quick dissolving.) In the case of uranium fuel, the process of assembling small pieces into a single big
piece decreases the surface area, reduces neutron leakage, and increases
the probability of a chain reaction and an explosion.
79. Plutonium has a short half-life (24,360 years), so any plutonium
initially in Earth's crust has long since decayed. The same is true for
any heavier elements with even shorter half-lives from which plutonium might originate. Trace amounts of plutonium can occur naturally in U-238 concentrations, however, as a result of neutron capture,
where U-238 becomes U-239 and after beta emission becomes Np239 and after further beta emission becomes Pu-239. (There are elements in Earth's crust with half-lives even shorter than plutonium's,
but these are the products of uranium decay-between uranium and
lead in the periodic table of elements.)
81. When a neutron bounces from a carbon nucleus, the nucleus
rebounds, taking some energy away from the neutron and slowing it
down so it will be more effective in stimulating fission events. A lead
nucleus is so massive that it scarcely rebounds at all. The neutron
bounces with practically no loss of energy and practically no change of
speed (like a marble from a bowling ball).
83. Because fissionable Pu-239 is formed as the otherwise inert U-238
absorbs neutrons from the fissioning U-235.
85. To predict the energy release of a nuclear reaction, simply find the
difference in the mass of the beginning nucleus and the mass of its
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configuration after the reaction (either fission or fusion). This mass
difference (called the "mass defect") can be found from the curve of
Figure 4.31 or from a table of nuclear masses. Multiply this mass difference by the speed oflight squared, E ~ me', That's the energy
release!
87. If uranium were split into three parts, the segments would be
nuclei of smaller atomic numbers, mote toward iron on the graph of
Figure 4.29. The resulting mass per nucleon would be less, and there
would be more mass converted to energy in such a fissioning.
89. The mass of an atomic nucleus is less than the masses of the separate nucleons that compose it. One way to see why is to think about
the work that must be done to separate a nucleus into its component
nucleons. This work, according to E ~ me", adds mass to the system, so
rhe separared nucleons are more massive than the nucleus from which
they came. Notice rhe large mass per nucleon of hydrogen in the
graph of Figure 4.31. The hydrogen nucleus, a single proton, is already
"outside" in the sense that it is not bound to other nucleons.
91. No. U-235 (with its shorter half-life) undergoes radioactive decay
six times faster than U-238 (half-life 4.5 billion years), so natural uranium in an older Earth would contain a much smaller percentage of
U-235, not enough for a critical reaction without enrichment. (Conversely, in a younger Earth, natural uranium would contain a greater
percentage ofU-235 and would more easily sustain a chain reaction.
Interestingly, there is evidence that several billion years ago, when the
percentage ofU-235 in uranium ore was greater, a natural reactor
existed in Gabon, West Africa.)
93. Splitting light nuclei (which happens in particle accelerators) costs
energy. The total mass of the products therefore, is greater than the
total mass of the initial nucleus.
95. Although more energy is released in the fissioning of a single
uranium nucleus than in the fusing of a pair of deuterium nuclei,
the much greater number of lighter deuterium atoms in a gram of
matter compared to the fewer heavier uranium atoms in a gram
of matter results in more energy liberated per gram for the fusion of
deuterium.
97. A hydrogen bomb produces a lot of fission energy as well as
fusion energy. Some of the fission is in the fission bomb "trigger" used
to ignite the thermonuclear reactio n and some is in fissionable material that surrounds the thermonuclear fuel. Neurrons produced in
fusion cause more fission in rhis blanket. Fallout resulrs mainly from
the fission.
99. You don't get something for nothing. There is great misunderstanding about hydrogen. To release it from water or other chemicals
costs more energy than you get back when you burn it. Hydrogen
represems stored energy, like a battery. It's made in one place and
used in another. It burns without pollution, a big advantage, but it
should be regarded as a storage and transport medium for energy, not
as a fuel.
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35. We see an object when visible light scatters offthe object. Scattered light that reaches our eyes from various parts and angles of the
objecr reveals the shades and hues of the object. An atom cannor be
seen in the usual sense because the arom is roo small ro sufficiemly
scatter light back to our eye. This doesn't mean, however, that the
atom can't be a source oflight itself. In fact, any charged object,
including the smallest atom, generates electromagnetic waves as it
vibrates. When we observe the visible spectrum of an element, what
we are seeing is the visible light emitted by many, many aroms of the
same element all vibrating at characteristic frequencies.
37. Atoms are smaller than the wavelengths of visible light and hence
they are not visible in the true sense of the word. We can, however,
measure the topography of a collection of atoms by scanning an electric current back and forth across the topography. The data from such
scanning can be assembled by a computer into an image that reveals
how individual atoms are organized on the surface. It would be more
:ppr~priate to say that w~:h t~e scanning tunneling microscope we
feel atoms, rather than see them.
39. They all interact with each other,
41. Many objects or systems may be described just as well by a physical model as by a conceptual model. In genetal, the physical model is
used to replicate an object or system of objects on a different scale.
The conceptual model, by contrast, is used to represent abstract ideas
or to demonstrate the behavior of a system. Of the examples given in
the exercise, the following might be adequately described using a physical model: a gold coin, a cat engine, and a virus. The following might
be adequately described using a conceptual model: a dollar bill (which
represents wealth but is really only a piece of paper), air pollution, and
the spread of a sexually rransmitted disease.
43. The greater the frequency of a photon oflight, the greater the
energy packed into that phoron.
45. When no light hits the eye we see no color. All we see is black,
which is not a color, but is simply the absence of color,
47. The electron.
49. The one electron can be boosted to many energy levels, and therefore make many combinations of transitions to lower levels. Each
transition is of a specific energy and accompanied by the emission of a
photon of a specific frequency; rhus the variety of spectral lines.
51. In accord with the conservation of energy, the combined energies
equal the energy of the single transition. (Thus the sum of the frequencies oflight emitted by the two steps will equal the frequency of
light emitted with the one long srep.)
53. The blue frequency is a higher frequency and therefore corresponds to a higher energy level transition.
55. An electron not restricted to particular energy levels would release
lighr continuously as it spiraled closer into the nucleus. A broad spectrum of colors would be observed rather than the distinct lines.
57. It takes no time at all for this transition to occur. It is instantaneous. At no point is the electron found in berween rhese rwo orbitals.

5

59. Because of its wave nature, it would be better to say rhar rhe electron actually exists in both lobes at the same time.

31. Answer: C
33. According to the scales provided in Figure 5.2, the diameter of the
arom is about one-tenth the length of 10-9 meter, which is about
10-10 meter. Similarly, the diameter of the bacterium is roughly half
of 10-6, which is about 5 x 10-7. The diameter of the bacterium, therefore, is about (5 X 10-7)/10-10 ~ 5000 times larget. Rather than comparing their diameters, however, it is more meaningful to compare their
volumes. Assume that the bacteria is a sphere, like the atom, and we
can use the formula for the volume of a sphere, which is V ~ 3. For

fnr

the volume of the bacterium, V ~ 1n(5000)(5000)(5000)

CONCEPT

~ 7 X 1010.

For the volume of the arom, V ~ fn(0.5)(0.5)(0.5) ~ 0.5. The volume
of the bacterium, therefore, is about (7 x 101°)/0.5 ~ 1 x 10 11, which is
roughly 100,000,000,000, or 100 billion times larger.

61. Electromagnetic radiation behaves both as a wave and as a particle,
depending on the circumstance.
63. The electromagnetic radiation is showing its particulate nature
when atoms only absorb or emit light in units of photons. When the
electromagnetic radiation bends into a glass prism, it is behaving like a
wave, similar to how water waves bend when they pass at an angle
from deep water into shallow water.
65. The dimensions of the car and the nature of the materials of the
car dictate that there will be certain frequencies that reinforce themselves upon vibration. When the vibration of the tires matches the
car's "natural frequency" the result is a resonance, which is selfreinforcing waves. The wave nature of the car, however, is simply due
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to the back-and-forth vibrations of the materials of the car. The wave
nature of the electron, on the other hand, is entirely different. For the
electron moving at very high speeds, some of its mass is converted to
energy, which is manifest in its wave nature. Given the dimensions of
the atom, certain frequencies of the electron will also be "natural," that
is, self~reinforcing. The vibrating car, therefore, is analogous to one of
the energy levels of the electron, which is the point at which the electron forms a self-reinforcing standing wave.

91. Neon's outermost shell is already filled to capacity with electrons.
Any additional electrons would have to occupy the next shell out,
which has an effective nuclear charge of zero.

67. The gorbitals are not commonly discussed by chemists because
there are no known elements that have enough electrons in the ground
state to occupy the gorbitals.

97. Potassium has one electron in its outermost occupied shell, which
is the fourth shell. The effective nuclear charge within this shell is relatively weak (+ 1) and so this electron is readily lost. A second electron
would need to be lost from the next shell inwards (the third shell),
where the effective nuclear charge is much stronger (+9). Thus, it is
very difficult to pull a second electron away from the potassium atom
because this electron is being held so tightly by this much greater
effective nuclear chatge.

69. An electron in a 35 orbital has more potential energy than an electron in a 2p orbital.
71. The difference between these two transitions is that the beryllium
has a stronger nuclear charge. Boosting beryllium's electron away from
rhe nucleus, therefore, requires more energy.
73. According to the model presented in the text, electrons fill lowerenergy orbitals before entering higher-energy orbitals. The electron
configuration for carbon shown on the right side, 15125'2p" shows that
one of the 2.<electrons has been boosted to a higher-energy 2p orbital.
This configuration, therefore, represents a greater amount of energy.
75. Lowest energy: 1522522p5. Highest energy: 1P2522p53s2
77.

93. An electron in the outermost shell of sodium experiences the
greatest effective nuclear charge because it is closer to the nucleus and
electric forces diminish over distance.
95. Increasing ionization energy: Pb

<

Sn

<

As < P

99. Note carefully that each shell has been divided into a series of finer
shells known as "subshells." Each subshell corresponds to a specific
orbital eype. The four of the seventh shell, for example, includes the
7 s orbital, the 5[orbitals, the 6d orbitals, and the 7p orbitals. Gallium
is larger than zinc because it has an electron in three subshells of the
fourth shell, while zinc has electrons only in the fitst inner two subshells of the fourth shell. Thus, what you see here is a refinement on
the model presented in Section 5.7. Don't worry about fully understanding this refinement. Rather, better that you understand that all
conceptual models are subject to refinement. We chose the level of
refinement that best suits our needs.

31. Electron-dot structures of elements in the same group have the
same number of valence electrons.
33. There is room for only one additional electron within the valence
shell of a hydrogen atom.
Sodium, Na

Rubidium, Rb

35. There are two inner shells of electrons that shield the valence electron from the nucleus.
37. The number of unpaired valence electrons in an atom is the same
as the number of bonds that the atom can form.
39. This is an example of a chemical change involving the formation
of ions, which are uniquely different from the neutral atoms from
which they are made.

Krypton, Kr

Chlorine, Cl

41. The nuclear charge experienced by an electron in sodium's third
shell is not strong enough to hold this many electrons. As was discussed in Chapter 5, this is because there are 10 inner-shell electrons
shielding any third-shell electron from the + 11 nucleus. The effective
nuclear charge in this shell, therefore, is about + 1, which means that it
is able to hold at most one electron.

79. The electron configuration of the higher energy is (b)
1522522p"35031'. Both of these electron configurations represent
the sodium atom.

43. Ba3N2

81. They have similar energy levels and so are grouped within the
same shell of orbitals, which is the fourth shell.

47. In a neutral atom the number of negatively charged electrons is
the same as the number of posirively charged protons. Take away one
of the negative electrons, however, and there will be an excess of positively charged protons.

83. It is simpler and easier to understand.
85. The effective nuclear charge for an outermost shell electron in fluorine is 9 - 2 = 7. The effective nuclear charge for an outermost shell
electron in sulfur is 16 - 10 ~ 6.
87. A bromine atom loses its outermost electron more easily because
this electron experiences a weaker effective nuclear charge than does
the outermost electron of the krypton atom.
89. An orbital is just a region of space in which an electron of a given
energy level resides. This region of space exists with or without the
electron. The same logic applies to a shell, which is just a collection of
orbitals of similar energy levels. The space defined by the shell exists
whether or not an electron is to be found there.

45. Because there is no more room available in its outermost occupied
shell.

49. Atoms with many valence electrons, such as fluorine, F, rend to
have relatively strong forces of attraction between their valence electrons and the nucleus. This makes it difficult for them to lose electrons. It does, however, make it easy for them to gain additional
electrons.
51. The water molecule, H20.
53. An ionic compound is an example of a chemical compound.
55. The potassium atom with an additional shell of electrons is larger.
57. The charges on the aluminum and oxide ions of aluminum oxide
are greater than the charges on the sodium and chloride ions of
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sodium chloride. The network of aluminum and oxide ions within
aluminum oxide, therefore, ate more strongly held together, which
gives the aluminum oxide a much higher melting point (more thermal
energy is required to allow these ions to roll past one another within a
liquid phase).

89. Sometimes true and sometimes false! Within anyone atomic
group, as the numbet of shells increases the electronegativity decreases.
A group 17 bromine atom, however, has four shells of electrons, yet its
electronegativity is greater than that of a group 1 lithium atom, which
has only two shells.

59. Carefully consider the differences between these two compounds.
Where the potassium fluoride contains a potassium ion, the molecular fluorine conrains a Huorinc. What then are the differences
between the potassium ion and the fluorine atom? First consider size.
The potassium ion has three full shells of electrons, which makes it
larger. The distance between the two nuclei of the fluorine atoms
within F2, therefore, should be closer together. Second, consider the
type of bonding. The F2 compound is covalent. This involves the
overlapping of shells, which allows the nuclei to be closer. So, by both
considerations, the nuclei of molecular fluorine, Fz, should be closer
together.

91. True, except for the group 18 noble gas elements, which are not
assigned an elcctroncgativiry number. The trend is that electronegativity decreases with an increasing number of shells down anyone atomic
group (vertical column) of the periodic table.

61. A covalent bond is specifically directed between two and no more
than two atoms, which is analogous to marriage. The electric charge of
an ion, by contrast, reaches outward in all directions such that a single
ion may be ionically bonding with many different atoms at the same
time (as occurs within a sodium chloride crystal). This would be more
analogous to the single life, where a person is more likely to be intimately involved with more than one person at a time.
63. The hydrogen atom has only one electron to share.
65. There is a gradual change. We get this change by noting the relative positions of the bonding elements across the periodic table. If they
are close together toward the upper right-hand corner, then the bond
is more covalent. When rhe elements are on opposite sides of the periodic table, the chemical bond between them is more ionic. For atoms
between these two extremes, the bonding tends to be a blend of both,
which is also referred to as polar covalent.
67. When bonded to an atom with low electronegativity, such as any
group 1 element, the nonmetal atom will pull the bonding electrons
so closely to itself so as to form an ion.
69. The chemical formula for phosphine is PH3, which is most similar
to that of ammonia, NH3. Note how phosphorus is directly below
nitrogen in the periodic table.
•• 1-

7l.:q:

.. 1-

:Cl:

H
73.:0:0:

H
75. There are four substituents, which means that this molecule has
the tetrahedral shape.
77. As shown in Table 6.2, there are five substituents around the sulfur
atom in SE, and this includes four fluorine atoms and one lone pair of
electrons.
79. The source of an atom's electronegativity is the positive charge of
the nucleus. More specifically, ir is the effective nuclear charge experienced within the shell that the bonding electrons are occupying.

93. Water is a polar molecule because in its structure the dipoles do not
cancel. Polar molecules tend to stick to one another, which gives rise to
relatively high boiling points. Methane, on the other hand, is non polar
because of its symmetrical strucrure, which results in no net dipole and
a relatively low boiling point. The boiling points of water and methane
are less a consequence of the masses of their molecules and more a consequence of the attractions that occur among their molecules.
95. a. The left compound with the two chlorines on the same side of
the molecule is more polar and will thus have a higher boiling
point.
b. The chlorine atoms have a relatively strong electronegativity
that pulls electrons away from the carbon. In the left molecule,
COClz, this tug of the chlorines is counteracted by a relatively
strong tug of the oxygen, which tends to defeat the polarity of this
molecule. The hydrogens of the molecule on the right, C2H2C1Z'
have an electronegariviry rhat is less than that of carbon, so they
actually assist the chlorines in allowing electrons to be yanked
towards one side, which means that this molecule is more polar. A
material consisting of the right molecule, C2H2C1Z' therefore, has
the higher boiling point.
c. The left compound, sodium cyanide, NaCN, is ionic and so
its boiling point is much, much greater than that of hydrogen
cyanide, HCN. In fact, at room temperature, sodium cyanide is
a solid, while hydrogen cyanide is a gas. Both these compounds
are highly toxic, but the hyd rogen cyanide more so because it
can be inhaled, which provides the quickest path of biological
intake.
97. If ammonia, NH3, were somehow squashed into a triangular planar shape, the molecule would gain in symmetry and become less
polar. Of course, the ammonia would no longer be identifiable as
ammonia because its physical and chemical properties would become
vastly different.
99. The single greedy kid ends up being slightly negative, while the
two more generous kids are slightly positive (deficient of electrons).
The greedy negative kid is actually twice as negative as one of the positive kids is positive. In other words, if the greedy kid had a charge of
-1, each positive kid would have a charge of +0.5. This is a polar situation where the electrons are not distributed evenly. If all three kids
were equally greedy, then the situation would be more balanced, that
is, nonpolar.
CHAPTER
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85. When one or more of the substiruents is a lone pair of electrons.

31. Each person on the rink represents an atom. A group of friends
held tightly together represents a molecule, which is a gtoup of atoms
held together by covalent bonds. The brief interactions between rhis
group of friends and other groups or individuals on the skating rink
represent the interactions rhat occur between molecules, or between
molecules and ions.

87. By convention, molecular geometry and molecular shape are not
the same thing. Molecular geometry includes both atoms and lonepair electrons as subsrituents. Molecular shape, however, focuses only
on atom substituents. Water's geometry is tetrahedral because it has
four substituents, which include two hydrogen atoms and two lone
pairs. Water's shape is bent because the two hydrogen atoms are
angled together due to the repulsive forces of the two lone pairs of
electrons.

33. The charges in sodium chloride are balanced, but they are not
neutralized. As a water molecule gets close to the sodium chloride, it
can distinguish the various ions and it is thus attracted to an individual ion by ion-dipole forces. This works because sodium and chloride
ions and water molecules are of the same scale. We, on rhe other hand,
are much too big to be able to distinguish individual ions within a
crystal of sodium chloride. From our point of view, the individual
charges are not apparent.

81. The least symmetrical molecule (c) O=C=S
83. In order of increasing polarity: N -N

<

N-

0

<

N-

F

<

H-

F.
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35. The elements calcium, Ca, and fluorine, F, are on opposite sides of
the periodic table, and this tells us that the bond between them is
ionic. Ionic compounds tend to have high melting points because the
attractions among ions extend in all directions. This locks the ions in
place, which means that a lot of thermal energy is required to break
them apart, as occurs during melting. The elements tin, Sn, and chlorine, Cl, are much closer together in the periodic table, and this tells
us that the bond between them is less ionic and more covalent. Furthermore, the tetrahedral molecular geometry of stannic chloride,
SnCI4, is symmetrical, which means that the dipole of individual
tin-chloride bonds cancel each other out. This nonpolarity means that
the stannic chloride molecules are not so attracted to one another,
which means that they readily evaporate.

solid phase can be transformed into a liquid phase by a decrease in
pressure. For a given temperature, therefore, the solid phase has more
pressure applied to it and is more dense.

37. Because the magnitude of the electric charge associated with an
ion is much greater.

67. The bottle filled with fresh water floats in ocean water because it is
less dense than the ocean water. Meanwhile, the bottle filled with ocean
water sinks in fresh water because it is more dense than the fresh water.

39. By way of induced dipole-induced dipole molecular attractions.
41. Oxygen molecules are attracted to water molecules when the oxygen molecules are brought close to the water molecule. The negative
side of a water molecule pushes oxygen's electrons farthest from water
and results in a temporary uneven distribution of electrons in the oxygen molecule known as an induced dipole.
43. These are all nonpolar compounds but they differ in size. The
larger the size of the nonpolar molecule, the easier it is for that nonpolar molecule to form induced dipoles. Larger non polar molecules,
therefore, have a greater "stickiness," hence, a higher boiling point.
These compounds, in order of increasing boiling point, are: CF 4'
CCI4, CBr4' CI4•
45. If you haven't done so already, be sure to hold a charged balloon up
to a thin stream of water from a faucet. Charge the balloon by rubbing
it on your hair. Hold the balloon up to the thin steam and look for the
effect. The dipoles of the water molecules all turn towards the charged
balloon, to which they are attracted. A similar effect can be seen by
holding a charged balloon close to (but not touching) the corner of an
ice cube. With some persistence you can get the ice cube to rotate back
and forth. Narrow rectangular ice cubes (the kind that often come out
of automatic ice makers) work best.
47. The greater the surface area the greater the number of induced
dipole-induced dipole forces of attraction that can occur between the
gecko's foot and the surface, such as the underside of a leaf or a wall or
ceiling.

61. Oxygen has a low solubility in water because the only attractions
occurring between oxygen and water molecules are weak
dipole-induced dipole attractions. Water's attraction for itself is
stronger than its attraction for oxygen molecules.
63. Nitrogen atoms are bigger and so nitrogen molecules should be
more soluble in water due to greater dipole-induced dipole attractions.
65. The helium is less soluble in the bodily fluids and so less dissolves
for a given pressure. Upon decompression, there is less helium to
"bubble out" and cause potential harm.

69. This amount of sand removed from the bottle equals the amount
of salt dissolved in the ocean water.
71. To tell whether a sugar solution is saturated or not, add more sugar
and see if it will dissolve. If the sugar dissolves, the solution was not
saturated. Alternatively, cool the solution and see if any sugar precipitates. If it precipitates, then the solution was saturated. Because sugar
forms supersaturated solutions so easily, however, neither of these
methods is always successful.
73. At 10°C a saturated solution of sodium nitrate, NaN03, is more
concentrated than a saturated solution of sodium chloride, NaCl.
75. Assuming concentration is given in units of mass (or moles) of
solute in a given volume of solution, then the concentration necessarily decreases with increasing temperature.
77. The polarity of the molecules of a substance has a far greater influence on the boiling temperature of the substance than does the mass
of its molecules. Recall that boiling involves separating the individual
molecules of a liquid substance from one another. The greater the
"stickiness" of the molecules, the harder this is to do. The extra neutron in the deuterium does not affect the chemical bonding within the
D20 molecule, which thereby has the same chemical structure as
H20. Since they have the same chemical structures, their boiling temperatures are most similar: H20, bp = 100°C; D20, bp = 101°C.
Interestingly, the extra mass of the deuterium has only a small effect
on the boiling temperature.

49. The boiling points go up because of an increase in the number of
molecular interactions between molecules. Remember, when we talk
about the "boiling point" of a substance, we are referring to a pure
sample of that substance. We see that the boiling point of I-pcnranol
(the molecule on the far right) is relatively high because l-pentanol
molecules are so attracted to one another (by induced dipole-induced
dipole as well as by dipole-dipole and dipole-induced dipole attractions). When we refer to the "solubility" of a substance, we are referring to how well that substance interacts with a second substance-in
this case water. Note that water is much less attracted to I-penranol
because most of Lpentanol is nonpolar (it's only polar portion is the
OH group). For this reason, I-penranol is not very soluble in water.
Put yourself in the point of view of a water molecule and ask yourself
how attracted you might be to a methanol molecule (the one on the
far left) compared to the pentanol molecule (the one on the far right).

79. Although oxygen gas, 02' has poor solubility in water, there are
many other examples of gases that have good solubility in water.
From the concepts discussed in Chapter 6, you should be able to
deduce that hydrogen chloride is a somewhat polar molecule. This
gaseous material, therefore, has a good solubility in water by virtue of
the dipole-dipole attractions occurring between the HCl and H20
molecules.

51. Water is boiling at point A.

83. The arrangement of atoms within a molecule makes all the difference as to the physical and chemical properties. Ethyl alcohol contains
the - OH group, which is polar. This polarity, in turn, is what allows
the ethyl alcohol to dissolve in water. The oxygen of dimethyl ether, by
contrast, is bonded to two carbon atoms: C-O-c.
The difference in
electronegativity between oxygen and carbon is not as great as the difference between oxygen and hydrogen. The polarity of the C- 0
bond, therefore, is less than that of the O-H bond. As a consequence,
dimethyl ether is significantly less polar than is ethyl alcohol and is not
readily soluble in water.

53. As pressure increases, the melting temperature of water decreases.
55. Yes, it is possible for ice to rransform to water vapor without ever
becoming liquid. This process is called sublimation. It explains why
ice cubes get smaller the longer they stay in the freezer. On the diagram, sublimation occurs at point D.
57. Xenon is a liquid at -112°C and 0.90 atm.
59. Note from the diagram that the liquid phase of xenon can be
transformed to a solid phase by an increase in pressure. Conversely, the

81. Motor oil is much thicker (viscous) than is gasoline. This suggests
that the molecules of motor oil are more strongly attracted to one
another than are the molecules of gasoline. A material consisting of
molecules of Structure A would have greater induced dipole-induced
dipole molecular interactions than a material consisting of molecules
of Structure B. Motor oil molecules, therefore, are best represented by
Structure A, whereas gasoline molecules are best represented by
Structure B.

APPENDIX

C

SOLUTIONS

TO ODD-NUMBERED

85. In order to smell something, the molecules of that something
must evaporate and reach your nose. If the new perfume doesn't evaporate, it will not have an odor.
87. These initial bubbles are the gases that were dissolved in the water
coming out of solution. Because the solubility of gases in water
decreases with increasing temperature, a standing warm pot of water
will show more bubbles forming on the inner sides than will a standing cold pot of water.
89. Most home water softeners work by replacing the calcium and
magnesium ions of the tap water with sodium ions. This softened
water, therefore, comains increased levels of sodium ions.
91. The calcium carbonate of the hard water comes out of solution in
the hot water of the water heater. Over the years, the calcium carbonate on the inner surface of the hot water tank can build up to the point
that it insulates the water from the heating element.
93. The non polar molecules have a hard time passing the ionic heads
of the fatty acid molecules, which are surrounded by water molecules.
95. This structure is called a cell, also known as a lysosome. Add a
bunch of ions, DNA, organelles, plus many other biomolecules to the
cell and you have a living cell. The bilipid barrier is called a plasma
membrane, which you will learn all about in your biology classes.
97. "Why is calcium fluoride not used in toothpaste?" FYI, calcium
fluoride occurs naturally, while sodium fluoride is largely a by-product
of the aluminum industry.
99. The phosphate ions softened the water by binding to calcium
ions, which would otherwise interfere with the effectiveness of the
soap or detergent.
OHS
101. Multiply concentration by volume: (0.5 gill (5 L)
1 mole
103 a -..
1 liter

=

1 molar (1 M)

2 moles
b
.
. 0.5 liters

=

=

2.5 g.

4 molar (4 M)

105. Each of the 12 carbon atoms has an atomic mass of 12 amu, so the
total mass from carbon is: 12 x 12 amu = 144 amu. Each of the
22 hydrogen atoms has a mass of 1, so the total mass of hydrogen is:
22 X 1 amu = 22. Each of the 11 oxygen atoms has a mass of 16, so the
total mass of oxygen is: 11 X 16 amu = 176. The grand total mass of the
sucrose molecule, therefore, is 144 amu + 22 amu + 176 amu = 342 amu.
This adding up of the masses of the atoms of a molecule is explored in
much more detail in Chapter 9.
107. To help answer this question, review the Chapter 1 Calculation
Corner on conversion factors. Consider that if342 grams equals
1 mole, then we have the choice of one of two conversion factors:
342 g/1 mole or 1 mole/342 g. To convert 200 grams of sucrose into
a number of moles of sucrose, multiply by the second conversion
factor:
200 g sucrose (l mole/342 g sucrose)

=

0.585 mole

So, 200 grams of sucrose equals 0.585 mole. Multiply this number by
6.02 x 1023 to give the number of molecules:
0.585 mole sucrose (6.02

X

1023/1 mole)
= 3.52 x 1023 molecules of sucrose

The relationship between the moles of a material and grams is
explored in much more detail in Chapter 9.
109. The conversion factor is 1 mole/IS grams: ,
100 g water (lmole/18 g water)

CHAPTER

=

5.55 moles water
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31. The soda can puffs out and sometimes the lid pops open. This
occurs because the water content of the soda freezes and expands.
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33. The combined volume of all the billions of "open rooms" in the
hexagonal ice crystals of a piece of ice is equal to the volume of the
part of the ice that extends above water when ice floats. When the ice
melts, the open spaces are exactly filled in by the amount of ice that
extends above the water level. This is why the water level doesn't rise
when ice in a glass of ice water melts-the melting ice "caves in" and
exactly fills the open spaces.
35. Did you try Roating ice in boiling water to see for yourself? If not,
now is your chance. For a clue, study Figure 8.11 closely.
37. Microscopic ice crystals in near-freezing water make the water less
dense.
39. When a solute is present in water, the solute takes up space and
decreases the number ofliquid molecules at the liquid-solid interface.
The space taken up by solute molecules decreases the probability of a
water molecule adhering to the surface of ice and raising the overall
freezing point of water.
41. Calcium chloride dissolves to produce three ions, whereas sodium
chloride dissolves to produce only two. The greater number of ions
generated by calcium chloride is more effective at decreasing the number of water molecules entering the solid phase.
43. The heat that is added to ice goes to increasing the vibrations
among water molecules, which, in rum, leads to the breaking of
hydrogen bonds. Thus, adding heat favors the rate of melting. This
has the appearance of disfavoring the rate of freezing.
45. Graph "d."
47. Water near the freezing point of O'C is less dense than warmer
water, and the colder water will "float" on the warmer water. This causes
ice to form at the surface of a body of water rather than at the bottom.
49. Just as the presence of a solure disrupts the rate of ice crystal formation, so does it disrupt the rate of ice microcrystal formation. As
you should recall, it is the formation of microcrystals in fresh water
that results in fresh water's expansion as it is cooled below 4°C. Without the formation of rnicrocrystals, saltwater continues to contract all
the way to its freezing temperature of about -18°C. Ocean water,
therefore, is most dense just before it freezes, which makes its freezing
behavior most different from that of fresh water. To see for yourself,
place a cupful of saltwater next to a cupful of fresh water in your
kitchen freezer.
51. The oxygen-rich surface waters sink to the bottom of the lake as
they are cooled down to 4°C. This is of benefit to the aquatic organisms living at the bottom. Concurrently, the nutrient-rich deeper
waters are pushed to the surface. This is of benefit to the aquatic
organisms living towards the surface.
53. In tropical regions, surface waters never get cold enough to sink to
the bottom of the ocean to initiate the process of "upwelling" (see previous exercise). Without upwelling, tropical waters tend to remain
clear.
55. Mercury sticks to itself (cohesive forces) better than it sticks to the
glass (adhesive forces).
57. At colder temperatutes water molecules are moving slower, which
makes it relatively easy for them to cohere to one another. This, in
turn, increases the surface tension. A tablespoon of vegetable oil
poured into a pot of cold water, therefore, is typically seen to come
together as a single blob (because the water molecules are so attracted
to themselves). At higher temperatures water molecules are moving
faster, which makes it more difficult for rhem to cohere to one
another. This, in turn, decreases the surface tension. A tablespoon of
vegetable oil poured into a pot of hot water, therefore, is more inclined
to disperse throughout the water, which is of great benefit when cooking spaghetti.
59. Water is not strongly attracted to a wax surface, which is nonpolar.
So as to minimize surface area, the water tends to form a sphere. Sitting on a solid surface, however, the spherical drop of water is
squashed down into a bead by the force of gravity.
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61. Soap deceases the surface tension among water molecules by interfering with the molecular attractions among surface water molecules.
63. The surface area of contact is the same, but the weight of the gold
ring is much greater. This means that the gold ring applies a much
greater pressure against the surface of the water so that it is able to
push through the surface tension.
65. The natural oils on a sea bird's feathers work to repel water, but
they are miscible with the petroleum oils of an oil spill. The petroleum
oils, therefore, readily adhere to and penetrate the feathers. The many
air pockets within the feathers that normally serve to insulate the bird
are lost, which is why the birds suffer hypothermia. Rescue workers are
trained to remove these oils using liquid dishwashing detergenr and
warm water.
67. The boiling poinr is greatest where the water pressure is least,
which is just below the surface.
69. When a wet finger is held to the wind, evaporation is greatest on the
windy side, which feels cool. The cool side of your finger is windward.
71. A bottle wrapped in wet cloth will cool by the evaporation of liquid from the cloth. As evaporation progresses, the average temperature
of the liquid left behind in the cloth can easily drop below the temperature of the cool water that wet it in the first place. So to cool a bottle
of beer, soda, or whatever at a picnic, wet a piece of cloth in a bucket
of cool water. Wrap the wet cloth around the bottle to be cooled. As
evaporation progresses, the temperature of the water in the cloth drops
and cools the bottle to a temperature below that of the bucket of
water.
73. As in the answer to the previous exercise, high temperature and
the resulting thermal energy given to the food is responsible for
cooking-if the water boils at a low temperature (presumably under
reduced pressure) insufficient energy is given to cook the food.
75. The air in the flask is very low in pressure so that the heat from
your hand (not the pressure from your hand) will produce boiling at
this reduced pressure.
77. The lid on the pot traps heat, which quickens boiling; the lid
also increases pressure on the boiling water, which raises its boiling
temperature. The hotter water correspondingly cooks food in a
shorter time.
79. Condensation is a warming process because it involves the transfer
of slower-moving vapor molecules from the gaseous to the liquid phase.
These slower-moving vapor molecules have lower kinetic energies than
the other vapor molecules and raise the overall temperature of the gas by
eliminating the lower-temperature molecules. As with evaporation, both
the gas from which molecules are leaving and the liquid inro which
molecules are entering are warmed through the process of condensation.
81. To produce maple syrup requires boiling away most of the water
from the sap. The resulting concentrated solution is maple syrup. A lot
of energy is required to boil away the water because of water's high
heat of vaporization. Interestingly, it takes 40 gallons of maple sap ro
produce just 1 gallon of maple syrup. That's a lot of water thar needs
to be evaporated. Many maple syrup producers get a head start by first
removing much of the water using reverse osmosis, which is a technique discussed in Chapter 16.
83. The water molecules have more kinetic energy after they have
come together and this kinetic energy can be witnessed as in increase
in their rates of vibration.
85. The missing air would be replaced by water vapor as the upper layers of the ocean would begin to boil, which would have the effect of
lowering the ocean's temperature-remember
that boiling is a cooling
process. Evenrually, the oceans would get so cold that they would
freeze. As discussed in the answer to exercise 49, ocean water contracts
all the way ro its freezing temperaure (about -18°C) and is therefore
most dense just before it freezes (not 4°C above freezing). The freezing
of the ocean surface would help to insulate warmer lower layers of
unusually saline liquid ocean water. Where the final equilibrium
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would lie is a difficult quesrion. The frozen ocean would continue to
lose water through sublimation. This would occur until the rate at
which ice sublimed equalled the rate at which atmospheric warer
vapor turned back inro the solid phase, called deposition.
87. The role of the oceans in moderating Earth's climate is complex. If
the oceans were fresh water, then the ocean's specific heat would be
greater and this would help towards moderating global temperatures.
The salinity of the oceans, however, plays a big role in the movement
of ocean currents. For example, as the Gulf Stream off the east coast of
North America moves northeastward the warm surface waters evaporate. By the time the stream reaches the northern Atlantic, the ocean is
much more salty. This saltier water is more dense and so it sinks, creating a submarine current that flows back south. The Gulf Stream is a
conveyor belt that delivers the warmth of the Caribbean to northern
Europe, thereby moderating the weather of northern Europe. This
wouldn't occur, however, if the oceans were made of fresh water. Interestingly, as the Greenland ice shelf melts it will tend to freshen the
waters of the northern Atlantic, which might have the effect of turning off the Gulf Stream conveyor belt.
89. You want your radiator fluid to absorb heat from the engine so
that the engine doesn't melt. A higher-specific-heat radiator fluid
would be more effective at absorbing this heat than would a lowerspecific-heat radiator fluid. The efficiency of an engine, however,
increases with increasing temperature. Keeping your engine too cool,
therefore, is not so desirable. Commercially sold radiator fluids are formulated to have specific heats that help your engine run at an optimal
temperature.
91. The climate of Bermuda, like that of all islands, is moderated by
the high specific heat of water. The climate is moderated by the large
amounts of energy given off and absorbed by water for small changes
in temperature. When the air is cooler than the water, the water warms
the air; when the air is warmer than the water, the water cools the air.
93. Much of the heat from the oven is consumed in changing the
phase of the water. As long as water remains in the liquid phase, the
temperature of the oven will not rise much higher than the boiling
poinr of the water-l Oo°e.
95. The water molecules of the ice are subliming from the solid to the
gaseous phase without ever enrering a liquid phase.
97. The food compartmenr of a refrigerator is cooled by vaporization
of the refrigerating fluid because vaporization is a cooling process.
99. This heat is radiated outwards to the environment. In order to
melt the ice, it would have to be reflected back into the ice.

101. Heat

=
=

(4.184 joulelgram °C)(l00 gram)(+rC)
2928.8 joules, which to proper significant figures is
3000 joules

103. 230 joules = (4.184 joulelgram QC)(5.0 grams)(x)
230 joules
(4.184 joulelgram QC)(5.0 grams)

=x

x = 11 QC

105. This is a three-part calculation. First you need to calculate the
amount of heat required to raise the water's temperature from -273°
to a.oaoc. Then you need to calculate the amount of heat required to
transform the 1.00 gram of ice into liquid water. Third, you need to
calculate the amounr of heat required to raise the water's temperature
from o.oaoc to +100°e. From Table 8.1 you have that the specific
heat of ice is 2.01 Jig "C. Note this calculation provides three significanr figures (see Appendix B).
1. Heat

=
=

2. Heat

=

=

(2.01 Jig °C)(1.0 g)(+273°C)
549 J
(1.00 g)(+335 Jig)
+335 J
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(4.18 Jig DC)(100 g)(+100DC)
= +418 J
=

Total heat = 549 J + 335 J + 418 J
= 1302 J
= 1.30 X 103 J (to three significant figures)
Heat

=
=

(1.00 g)(+2259 Jig)
2260 J (to three significant figures)

107. Water molecules remain in contact with each other from absolute
zero all the way to 1OODC liquid. As water molecules move into the
gaseous phase, they must be completely separated from one another,
which means overcoming all the hydrogen bonds. Because the hydrogen bonds are so relatively strong, this process requires a lot of energy.
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31 a. 4, 3, 2 b. 3, 1,2 c. 1,2,1,2
d. 1,2, 1,2. (Remember
that, by convention, ls are not shown in the balanced equation.)
33. This equation is balanced.
35. A and C are balanced.
37. Only two diatomic molecules are represented (not threel). These
are the two shown in the lefr box, one of which is also shown in the
right box. Remember, the atoms before and after the arrow in a balanced chemical equation are the same atoms, but in different
arrangemen ts.
39. Equation "d" best describes the reacting chemicals.
41. Fe203 + 3 CO
43. a. 18 arnu

----7

2 Fe + 3 CO2

b. 42 amu

c. 60 amu

45. The have about the same number of atoms.
47. There is 1 mole of F, in 38 grams of F, and 1 mole of O, in
32 grams of02. There is 1 mole of N, in 28 grams of Nz. There are
2 moles ofCH4 in 32 grams ofCH4, so the answer is (c).
49. They assumed incorrectly that one hydrogen atom bonds to one
oxygen atom to form water with a chemical formula of HO. We know
today, however, that two hydrogen molecules (not atoms) react with
one oxygen molecule to form water. Bya count of molecules-which
translates to a count of atoms-we see that the hydrogen and oxygen
react in a 2:1 ratio and the formula for water is H20. By mass, hydrogen and oxygen still always react in a 1:8 ratio. But because two hydrogens are needed for everyone oxygen, this ratio is better expressed as
0.5 gram of hydrogen to 0.5 gram of hydrogen to 8 grams of oxygen.
Comparing one hydrogen atom to one oxygen atom thus shows us
that oxygen is actually 16 times more massive than hydrogen.
51. A single oxygen atom has a very small mass of 16 amu.
53. One amu equals 1661 X 10-24 gram. 50,16 amu must be equal
to (16)(1.661 X 10-24 gram) = 26.576 X 10-24 gram, or 2.6576 x
1O-z3gram.
55. No, because this mass is less than that of a single oxygen atom.
57. The water has the greater mass, just as a bunch of golf balls has more
mass than the same number of ping-pong balls. The water has about 9
times as much mass because each H20 molecule (16 + 1 + 1 = 18 amu) is
about 9 times as massive as each H2 molecule (1 + 1 = 2 amu): 18 amul
2 amU = 9. The big numbers don't change anything: 1.204 X 1024 molecules of water have a greater mass than 1.204 x 1024molecules of molecular hydrogen.
59. There are 69.7 g of gallium, Ga (atomic mass 69.7 amu), in a 145-g
sample of gallium arsenide, GaAs. Note that 145 g is the formula mass
for this compound.
61. The formula mass of a substance is the sum of the atomic masses
of the elements in its chemical formula. The atomic mass is the mass
of a single atom.
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63. The candle in jar z will go out first because it contains rhe least
amount of oxygen to support the burning.
65. Warm air rises because it is less dense than the surrounding air.
Within an orbiring space station, however, there is no up or down,
hence nowhere for the warm air to rise. It instead remains hovering
around the flame. But this warm air contains the products of comb ustion-primarily water vapor and carbon dioxide-which eventually
smother the flame.
67. A catalyst reacts with a reactant to form an intermediate.
69. Chemical reactions, including those of biological nature responsible for the spoilage of food, slow down with decreasing temperature.
The refrigerator, therefore, only slows down (delays) the spoilage of
food.
71. In pure oxygen there is a greater concentration of one of the reactants (the oxygen) for the chemical reaction (combustion). As discussed in this chapter, the greater the concentration of reactants, the
greater the rate of the reaction.
73. The bubbling occurs as the result of a reaction between the AlkaSeltzer tablet and the water. In the alcoholic beverage there is a lower
proportion of water molecules, which leads to a slow rate of reaction.
In terms of molecular collisions, with fewer water molecules around,
the probability of collisions between the molecules of the Alka-Selrzer
and the water is less in the alcoholic beverage.
75. The final result of this reaction is the transformation of three oxygen molecules, 02' into two ozone molecules, 03. While there is no
net consumption or production of the nitrogen monoxide, NO,
nitrogen dioxide, N02, and the atomic oxygen, 0, species, only the
nitrogen monoxide, NO, appears to be required for this reaction to
begin. The nitrogen monoxide, NO, therefore, is best described as
the catalyst.
77. Putting more ozone into the atmosphere to replace that which has
been destroyed is a bit like throwing more fish into a pool of sharks to
replace those fish that have been eaten. The solution is to remove the
CFCs that destroy the ozone. Unfortunately, CFCs only degrade
slowly and the ones up there now will remain there for many years to
come. Our best bet is to stop the present production of CFCs and
hope that we haven't already caused too much damage.
79. The potential energy of the products is higher than the potential
energy of the reactants.
81. The chemical reactions within a disposable battery are exorhermic,
as evidenced by the electrical energy they release. To recharge a
rechargeable battery requires the input of electrical energy, hence, the
reactions that proceed during the recharging process are endothermic.
83. The entropy change determines whether or not the chemical reaction is favorable. If there is an overall increase in entropy, then the
reaction will be favorable, which means that the reaction can proceed
on its own. If there is an overall decrease in entropy, then the reaction
will only proceed with the help of a continual source of energy, which
will necessarily be coming from some entropy-increasing process, such
as the combustion of a fuel.
85. The entropy increases because there are more ways in which the
energy can disperse.
87. Regardless of their order of appearance, these cards have the same
entropy because they are made of the same material, have the same
mass, and are at the same temperature. Entropy is NOT a measure of
disorder. Rather, it is a measure of the tendency of energy to disperse.
Ultimately, discussions of entropy are best left to systems in which the
components are perpetually moving, such as we have in the realm of
atoms and molecules.
89. Sublimation is the process whereby a solid appears to transform
directly to a gas without first melting to form a liquid. Once intermolecular attractions between 12 molecules on the surface of the crystal are
broken, even without any further rise in temperature a fair number of
molecules escape into the gaseous phases. This process is favorable
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of the iodine in the gas phase is greater than it is

91. Ammonium
nitrate is a much more complicated molecule that
can vibrate in many different orientations while in the solid phase. Its
overall freedom of movement, therefore, is actually greater than that of
a water molecule in the liquid phase.
93. Consider how this reaction shows the formation of a single molecule from three molecules plus two atoms. This is a "coming together"
of matter, which is suggestive of a decrease in entropy. In other words,
as can be confirmed from Table 9.2, there is more entropy in the
2 moles of carbon and 3 moles of hydrogen, H2(g), (397.8 J/K) than
there is in the one mole of ethane, C2H6(g) (229.6 J/K). The reaction,
however, also involves the breaking of three H-H bonds (1308 kJ/mol)
and the forming of one C-C bond and six C-H bonds (2831 kj/mol),
which provides a net release of 1523 kj/rnol of energy. For each mole
lof product at 298 K, this corresponds to an increase in entropy of
1,523,000 JI298 K = 5110 J/K. The large exorherrnic nature of this
reaction, therefore, provides a large enough increase in the entropy of
the surroundings
that this reaction is favorable.
95. True. In fact, entropy and specific heat are two closely related concepts, as evidenced by the fact that they are both expressed in units of
energy divided by mass times temperature.
Specific heat is the energy
given ro a gram of a substance over a single degree in temperature.
Standard entropy of a substance is the energy given to a mole of the
substance to bring it from absolute zero to its present temperature.
The energy input from any phase changes is also included in the
entropy value.
97. Any decrease in entropy caused by a thriving life form is easily
compensated
for by an even greater increase in entropy by the energy
source that sustains the life. In other words, focus only on the life
form, then you'll witness a decrease in entropy. Step back, however,
and look at the entire system, which also includes the sun, and you
will find an overall increase in entropy. Life on Earth does not "arise
on its own." Rather, it depends upon entropy-increasing
processes
elsewhere.
99. Endothermic
reactions require the input of energy, which can
include the input of thermal energy. This gives the molecules greater
kinetic energy, which can help their collisions to be more effective.
The elevated temperature also helps to minimize the unfavorable
decrease in entropy due to the heat absorbed by the reaction. For
example, if a reaction absorbed 300,000 joules at 300 K (2rC)
then
the change in entropy is -300,000
J 1300 K = -1000 J/K. If, however,
the same reaction is run at 500 K (22rC), then the change in
entropy is only -300,000/500
K = -600 J/K. Some exothermic reactions are so exothermic that they explode if not run at cold temperatures. The cold temperatures
slow the reactive molecules down, which
gives the chemist greater control. Also, the heat generated by the reaction is more efficiently dispersed under the colder conditions. This
allows for a greater increase in enrropy, which helps with the formation of products.
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107. a. Energy to break bonds:
H-H
= 436 k]
Cl-Cl
= 243 kJ
Total
= 679 kJ
absorbed
NET = 679 k] absorbed
(exorherrnic)
b. Energy
C=C
H-C
C-H
0=0
0=0
0=0
0=0
0=0
Total

NET

CALCULATIONS

Energy released from bond formation:
H-Cl
= 431 kJ
H-Cl
= 431 kJ
Total
= 862 kJ
released

- 862 k] released = -183

to break bonds:
= 837 kJ
= 414 k]
= 414 kJ
= 498 kJ
= 498 kJ
= 498 k]
= 498 kJ
= 498 kJ
= 4155 kJ
absorbed

= 4155 k] absorbed

kJ released

Energy released from bond formation:
4 X O=C
= 3212 k]
4xC=O
=3212kJ
H-O
464 k]
H-O
464 k]
O-H
464 kJ
O-H
464 kJ
Total
= 8280 kJ released

- 8280 k] released = -4125

109. change in S from products - reactants
= entropy of 2 moles of NH3 - enrropies

k] released
(very exotherrnic)

of 1 mole N 2

and 2 moles H2
= 2(192.5 J/K) - (191.6 J/K + 3(130.7
= 385.0 J/K - 583.7 J/K
= -198.7
J/K

J/K))

change in S from heat of reaction
= 80,000 J/298 K
= +268 J/K
net entropy change to universe
= -198.7
J/K + 268 J/K

= +69 J/K
This reacrion has a net increase in entropy and so it should proceed on
its own. Note how the entropy change of the reaction is comparable to
the entropy difference of reactants and products. FYI, this reaction has a
fairly high activation energy barrier, which is why nitrogen and hydrogen don't readily react at room temperature (298 K) to form ammonia.
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31. The potassium carbonate found in ashes acrs as a base and reacts
with skin oils to produce slippery solutions of soap.
33. The base accepted the hydrogen ion, H., and thus gained a positive charge. The base thus forms the positively charged ion. Conversely, the acid donated a hydrogen ion and thus lost a positive
charge. The acid thus forms the negatively charged ion.
35. The oxygen atom.

g carbon) (6.02 x 1023 atomsl

101. (0.20 g carbon)(l mol carbon/12
1 mol) = 1.0 X 1022 carbon atoms

103. In 122.55 grams of KCl03 there is 1 mole of KC103. From the
chemical equation we find that for every 2 moles of KC103, 3 moles of
O2 are produced. One mole ofKCl03,
therefore, should produce only
1.5 moles of Oj, The molecular mass of O, is 32 amu. This means
that in 32 grams of O, we have 1 mole. Multiply 32 grams O2 by 1.5
to find the number of grams in 1.5 moles 02: 48 grams. So, 48 grams
of O2 will be produced in this reaction.

J

Y_1_8_g_w_at_er_.
J
IImol water

105. (16 g methane) (_l_m_o_l_m_e_th_an_e
(_2_m_ol_w_a_t_er_
16 g methane
1 mol methane)

= 36gwater

37. The nitrogen

atom.

39. For (a) note that the H30+ transforms into a water molecule. This
means that the H30+ loses a hydrogen ion, which is donated to the 0. The H30., therefore, is behaving as an acid while the 0- is behaving
as a base. In the reverse direction, we see the H20 gaining a hydrogen
ion (behaving as a base) to become H30+. It gets this hydrogen ion
from the HC!, which in donating is behaving as an acid. You should be
able make similar arguments for (b) to arrive at the following answers:
a. acid, base, base, acid
b. acid, base, acid, base
41. Sodium hydroxide, NaOH, accepts a hydrogen ion from water to
form water and sodium hydroxide! In solution, of course, this sodium
hydroxide is dissolved as individual sodium ions and hydroxide ions.
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43. That the value of 1(v is so small tells us that the extent to which
water ionizes is also quite small.
45. a. As more hydronium and hydroxide ions form, the concentration of these ions increases. This means rhat the product of their
concentrations, which is 1(u' also increases. Thus, Kw is constant
only so long as the temperature is constant. Interestingly, 1(u equals
1.0 x 10-14 only at 24°C. At a warmer 40°C Ku equals a larger
value of2.92 X 10-14.
b. pH is a measure of the hydronium ion concentration. The
greater the hydroniurn ion concentration, the lower the pH.
According to the information given in this exercise, as water warms
the hydronium ion concentration increases, albeit only slightly.
Thus, pure water that is hot has a slightly lower pH than pure
water that is cold.
c. As water warms up, the hydroriium ion concentration increases,
but so does the hydroxide concentration-and
by the same
amount. Thus, the pH decreases and yet the solution remains neutral because the hydronium and hydroxide ion concentrations are
still equal. At 40°C, for example, the hydronium and hydroxide
ion concentrations of pure water are both equal to 1.71 x 10-7
mole per liter (the square root of 1(J The pH of this solution is
the minus log of this number, which is 6.77. This is why most pH
meters need to be adjusted for the temperature of the solution
being measured. Except for this exercise, which probes your powers
of analytical thinking, this textbook ignores the slight role that
temperature plays in pH. Unless noted otherwise, please continue
to assume that 1(0 is a constant 1.0 X 10-14-in other words,
assume that the solution being measured is at 24°C.
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shown in the exercise. In sulfuric acid, however, rhe negarive charge is
able to flip-flop ro two additional oxygens, as shown below. This stabilizes the negative charge, which makes the sulfuric acid more acidicin fact, much more acidic.

?J

~)~
HO-S-O-

~

HO-S=O

11

11

o

o

o

o

II~

HO-S-O-

~)

11

~

HO-S=O
1

0-

49. This solution would have a hydronium ion concentration of
103 M, or 1000 moles per liter, The solution would be impossible to
prepare because only so much acid can dissolve in water before the
solution is saturated and no more will dissolve. The greatest concentration possible for hydrochloric acid, for example, is 12 M. Beyond
this concentration, any additional HCl, which is a gas, added to the
water simply bubbles back out into the atmosphere.

61. Wete you thinking that the phosphoric acid has three hydrogens
bonded to oxygens and so it might be three times as acidic? Think
again. It turns out that while it's easy for the phosphoric acid to lose
a single hydrogen ion, losing a second hydrogen ion is much more
difficult. Losing the third is even more difficult. Consider the following: After the phosphoric acid donates a hydrogen ion, there
remains a negative charge on the oxygen. This negative charge is able
to flip-flop to the neighboring oxygen with the double bond to the
phosphorus. This facilitates the losing of that first hydrogen ion (see
exercise 59 for details). Losing a second hydrogen ion adds more
negative charge to an already negative polyatomic ion, which is difficult. Consider the disodium hydrogen phosphate-losing
its lone
hydrogen forces the polyatornic ion to accept three negative charges,
which is even more difficult. Also to be considered is that the adjacent double-bonded oxygen is already sharing electrons wirh the
other two negatively charged oxygens. This causes the hydrogen
phosphate's sole hydrogen to be not so easily lost, and the molecule
is not so acidic. In fact, the negative charges on the neigh boring oxygens make this polyatornic ion form alkaline solution when dissolved
in water.

51. The hydrochloric acid solution becomes more dilute with hydronium ions as the weak acid is added to it. The pH of the hydrochloric
acid solution therefore increases. Conversely, the pH of the weak acid
solution has a relative decrease in its pH as the many hydronium ions
from the hydrochloric acid solution are mixed in.

63. Stronger cleaning power means an increased ability to remove
grease and oils. This would include the natural oils of your skin. A
more alkaline strong soap, therefore, leaves your skin feeling dry
because it has removed all the natural oils that help to keep your skin
feeling supple.

53. Yes, an acid and a base can react to form an acid. An example is
the reaction between water and carbon dioxide, which produces carbonic acid.

65. The sodium hydroxide solution is reacting with your skin oils and
transforming them into soap, which feels slippery.

47. H = -log [H3Uj = -log (1) = -(-0) = 0
This is an acidic solution. Yes, pH can be equal to zero!

55. As the hydrogen ion leaves the molecule, it takes with it a positive
charge while leaving a negative charge on the atom it left. The oxygen
is able to accommodate this negative charge because of its great clectronegativity. The carbon, however, is much less electronegative, and
so it is not able to accommodate the negative charge very well. Here's
another way to think about it: In the carbon-hydrogen bond, the
hydrogen is just as attracted to the bonding electrons as is the carbon.
The carbon, thus, is unable to "pull the electrons away from the
hydrogen," which makes the formation of a departing hydrogen ion
most unlikely.
57. These molecules behave as acids by losing the hydrogen ion from
the oxygen atom, which takes on a negative charge. In hypochlorous
acid, the chlorine atom pulls the negative charge toward it because of
its great electronegativity. This helps to alleviate the oxygen of this
negative charge. In other words, the negative charge is spread out over
a greater number of atoms, which facilitates the formation of the negative charge. The hypochlorous acid, therefore, is more acidic.
59. These molecules behave as acids by losing the hydrogen ion from
an oxygen atom, which takes on a negative charge. In carbonic acid,
this negative charge is able to flip-flop to an adjacent oxygen, as was

67. Beach sand from the Caribbean and many other tropical climates
is made primarily of the calcium carbonate remains of coral and
shelled creatures. Vinegar is an acid and the calcium carbonate is a
base. The reaction between the two results in the formation of carbon
dioxide, which creates bubbles as it is formed. California beach sand
primarily comes from the erosion of rocks and minerals, which are
mostly made of inert silicon dioxide, Si02•
69. A covalent bond is polar when one of the atoms of the bond has
a stronger attraction for the bonding electrons. The stronger the
attraction, the greater the polarity. Eventually, one atom's attraction
for the electrons can become so strong that we classify the bond as
ionic. Add this ionic bond to water and you'll find that the negative
and positive ions separate from one another. Thus, if water's H-O
bond were more polar, then it would be easier for the bond to split
apart, thus forming a negative oxygen ion and the positive hydrogen
ion. This would make it easier for the water molecule to donate the
hydrogen ion.
71. The electrons in the O-H bond would be drawn even closer to the
oxygen (and away from the hydrogen) as they are drawn towards the
positive charge of the aluminum ion. This has the effect of making the
O-H bond mote polar.
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73. As the water molecule binds to the aluminum

CONCEPT

ion, the H-O

bond becomes more polar. This means that the water molecule is
more readily able to form hydrogen ions, which makes the solution
acidic.
75. To answer this question, ask yourself which base might be more
willing to lend its lone pair to a positive charge on another molecule.
Consider that the fluorines in trifluoronitrogen
have the effect of
pulling these lone pair electrons closer to the nitrogen because of their
great elecrronegativities (electron pulling power). Furthermore, consider which of theses bases would be better able to accommodate the
resulting positive charge on the central nitrogen. The Huorines pull on
electrons so well because of their strong effective nuclear charge, which
is positive. Putting a positive charge on the central nitrogen of trifluoronirrogen, therefore, would be more difficult because posirive charges
repel positive charges.
77. As can be deduced from their relative positions in the periodic
table, the fluorine atom is much smaller than the iodine atom. The
acorns of the H-F bond, therefore, are closer together than are the
atoms within the H-I bond. When it comes to electrical attractions,
closeness wins. Thus, the H-F bond is stronger.
79. As given in the answer to exercise 77, the H-I bond is weaker and
so it is easier to break. This, in turn, means that the H-I molecule
more readily splits apart to form the hydrogen ion. The H-I, therefore, is a stronger acid. Notably, upon these molecules behaving as
acids, the resulting fluoride ion, F-, is better able to accommodate a
negative charge than the resulting iodide ion, 1- (because of the fluorine's greater effective nuclear charge). This would favor the H-F
being the stronger acid. However, experiments show that the ease of
bond breaking is a more significant factor in determining bond
strength.

81. The positive sodium ion of sodium hypochlorite

combines with
the negative chloride ion of hydrochloric acid. Meanwhile, the negative hypochlorite ion combines with the positive hydrogen ion to form
hypochlorous acid, HOC!. This is the answer you should give based
upon the concepts presented in this chapter. FYI, the hypochlorous
acid continues to react with hydrogen chloride to form water and poisonous chlorine gas, C12, which is why bleach and toilet bowl cleaner
should NEVER be mixed together.
83. The hydride ion is a hydrogen atom with two electrons, which
pair together as a lone pair. According to the Lewis definition, the
hydride ion behaves as a base. In fact, the hydride ion is a very strong
base. It will react with water, pulling a positive hydrogen ion off of the
water to create H2 plus hydroxide ions, OH-, as follows:

H: + H-O-H

-0>

H: H + OH-

85. You need not know the name of the molecule that forms upon the
reaction of water and sui fur dioxide. You should, however, be able to
deduce its structure and chemical formula, H2SO,. FYI, the name of
this molecule is sulfurous acid.
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87. If the chalk is made of calcium carbonate, CaC03, it is made of
the same active ingredient found in many antacids. The calcium carbonate is a base that reacts to neutralize any excess acids. Bc careful,
though, never to take too much calcium carbonate because the stomach is designed to always be somewhat acidic.
89. It is the alkaline character of limestone (also known as calcium carbonate) that serves to neutralize waters that might be acidified in the
midwestern United States.

91. The warmer the ocean, the lower the solubility of any dissolved
gases, such as carbon dioxide, CO2, Less CO2 would be absorbed and
more of it would remain to perpetuate global warming.
93. You are at a bottle cap convention where you hope to sell your
bottle caps. You soon realize, however, that you're a lousy salesperson. Futhermore, all the other vendors at the convention are
exrremely excellent salespeople. Not only do they steal away all your
potential customers, but they're so good that you end up buying bottle caps from them as well. In the end, you have given away no bottle
caps to others. Likewise, carbonic acid is unable to give away any
hydrogen ions in the midst of a concentrated solution of such a
strong acid.
95. As discussed in the answer to exercise 94, trees and other photosynthetic plants absorb atmospheric carbon dioxide in the summer,
which causes a decrease in atmospheric CO2 levels by the fal!. During
the winter, the plants lose their leaves and photosynthesis stops. The
fall and winter decay of the organic matter generates carbon dioxide,
which increases the atmospheric CO2 levels by the spring. Most of the
land mass of our planet is located in the northern hemisphere. Therefore, that's where most of the CO2-consuming
photosynthesis from
trees and plants takes place.
97. The hydrogen chloride, which behaves as an acid, reacts wirh rhe
ammonia, which behaves as a base, to form ammonium chloride. The
concentration of ammonium chloride in rhis system, therefore,
increases while the concentration of ammonia decreases.
99. When the acting buffering component

101. The concentration

is all neutralized.

of hydroxide ions is 1 X 10-4 mole per lirer.

103. The pH of this solution

is 4 and it is acidic.

105. The concentration ofhydronium ions in the pH = 1 solution is
0.1 M. Doubling the volume of solution with pure water means that
its concentration is cm in half. The new concentration ofhydronium
ions after the addition of 500 mL of water, therefore, is 0.05 M. To
calculate for pH:
pH = -log [HP+]
CHAPTER

= -log

(0.05)

=

-(-1.3)

=

1.3
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31. The tin ion, 5n2\ gains electrons and is reduced, while the silver
atom, Ag, loses electrons and is oxidized.

--

33. The tin ion, 5n2\ is the oxidizing agent because it causes the silver,
Ag, to lose electrons. Meanwhile, the silver atoms, Ag, are the reducing agents because they cause the tin ion to gain electrons.
35. The sulfur is oxidized as it gains oxygen atoms to form sulfur
dioxide.
37. a. oxidation;

--

b. oxidation

39. The atom that loses an electron and thus gains a positive charge
(the red one) is the one that was oxidized.

Sulfurous acid

41. An oxidizing agent causes other materials to lose electrons. It does
so by its tendency to gain electrons. Atoms with great electronegativity
tend to have a strong attraction for electrons and, therefore, also
behave as strong oxidizing agents. Conversely, a reducing agent causes
other materials to gain electrons. It does so by its tendency to lose elec-
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trons. Atoms with great dectronegativity, therefore, have little tendency to behave as reducing agents.

61. Nothing happens. An immediate buildup of charge in either material prevents continued oxidation-reduction from occurring.

43. Fluorine should behave as a stronger oxidizing agent because it has
a greater effective nuclear charge in its outermost shell.

63. No electric current passes through the wire because this would
result in a prohibitive buildup of charge. For example, the copper
would become negative soon after the first electrons arrived. This negative charge, however, would prevent any additional electrons from
leaving the "more readily oxidized" zinc to come over to the copper. In
order for there to be a current, this charge buildup must be alleviated,
which is rhe function of the salt bridge.

45. The electrons flow from the submerged nail to the copper ions in
solution.
47. The anode is where oxidation takes place and free-roaming electrons are generated. The negative sign at the anode of a battery indicates that this electrode is the source of negatively charged electrons.
They run from the anode, rhrough an external circuit, to the cathode,
which bears a positive charge to which the electrons are attracted.
(When a battery is recharged, energy is used to force the electrons to
go in the opposite direction. In other words, during recharging, the
electrons move from the positive electrode to the negative electrodea place where they would not ever go without the input of enetgy.
Electrons are thus gained at the negative electrode, which is now classified as the cathode because the cathode is where reduction occurs
and the gain of electrons is reduction. Look carefully at Figure 11.11 b
to see how this is so.)
49. As long as fuel is supplied, fuel cells don't run down, but car batteries die when the electron-producing chemicals are consumed.
51. The electrolysis of brine (saltwater) yields chlorine gas, C12, in
addition to sodium hydroxide, NaOH, and hydrogen gas, H2.
2NaCl(aq)

+

2H20

----'>

2NaOH(aq)

+ CI2(g) + H2(g)

53. The chloride ions of the brine solution are attracted to the positive
charge of the electrode. Upon contact, they lose electrons to form
chlorine molecules, C12• Notably, some external source of energy is
required for this electrode to maintain its positive charge.
55. According to the chemical formula for iron hydroxide, there are
two hydroxide groups for everyone iron atom. Each hydroxide group
has a single negative charge. This means that the iron of iron hydroxide must carry a double positive charge, which is no different from the
free Fez+ion from which it is formed. This reaction is merely the coming together of oppositely charged ions.
57. The Cu2+ ion is reduced as it gains electrons to form copper metal,
Cu. The magnesium meral, Mg, is oxidized as it loses electrons to
form Mg2+.
e

)

65. Within carbon dioxide there are rwo oxygen atoms for everyone
carbon. With the product of photosynthesis (glucose), however, there
is only one oxygen for everyone carbon. Furthermore, the carbon now
has more hydrogens around it. This all tells us that carbon is getting
reduced.
67. As the carbon of propane, C3Hg, forms carbon dioxide, CO2, it is
losing hydrogen and gaining oxygen, which tells us that the carbon is
being oxidized, which is the opposite of what happens to carbon during photosynthesis.
69. Recognize that there is a total charge ofr with the reactants, but a
total charge of 1+with the products, which is not balanced. To balance
the charges, we need rwo silver ions, Ag+. But to account for rwo silver
ions, we also need rwo silver atoms, Ag, as follows:
Sn2+ + 2 Ag

----'>

Sn

+

2 Ag+

71. The first step is to balance the atoms by showing two chloride
ions, er, before the arrow:
Ce 4,

+

2 Cl-

----'>

Ce3+ + Cl2

This brings the total charge of the reactants to r, while the total
charge of the products is 3+, which is not balanced. To balance the
charges, we need rwo Ce4+ ions and rwo Ce3+ ions as follows:
2 Ce4+ + 2 Cl-

----'>

2 Cel+ + Cl2

73. The relative proportion of hydrogen is greater in glucose than it is
in pyruvic acid. In glucose there are 12 hydrogens for every 6 carbons,
which is a 6:3 ratio. In pyruvic acid, however, there are 4 hydrogens
for every 3 carbons, which is a 4:3 ratio. Because there are proportionately fewer hydrogens in pyruvic acid, we see that the glucose is oxidized as it transforms into pyruvic acid.
75. There is a lower ratio of hydrogen atoms in the acetaldehyde product, which tells us that the grain alcohol is being oxidized.
77. The hydrogen sulfide, H2S, produced by people is a corrosive gas
that over time can cause harm to the artwork.
79. Aluminum oxide is insoluble in water and thus forms a protective
coating that prevents continued oxidation of the aluminum.
81. Combustion reactions are generally exotherrnic because they
involve the transfer of electrons to oxygen, which of all atoms in the
periodic table has one of the greatest tendencies for gaining electrons.

59. How much power a battery can deliver is a function of the number
of ions in contact with the electrodes-the more ions, the greater the
power. Assuming the lead electrodes (seen as a grid within the battery)
are completely submerged both before and after the water has been
added, then diluting the ionic solution of the car battery will decrease
the number of ions in contact with the electrode and thus decrease the
power of the battery. This effect is only temporary because more ions are
soon generated as the battery is recharged by the generator. If the water
level inside the battery, however, is so low that the internal lead electrodes are no longer completely submerged, then adding water increases
the surface area of the electrode in contact with the solution. This counterhalances the weakening effect of diluting the ionic solution.

83. The oxygen is chemically bound to hydrogen atoms to make
water, which is completely different from oxygen, 02> which is what is
required for combustion. Another way to phrase an answer to this
question would be to say that the oxygen in water is already "reduced,"
in the sense that it has gained electrons from the hydrogen atoms to
which it is attached. Being already reduced, this oxygen atom no
longer has a great attraction for additional electrons.
85. This is very bad news to have iron and copper pipes in contact
with each other. The iron atoms will lose electrons to the copper
atoms, which will pass those electrons onto oxygen atoms that are in
contact with the surface, much as is indicated in Figure 11.18.
87. Both! The nitrogen is oxidized as it reacts with the oxygen while
the oxygen is reduced. Remember, wherever there's an oxidation, there
must be a reduction.
89. One of the products of combustion is water vapor.
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91. Sixteen grams of methane, CH4, is 1 mole of methane. According
to the balanced equation, 1 mole of methane produces 2 moles of
water, which has a mass of 18 X 2 = 36 grams. Thus, for every 16
grams of methane cornbusted, 36 grams of water vapor are produced.
93. The gaseous products of the electrolysis of water could be collected with large bags attached to the hull of the ship. As the bags
inflate with the gas, they are buoyed upward, pulling the ship also
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("pent-" means 5 as in a pentagon, which is a polygon with five sides).
Also notice that the methyl group comes off of the second carbon of
this chain, which is what the "2" of2-methyl-pentane indicates.
Accordingly, 3-methyl-pentane has the methyl group coming off of
the third carbon. In organic chemistry, the names of the molecules
often describe the structure.
2

upward.

97. These compounds show an increase in the degree of oxidation.
The least oxidized is ethane, followed by ethanol, which has an added
oxygen atom. Acetaldehyde is more oxidized than ethanol because it
contains fewer hydrogens. The acetic acid is more oxidized than the
acetaldehyde because it contains more oxygen. The least oxidized,
ethane, is the most nonpolar. The most oxidized, acetic acid, is the
most polar. Thus, there appears to be a general trend that the more
oxidized, the more polar. There are, however, exceptions. Ethanol, for
example, is more polar than acetaldehyde because it contains the polar
oxygen-hydrogen bond.
99. Polar molecules are easier ro excrete because of their greater solubility in water. For example, upon dissolving in water, they can be
excreted through urine. Nonpolar molecules, by contrast, tend to
adhere within nonpolar tissues, such as fat tissues. Vitamin A, for
example, is a nonpolar molecule that is retained by the body within fat
tissues for many months. This is in contrast to polar B-vitamins,
which pass our of the body through the urine within a day.

12

31. Carbon atoms are unique in their ability to form strong chemical
bonds repeatedly with other carbon atoms, which permits the formation of countless possible structures.
33.

4

l~S

95. The body's mechanisms for oxidizing foods act on drugs, causing
them to be oxidized as well.
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3-methyl-pentane
49. In order ofleast to most oxidized b < a < d < c, where c is the most
oxidized. Note how this was the order of their presentation within the
chapter. The most reduced hydrocarbons were introduced first, followed by the alcohols, followed by the aldehydes, followed by the carboxylic acids.
51. There are eight carbons in the longest chain:

53. Answer (b). It is preferable to keep the names as short as possible.
So rather than repeating "methyl" twice, it's more efficient to say
"dimethyl" which means two rnethyls. The numerals indicare where
these methyls are attached. Also, note that the naming is based upon
the longest chain, which is eight carbons. Answers (c) and (d) are
based upon a shorter seven-carbon chain, where the suffix -hept means
seven.

55. The second and the fourth srructures are the same. In all, there are
three different structures shown.
57. The second, third, and fourth structures of exercise 55 and all the
structures of exercise 56 are alI3-methyl-2-pentene.
59. Because of the double bond and its inability ro rotate, there are
two distinct isomers of3-methyl-2-pentene. One is where the methyl
groups are on opposite sides of the double bond. This is called the
trans isomer. A second isomer is where the methyl groups are on the
same side of the double bond. This is called the cis isomer.

35. There are only two structural isomers drawn. The one in the middle and the one on the right are actually two conformations of the
same isomer.
37. To make it to the top of the fractionating column, a substance
must remain in the gaseous phase. Only substances with very low boiling points, such as methane (bp -160°C) are able ro make it to the
top. According ro Figure 12.3, gasoline travels higher than kerosene
and so it must have a lower boiling poinr. Kerosene, therefore, has the
higher boiling point.
39. The pressure is greater at the bottom of the fractionation rower
because of a higher temperature and because of a greater number of
vaporized molecules.
41. As per the answer to exercise 40, heavier hydrocarbons have a
greater proportion of carbon, which is why, on a gram-to-gram basis,
they produce more carbon dioxide. Thus the claim that natural gas,
CH4, is a cleaner-burning fuel.
43. C7Hl2

45. C4HsO
47. First, find the longest chain of carbon atoms. Notice that this is a
5-carbon chain, which is indicated by the "pent" suffix of pentane

~sameside
opposite side(~

~
61. (d) all of the above.
63. If the bulk of the "large" alcohol is a non polar hydrocarbon chain,
then the alcohol may be insoluble in water.
65. Ingesting methanol is indirectly harmful to one's eyes because in
the body it is metabolized to formaldehyde-a chemical most toxic to
living tissue. Methanol, just like ethanol, however, also has inherent
toxicity and is thus also directly harmful.
67. The fluorines love negative charges because of their great electronegativities. After the phenol loses the hydrogen, the resulting negative charge can migrate to the 2, 4, and 5 positions of the benzene
ring, as shown in Figure 12.12. The fluorines at these positions help to
stabilize the negative charges, which makes it even easier for the
hydrogen to be lost. In other words, the 2,4,5-trifluorophenol has an
easier time accommodating the negative charge that results after this
compound donates a hydrogen ion, which makes this compound
more acidic than a phenol lacking the fluorines.
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87. No one really knows the answer to this question. Left-handed
amino acids have no inherent superiority over right-handed amino
acids for biological function. Indeed, righr-handed amino acids do
occur in nature, but they are never found in proteins. It could be,
however, that the machinery for crearing proteins works more efficiently when working with one or the other rather than a mix of left
and right. The left-handed amino acids were then picked up by a
50-50 chance. Once in place, organisms could then only feed off of
other organisms that were of the same handedness. This would be
another example of showing how all life is so very interconnected,
down to the handedness of the molecules that make us.
89. The products are water and the salt sodium benzoate, which is a
common food preservative.

Caffeine
(free base)

73. The HCI would react with the free base to form the watersoluble, but diethyl ether-insoluble, hydrochloric acid salt of caffeine. With no water available to dissolve this material, it precipitates out of the diethyl ether as a solid that may be collected by
filtration.
75. The caprylic acid reacts with the sodium hydroxide to form a
water-soluble salt, which dissolves in the water. The aldehyde, on the
other hand, is not acidic so it will not form a water-soluble salt.
77. No! This label indicates that it contains the hydrogen chloride salt
of phenylephrine, but no acidic hydrogen chloride. This organic salt is
as different from hydrogen chloride as is sodium chloride (table salt),
which may also go by the name of "the hydrogen chloride salt of
sodium." Think of it this way: Assume you have a cousin named
George. Now, you may be George's cousin, but in no way are you
George. In a similar fashion, the hydrogen chloride salt of phenylephrine is made using hydrogen chloride, but it is in no way hydrogen
chloride. A chemical substance is uniquely different from the elements
or compounds from which it is made.
79. At an acidic pH, the structure shown in (c) is the most likely. This
is because the amine group behaves as a base, which means that it will
react with the hydronium ions (which are abundant at low pHs) to
form the positively charged nitrogen ion.
81.

1. ether
2. amide
3. ester
4. amide
5. alcohol
6. aldehyde
7. amine
8. ether
9. ketone

Sodium benzoate

91. Replace the carboxyl group with a hydrogen and you have the
structure of cadaverine. Interestingly, the voodoo lily transforms its
lysine into cadaverine in order to attract pollinators, usually those that
normally dine on the carcasses of dead animals.
93. The combustion of polyacrylonitrile produces hydrogen cyanide.
Any of the chlorine-containing polymers will produce hydrogen chloride upon combustion. This would include polyvinyl chloride and
polyvinylidene chloride.
95. A polymer made of/ong chains is likely to be more viscous because
of the tendency of longer chains to get tangled among themselves.
97. A fluorine-containing polymer such as Teflon.
99. Note the similarities between the structure of SBR and polyethylene and polystyrene, all of which possess no heteroatoms. SBR is an
addition polymer made from the monomers 1,3-butadiene and
styrene mixed together in a 3: 1 ratio. Notably, SBR is the key ingredient that allows the formation of bubbles within bubble gum.

31. A carbohydrate is made from water and carbon dioxide but in no
way does it "contain" these two materials. Recall from Chapter 2 that
a chemical product, such as a carbohydrate, is uniquely different from
the chemical reactants that were used to make that product.
33. Both cellulose and starch are polymers of glucose. They differ in
how the glucose units are linked together. In cellulose, the linking
results in linear polymers that strongly align with each other, giving
rise to a tough material useful for structural purposes in plants. In
starch, the linking is such that it permits the formation of alpha
helices, which make possible the periodic branching of the polymer
chain.

1

HC-O
3

CHp

6

8

83. These compounds have the same chemical formula, CHBrCIF
85. These molecules are nonsuperimposable mirror images of each
other. Although they have the same chemical formula, they are as
distinct from each other as are left- and right-handed gloves. Molecules that are nonsuperimposable mirror images of each other are
called stereo isomers. Many naturally occurring molecules have
stereo isomers.

35. In amylose, the glucose units are linked in chains that coil. In
amylopectin, the glucose units are branched.
37. Cholesterol is the starting material that the body uses to build
many biologically important steroids, including the sex hormones.
Although not mentioned in the text, you might be interested to know
that cholesterol is also an important component of a cell's plasma
membrane, which is strengthened by the various intermolecular forces
exerted by the cholesterol.
39. Silk contains many pleated sheets, which consist predominately of
non polar amino acids, such as phenylalanine and valine. Because silk
is mostly nonpolar, there is a natural repulsion between it and water.
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Cotton, by contrast, is made of the polysaccharide cellulose, which has
many water-attracting polar hydroxyl groups. Cotton, therefore, will
soak up water much more readily than will silk.
41. Untreated new hair grows in to replace treated old hair.
43. Ser-Leu-Ser-Leu-Cys
45. The amino acid side chains of glutamic acid, aspartic acid, and
tyrosine are acidic due to the carboxylic acid or phenolic functional
groups they contain. At high pHs these functional groups will lose a
hydrogen ion to form a negatively charged ion that is carried by the
oxygen of these functional groups. Thus, in going from a near neutral
to higher pH, these side chains may develop an ionic charge. Similarly,
the alkaline side chains of amino acids such as lysine and histidine will
gain a hydrogen ion at low pHs. The development of ionic charges on
these acidic or basic side chains with changes in pH will markedly alter
the intramolecular attractions that occur within a polypeptide, which
may thus lose its original structure and become denatured.
47. The primary stucture of a protein is simply the sequence of amino
acids within that protein. These linked amino acids can either curl
into an alpha helix or crisscross to form pleated sheets, which are
examples of secondary protein structures. The protein chain of amino
acids is typically quite long, such that it may have regions of alpha
helices and regions of pleated sheets. The larger structure of the protein that includes all the various contours of the whole protein is the
tertiary structure. In some instances, two or more tertiary structures
will come together to form an even larger complex known as the quaternary structure.
49. Arginine is coded for by the sequence AGG.
51. "Sticky ends" are on strands that are cleaved unevenly that allow
the formation of rccornbinanr DNA when they are cleaved by the
same restriction enzyme because the ends match.
53. Cytosine with its amine group transformed into an amide is
uracil. If uracil were present as a normal component of DNA, it would
not be disringuished from those generared by cytosine degradation.
The repair enzymes would transform all rhe uracils-those that came
from cytosine and those that didn'r- into cytosine, thereby creating
only three nucleotides in DNA rather than four. The methyl group on
thymine is apparently the "label" that tells the repair enzymes to leave
it alone, thus preventing faralloss of genetic information.
55. The two strands of DNA are held together by the molecular
attractions rhar occur between nucleotides. Because of their molecular
structures, however, the nucleotides are particular in the attractions
they have for each other. Guanine and cytosine, for example, are best
attracted to each other, while adenine and thymine are best attracted
to each other. Accordingly, within the DNA double helix for each adenine on one strand there is a thymine on the opposing strand to which
it is attracted. The number of adenines and thymines in DNA, therefore, is always the same.
57. Thr-Gln-Arg-Asp-Val.
This would cause the gene to generate a
polypeptide markedly different Irorn the one it was originally intended
to produce. Such a change would be detrimental, and perhaps lethal,
to the organism in which it occurred.
59. There are two symmetrical sequences in this segment that may be
identified by restriction enzymes:
GTAGTTAACCAGTCCGGAAG
CAT
C A A T T G G T C A G G C C T T C
61. Only the ionic forms of these minerals are soluble in water. The
minerals must be soluble in water in order to be transported and utilized throughout the body.
63. Both statements are valid but the second statement, (b), states
more accurately why it is that we need vitamins. Vitamin-deficiency
diseases, such as scurvy, result when certain catabolic and anabolic
reactions are not able to proceed efficiently in the absence of these
important nutrients.
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65. During digestion, the glucose units of starches, such as amylose
and amylopectin, are broken off only from the ends of these chains.
The bulk of the glucose units found within starch, therefore, become
available as free glucose molecules slowly, as compared to when the
body digests a comparable quantity of sucrose, which is not a polymer.
67. These polyunsaturated
ian diet.

fatty acids came from the cow's vegetar-

69. Every muscle in your body is a source of amino acids for yourself
(as well as for any organisms that might end up eating you). In rimes
of starvation, your body will access this source of amino acids, resulting in a decrease in your muscle mass.
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31. It is the vast diversity of organic chemicals that permits the manufacture of the many different types of medicines needed to match the
many different types of illnesses.
33. In synthesizing the natural product in the laboratory, the chemist
is able to create closely related compounds that may have even greater
medicinal properties. Also, synthesizing a natural product can be
advantageous when the source of the natural product is rare and thus
not readily available.
35. Whether a drug is isolated from nature or synthesized in the laboratory makes no difference as to "how good it may be for you." There
are a multitude of natural products that are downright harmful, just as
there are many synthetic drugs that are also harmful. The effectiveness
of a drug depends on its chemical structure, not the source of this
chemical structure.
37. Cancer chemotherapeutics don't typically kill all of the cancer
cells, but only a high percentage of them. The remaining cancer cells
are finished off by the immune system. The earlier the cancer is
caught, the fewer the number of cancer cells there are that need to be
killed, which makes it easier for the chemotherapy and the immune
system to work together. With later-stage cancer, the number of cancer
cells left over after the chemotherapy might still be too many for the
immune system to handle. Also, most cancer chemotherapy agents
used today work by killing cancer cells that are in a state of cellular
division. Young tumors have a greater percentage of dividing cells than
do older tumors. Thus, young tumors are quicker to succumb to
chemotherapy.
39. This is an example of using the synergistic effect to our advantage. The virus is slowed down by protease inhibitors and also by
antiviral nucleosides. Combining both these agents, however, creates an effect that is greater than when these two agents are given
independently.
41. Of the 6 billion humans, 3 billion are women. The percentage
of women using birth control pills, therefore, is 60 million/3 billion
X 100 ~ 2 percent. Birth control pills, therefore, have probably had
only a minor impact on the worldwide growth of the human
population.
43. Neurons maintain electrical porential across a membrane by
pumping sodium ions from their inner hollow channels.
45. Many stimulant drugs work by blocking the reuptake of excicatory
neurotransmitters. Stuck inside the synaptic cleft, rhese neurotransmitters are decomposed by enzymes. By the time the reuptake is no
longer blocked by the drug, there are few neurotransmitters left to be
reabsorbed by the presynaptic neuron, which by this point is also
deprived of neurotransmitters. With a lack of neurotransmitrers, there
is little communicarion that goes on between neurons, and this has the
effect of making the drug user depressed.
47. Gardeners must exercise extreme care when using solutions of
nicotine because nicotine is extremely poisonous to humans.
49. The effective dose of MD A is many times greater than is the effective dose of LSD. In other words, whereas MDA is taken by the rnil-
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ligram, LSD is taken by the microgram. Because so much of the MDA
is taken, negative side effects are more likely to appear.
The workings of drug withdrawal, however, are quite complex.
Consider the following: A coffee drinker gets a headache when he or
she stops drinking coffee. The headache results, however, because the
caffeine in the coffee is having side effects, one of which is a dilation of
blood vessels. Over time, the coffee drinker's body becomes accustomed to this dilation to the point that it is able to counteract the dilation by applying a force that causes constriction. When the coffee is
no longer consumed, the body doesn't know to stop counteracting
the
dilation. Blood vessels, therefore, become overly constricted, and that
gives rise to a headache, which prompts the coffee drinker to drink
more coffee.
Likewise, with repeated use of MD A, the body develops a tolerance to its side effects. Upon stopping the use of MD A, the body is
still working hard to tolerate the drug. Thus, it is the body's own
counteraction
to the drug that drives the MDA user to continue the
use of MDA. It's a vicious cycle driven by some very real chemistry.

duce the porphyrin ring system and will thus be deficient in chlorophyll. With less chlorophyll, the plant loses its green color and appears
yellow.

51. The advantage is that the person doesn't run the risk of being sent
to jail upon smoking marijuana. The disadvantage is that if the person
is already nauseous, then he or she may be less likely to be able to hold
the chemical in their stomachs long enough for the anti nausea effect
to occur. Recall from this chapter that one of the quickest routes of
drug administration,
besides injection, is inhalation.

51. Both organic farming and integrated crop management
aim to
produce crops in an environmentally
friendly and sustainable manner.
Organic farming tends to shy away from the use of high technology so
that there is a greater reliance on a personal, human touch. Integrated
crop management
tends to embrace sophisticated technology so that
the crops can be produced on a large scale to meet the needs of our
expanding human population.

53. Of course, once the structure of benzocaine is modified, it is no
longer benozocaine but some other chemical. Extend the ester group
so that there is a nitrogen atom two carbons away from the ester's
lower oxygen atom, as seen in Figure 14.43, and you'll end up with a
compound,
such as procaine, which has much greater anesthetic
properties.
55. Endorphins likely came first, and then humans made the discovery
of how opium contains compounds that mimic the effect of endorphins. Thus, "opioids have endorphin activity." Why this is so is something you should be sure to discuss with your instructor.
57. The plaque deposits can break off and become lodged in narrow
arteries, where they prevent the flow of oxygen- and nutrient-rich
blood to cells.
59. Beta-blockers block norepinephrine
and epinephrine
from binding to beta-adrenoceptors
and a calcium channel blocker inhibits the
flow of calcium ions into muscles. Both slow down and relax the heart.

31. This oxygen is not gaseous O2, but oxygen atoms bound
cellulose structure.

to the

33. The amount of biochemical energy decreases with each passing
level because animals being consumed have lost most of their biochemical energy through their metabolism before they are consumed.
35. The higher the trophic level, the less biochemical energy is available to sustain a population.
Our great and growing numbers are possible only because of our ability to eat as primary consumers.
37. This makes it easier for the air to permeate into the soil so that
oxygen can get to the roots of the grass. The occasional poking of
holes also helps the soil to remain loose enough so that it is able to
retain water.
39.
soil
has
are

As tractors and other heavy farm machinery compact the soil, the
fertility is adversely affected. This is because the compacted soil
fewer open spaces in which to hold water and air, both of which
needed by the plants' roots.

41. Although

nutrient

rich, clay has low plant fertility because it lacks

the open spaces needed to contain

water and oxygen.

43. Plants are green because of the chlorophyll they contain. Chlorophyll, however, requires the porphyrin ring system, which contains
nitrogen. If a plant is deficient in nitrogen, it will be less able to pro-

45. DDT

has such a strong affinity for fat tissue because both it and

fat tissue are highly nonpolar

substances.

47. One reason that earthworms increase soil fertility is that they help
to make the soil more porous as they tunnel through it. The soil structure, therefore, might become more compact as the earthworms retreat
from the regions of high nutrient concentration.
49. Sawdust is mostly ground up cellulose, which, as presented in
Chapter 13, is made of only carbon, oxygen, and hydrogen. The sawdust, therefore, has the lowest N-P-K
rating of 0.2-0-0.2. Fish meal
is a good source of protein, and proteins are high in nitrogen. The fish
meal, therefore, has the N-P-K
rating of 5-3-3. As discussed in Section 10.1, wood ashes are a source of the alkaline material potassium
carbonate, K2C03. The wood ashes, therefore, have the N-P-K
rating

of 0-1.5-8.

53. There are two main reasons why it is beneficial to grow crops
simultaneously
in the same field. First, soil fertility can be improved
when nitrogen-depleting
crops, such as corn, are grown adjacent to
nitrogen-generating
crops, such as a legume. Second, pest infestations
are more easily contained. For example, if one zone of corn becomes
infested, the infestation is less likely to spread to other zones when
those other zones are separated by another crop which is not amenable
to the corn pest.
55. The pollutants are made of the same atoms as naturally occurring
materials. This includes atoms such as carbon, oxygen, and nitrogen.
You know from your study of chemistry, however, that atoms combine
to form molecules. Furthermore,
the physical and chemical properties
of a molecule are markedly different from the properties of the atoms
that make that molecule. They are the molecules (not atoms) of industrial wastes and agricultural pollutants that are of prime concern
because these molecules in excess amounts may readily upset ecological balances.
57. The advances in genetic engineering
plants to improve upon their nutritional
more resilient to pest infiltration.

allow us to quickly modify
qualities and to make them

59. Some plants are already fairly tolerant of salty soils. The gene or
genes that allow for this greater tolerance might be inserted into other
plants that normally have a low tolerance for salty soils.

H
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31. People need fresh water to survive and prosper. It's only natural,
then, that communities
first developed around areas where fresh water
was fairly easy to obtain. Such areas include those where the water
table appears overground, which includes rivers, lakes, and streams.
Only with newer technologies has it become feasible for humans to
settle where overground fresh water is not so abundant. In these
regions-s-such
as where Denver, CO, is now locared-c-rhe majority of
drinking water is obtained from deep wells that tap into groundwater.
33. The ultimate

sink for nearly all rainfall on Earth is the oceans.

35. Most groundwater
appears in aquifers, which are underground
regions through which water flows, albeit relatively slowly. If groundwater removal is stopped, then the flow of water through the aquifer
will slowly recharge a region in which most of the groundwater
has
been depleted (where subsidence has occurred). Because of the subsidence, however, the underground
soil is now much more compact,
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which means that the soil is not likely to hold as much water as it once
did. If underground water removal is stopped, therefore, the land may
rise some because of the recharging effect, but not likely back to its
original level.
37. On account of improved irrigation techniques, total water usage
in the United States has dropped slightly since the 1980s. This trend,
however, is expected to reverse itself as the population and industries
continue to develop.
39. Groundwater moves only slowly, which means that any pollutants
added to the groundwater will remain there and not be "flushed away"
for quite some time. Furthermore, there is no way for us to clean polluted groundwater while it is in the ground. Our only choice would be
to purify that which we extract.
41. A big advantage to using chlorine is that it provides protection
from pathogens for several days after it has been applied. A drawback
to this is that the residual chlorine can adversely affect the taste of the
water. Ozone, 03, is very effective at killing pathogens; however, soon
after it is bubbled through the water it decomposes to oxygen, O2,
Thus, ozone does not remain in the water for as long as chlorine does
to provide for longer-lasting protection. If the ozonared water is consumed fairly soon, however, this may not be a problem. Furthermore,
because the ozone decomposes, the ozonated water tends to taste better than water that was originally treated with chlorine.
43. Reverse osmosis can be applied to any solution for the generation
of fresh water. The only prerequisite is that the solute particles be
larger than the water molecules. This way, as pressure is applied to the
solution, only the water molecules are able to pass through the semipermeable membrane from the solution side to the fresh water side.
45. Our mouths are pretty good at discerning the tastes of residual
componenrs of drinking water-so much so that many of us are willing to pay the 1000 percenr markup price that water bottlers charge
for rheir producrs, which are only a fraction of a percenrage more pure
than the water we can obtain from a local water utility. Because their
purities are actually quite comparable, flushing toilets with municipal
drinking water is about as wasteful as flushing it with bottled water. If
water must be used, let it be a low-flush toilet or one that uses "gray
water" from an upstairs bathtub, as shown by the following sketch:
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tration of pure water can be obtained from irs density, which is
1.00 gram per milliliter. This many grams of water equals 0.0556
mole; 1.00 milliliter equals 0.00100 liter, Thus, the concentration of
pure water in units of moles per liter is 0.556 mole/0.00100 liter,
which equals 55.6 moles per liter, or 55.6 M.
49. During the process of freezing, dissolved salts are naturally
excluded during the formation of ice crystals. Seawater, therefore, can
be desalinared by cooling the water to form crystals, which can then
be melted to produce fresh water. Before a given sample of ocean water
has been frozen, however, the mixture needs to be rinsed with fresh
water to remove the salts. Otherwise, the salts collect within tiny
pockets within the ice. Unfortunately, the amounr of fresh water
required to rinse off the freezing water is comparable to the amount of
fresh water obtained by this process, making the process relatively
inefficient.
51. Phosphates are a nutrient for many planrs and microorganisms. In
rhe past, the phosphates from used laundry detergents often made their
way into rivers, lakes, and ponds, where they caused the growth of
plants and microorganisms, which grew so rampanr as to choke off the
natural supply of dissolved oxygen-a process known as eutrophicarion.
53. The decomposition of food by bacteria in our digestive system is
primarily anaerobic simply because there is little oxygen that makes it
from our mouths to our inrestines where food decomposition takes
place. As a consequence, gases that come out our other ends are frequently of the odoriferous sort.
55. At the wastewater treatmenr facility, human waste is extracted
from the water and typically ends up in a landfill. So why not use a
composting toiler and skip the waste of water altogether and send our
wastes directly to farmlands rather than to landfills?
57. Advanced inregrated pond systems to date are best suited for
small communities that have access to wide areas ofland and lots of
sunshine. But even if the conditions are right for a particular community, there is still the social inertia to overcome for doing something
different.
59. Building a dam would allow for the formation of a reservoir that
could be tapped in the dry summers. Unfortunately, dams are typically
large and expensive projects. They also tend to trap valuable topsoil,
which never makes it to downstream farmers. Water from the reservoir
would then need to be piped to where it is needed. A governmenral
allocation system would also be required. A far more economical and
efficienr method is to dig channels that guide monsoon rainwater to
wells. Rather than running off to the ocean, the water is thus retained
underground, where there is no loss due to evaporation. The groundwater can then be pumped out of the ground in the summertime
using inexpensive hand or foot pumps. No money is lost building an
expensive dam, the topsoil is maintained, and farmers are empowered
with water right beneath their feet. Such practices have been employed
in Bangladesh with much success.

CHAPTER

17

31. The air molecules of the atmosphere are held down by the force of
gravity.

47. The concenrration of water inside the red blood cell is less than is
the concentration of water outside the red blood cell when the cell is
placed in fresh water. As a result, the water migrates inro the cell (from
a region of high concenrration outside to low concenrration inside) to
the point that so much water collects within the cell that the cell
bursts.
It's important to note that when we speak of osmosis (or reverse
osmosis) we are referring to the concentration of water. This is quite
unlike discussions in earlier chapters where we talked about the concentrations of solutes dissolved in water. For the record, the concen-

33. The pressure of the air on the outside of your eardrums is decreasing faster than is the pressure of the air on the inside of your eardrums.
FYI, commercial airplanes mainrain a cabin pressure that is equal to
the pressure one experiences at about 2400 meters (8000 feet) up a
mountainside.
35. Oxygen molecules are more massive and, hence, heavier than
nitrogen molecules. An oxygen molecule, therefore, requires more
kinetic energy to travel to the same altitude as a nitrogen molecule.
This is one of the reasons why the ratio of nitrogen to oxygen molecules increases (albeit slightly) with increasing altitude.
37. The air expands upon heating, which results in a decrease of its
density. The pressure can be increased by decreasing air's volume,
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which results in an increase in its density. Alternatively, more air can
be squeezed into the same volume and this would also result in an
increase in the density of the air.
39. At a depth of around 10 meters the pressure has been doubled.
According to Boyle's Law, the volume of air inside of the glass will be
halved, which means that the water level will have risen to about the
halfway mark.
41. The weight of the air pushing against the outer surface of the card
is much greater than the weight of the water pushing against the inner
surface of the card. This demonstration would not work on the moon.
Do you understand why?
43. Strictly speaking, you do not suck the drink up into the straw. You
instead reduce the pressure in the straw, which allows the weight of the
atmosphere to press the liquid up into the straw.
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trial radiation, then the greenhouse effect would not be so strong and
global temperatures would drop.

61. You would need to know the number of air molecules in a liter of
air. You would divide the number of CFC molecules by the number
of air molecules and multiply by 100 to get the percentage of CFC
molecules.
63. (1.18 g/L)(l~)(1.00

mo1/28.8 g) = 0.0410 mol of air

65. Multiply the pressure of each tire by its surface area of contact to
find the weight placed downward on each tire. Since there are four
tires, multiply by 4 to arrive at the total weight of your car.
Weight upon each tire
(35 pounds/square inch) (30 square inches) = 1050 pounds
Weight upon all four tires (weight of car)
1050 pounds x 4 = 4200 pounds
67. Plug the values into the ideal gas equation and solve for
temperature.
P
V
n
R
T
(3.00 atm)(5.00 L) = (2.00 mol)(0.082057 L· atm/K mol)(T?)

45. The air inside the car has more inertia than the helium in the
helium balloon. As the car starts forward, the greater inertia of the air
causes it to pitch backwards, much like the girl's head. As this air holds
to the back of the car, the lighter helium balloon moves forward. A similar effect can be seen when sliding a bottle of water on its side across a
table. As you accelerate the bottle forward, the water inside the bottle
has an inertia that holds it back. Any bubble of air within the bottle
thus runs forward in the direction that the bottle was pushed.

p ; 3.00 arm
V= 5.00 L
(3.00 atm)(5.00 L)
= (T?)
n = 2.00 mol
(2.00 mol)(0.082057 L . atm/K . mol)
R = 0.082057 L . arm/
K'mol
T=?

91.4K=

T

69. The number of moles of this gas in 1.00 liter at 273 K and 1.00
atmosphere can be found using the ideal gas equation:

47. Coal is a fossil fuel, which means it arises from the decomposition
of organic matter. Sulfur from organic matter, in rum, is found primarily in the two amino acids cysteine and methionine (see page 445).
Plants obtain the sulfur to make these amino acids from the sulfur
oxides that occur in our atmosphere and were placed there by active
volcanoes and by the burning of fossil fuels. Thus, there is no original
source of sulfur on Earth. Rather, like all other elements, the sulfur
that is already here recycles through various pathways. Sulfur does,
however, have an ultimate origin and that is with the nuclear fusion
occurring in our sun and all other stars (see page 75).

From the density we know that there are 3.73 grams of this gas in 1
liter, which also contains 0.0446 mole. The atomic mass can be found
by dividing the grams by moles:

49. The airborne sulfur dioxide reacts with oxygen and water to form
sulfuric acid, which is carried by rainwater to the planet's surface.

From the periodic table, this is the atomic mass of the element krypton, Kr.

51. Atmospheric nitrogen and oxygen will react with each other under
conditions of extreme heat, such as occurs within an automobile
engine or a lightning bolt. The balanced equation for this reaction is
N2 + O2 -> 2 NO.
53. Photosynthesis produces oxygen, 02' which migrates from Earth's
surface to high up in the stratosphere, where it is converted by the
energy of ultraviolet light into ozone, 03' Plants and all other organisms living on the planet's surface benefit from this ozone because of
its ability to shade the surface from ultraviolet light.
55. As discussed in Section 17.4, ozone is a fairly reactive molecule.
Close to Earth's surface, it decomposes as it reacts with various materials, such as bound plants or airborne hydrocarbons. Thus, the ozone
from automobiles doesn't last long enough to make it to distant locations, such as the stratospheric skies over the South Pole.
57. This keeps the visible light out of the greenhouse so that it does
not become too hot within the greenhouse.
59. The greenhouse effect works because of the atmosphere's ability to
trap terrestrial radiation. If the atmosphere were less able to trap terres-

n = PV / RT
=

(1.00 atm)(1.00 L) / (0.082057

atomic mass = 3.73 grams/0.0446
= 83.6 g/mole

L· atm/K . mol)(273 K)

mole

31 . Both paper and cooked spaghetti consist of many overlapping and
intertwined strands.
33. Industrial hemp produces much more cellulose fiber per acre over
a given time frame than do trees. Hemp plants also contain a much
lower proportion oflignans, which means that cellulose fibers can be
extracted without the use of harsh chemicals. A disadvantage to using
this plant for making paper is that the paper industry is well established in using trees. The short-term costs of ourfitting new machinery and other infrastructure, therefore, would be great. Also, there
would be political inertia to overcome in moving to this plant as a
source of fiber because it is of the same species as the THC-containing
marijuana plant. Industrial hemp, however, contains insignificant
amounts ofTHC. Furthermore, any cross-breeding between industrial hemp and marijuana would result in a plant that has smaller
amounts ofTHC and hence would not be so desirable to the illicir
drug community.
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35. Sulfuric acid has two double-bonded oxygens with which the
resulting negative charge can resonate, as per Figure 12.12. See also
question 59 of Chapter 10.

Sulfurous acid:

~)~
Sulfuric acid:

HO-S-O11

o

----

?J
HO-S=O
11

o
o
11

HO-S=O

I

0-

37. As with any scientific endeavor, chance discovery played an important role in the development of polymers. In all cases, however, there
was a scientist with an open and innovative mind who was ready to
recognize and take advantage of a chance observation. Charles
Goodyear accidentally tipped sulfur into heated natural rubber to discover vulcanized rubber. Christian Schobein inadvertently wiped up a
nitric acid spill with a cotton rag to discover nitrocellulose. Jaques
Brandenberger thought of cellophane as he observed the accidental
stains on tablecloths. Also, as was discussed in Chapter 1, TeRon was
discovered upon the unexpected disappearance of a chemical in a gas
cylinder that Roy Plunkett was compelled to saw in half.
39. Celluloid and cellophane are both derived from cellulose. The celluloid, however, has nitrate groups, whereas each hydroxyl group
appears in cellulose. Cellophane has the same chemical composition of
cellulose, bur it has been transformed to a film by both chemical and
mechanical processing.
41. They are made of nitrocellulose, which is the same highly combustible material used to make gun cotton as well as Rash paper (see
page 318).
43. Collodion, Parkesine, celluloid, viscose yarn, cellophane, PVC,
nylon, TeRon.
45. For a similar exercise, see Chapter 12, question 100.

Camphor, ClOHnO
47. Definitely not! Metal halides are by no means restricted to group
1 metals. In fact, most metals are able to form halides. Iron chloride,
FeCl3, and copper chloride, CuClz, are examples. Figure 18.19 shows
only the most common forms of metal compounds. In nature, iron is
most commonly found as an oxide, while copper is most commonly
found as a sulfide.
49. Differences in physical properties are used in the isolation of metals, for example, within the blast furnace, where reduced molten iron
sinks beneath the slag impurities because of its greater density. Another
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example is with Rotation, a technique that takes advantage of the fact
that metal sulfides are relatively nonpolar and therefore attracted to
oil. Differences in chemical properties are used, for example, in the
electrolysis of a metal, such as impure copper, and the reduction of a
purified metal ore, such as iron ore, using carbon as the reducing agent
at the high temperatures found within the blast furnace.
51. The problem is not whether or not we have the metal atoms on
this planet-we do! The problem is in the expense of collecting those
metal atoms. This expense would be too great if the metal atoms were
evenly distributed around the planet. We are fortunate, therefore, that
there are geological formations where metal ores have been concentrated by natural processes. Bear in mind that only the metal atoms we
produce ourselves can be recycled. If we don't recycle these metal
atoms, then down the road we'll find substantial shortages of new
metal ores from which to feed our ever-growing appetite for metalbased consumer goods and building materials.
53. The boat isn't solid iron. Instead, it is shaped into a hollow form
that displaces water as it is placed into the water. From physics we find
that the upward buoyant force acting on a boat is equal to the weight
of the water the boat displaces (Archirnedess Principle). Add cargo
and the boat will weigh more. This causes the boat to sink deeper into
the water so that more water is displaced. As more water is displaced,
the buoyant force increases to match the increased weight of the boat.
For more details, be sure to enroll in a physics course.
55. When it is in the molten phase.
57. Ceramics are made by heating clay to high temperatures. This
melts the silicate components, which permeate through the clay surrounding the microcapsules. Upon cooling, the silicates solidity, holding the microcapsules together, much like a hardened glue.
59. Any composite is weakest along the direction in which fibers do
not run. Plywood is made by binding thin sheets of wood such that
the grains in one sheet run perpendicular to the grains of the sheet
above or below it. This provides great strength in these two particular
directions. Lay the plywood Rat on the ground, however, and there are
no grains that run in the vertical direction, which is in the direction of
its thickness. Plywood, therefore, is relatively weak in this direction,
which is why old samples of plywood first fall apart by an "unstacking"
of rhe once-bound thin sheets of wood.
CHAPTER 19
31. The kilowatt is a measurement of the rate at which energy is delivered, which is power. If you have 2 kW available to your home you
can do more than if you have only 1 kW available to your home. In
both cases you can draw the same amount of energy. With the 2-kWrated system, however, you can do so twice as quickly. Notice that
your electric bill is metered in units of kilowatt-hours, which is an
amount of energy.
33. This exercise requires some qualification. There are in faet planes
that derive their power from electricity. These are not passenger airplanes, but glider-type remote control airplanes designed to carry only
scientific equipment to extremely high altitudes, above the troposphere, where they are reliably powered by solar electric cells. For an
airplane to carry any heavy cargo, such as passengers, requires a large
amount of power, especially at takeoff. Connecting the airplane to an
electric power station by long wires is obviously not feasible. Storing
the electric energy in on-board batteries is also not feasible, primarily
because the batteries themselves weigh too much. The best solution to
date is for the airplane to carry fuel, which upon burning can provide
vast amounts of powet as needed.
35. At high temperatures, atmospheric nitrogen and oxygen readily
react to form nitrogen oxides. For this reason, so long as a fuel-any
kind of fuel-burns at a high temperature, there will be nitrogen
oxides formed. The only way to prevent this would be to exclude the
nitrogen from the combustion process, which would lower the cost
efficiency markedly.
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37. Deriving electrical energy from nuclear fission produces almost no
armospheric pollutants, such as carbon dioxide, sulfur oxides, nitrogen
oxides, heavy metals, and airborne parriculares. Although nor discussed in rhe text, rhere is also an abundant supply of fuel for nuclear
fission reactors in the form of plutonium-239, which can be manufacrured from uranium-238. Use the keyword "Breeder Reactor" on your
Intemcr search engine to learn abour how this is so.

51. Pass the drinking water rhrough the hot zone of a solar collector,
such as the ones shown in Figures 19.26 or 19.27. If contained wirhin
pressurized pipes, the warer would become superheated and pathogens
would be quickly desrroyed. A less expensive use of solar energy for the
making of drinking water would be to build a solar distillation apparatus, as shown in Chapter 16, Figure 16.11.

39. There are grear rechnological hurdles to overcome in nearing an
economically viable nuclear fusion power plant. Countries, therefore,
are reaming up to develop nuclear fusion energy so as to pool their
financial and inrellecrual resources.

55. Elecrrons dislodged by lighr in rhe n -type silicon don't cross rhe
junction because the junction is unidirectional.

41. The OPEC oil embargo was a boon for rhe nuclear power indusrry. The embargo was insrrumenral in alerring people to the vulnerability from depending on only one source of energy and prompted the
building of many new nuclear power planrs. Interestingly, there have
been no new nuclear facilities consrrucred in the United States since
this time.
43. No' The worst-case scenario for a nuclear power plant is the "meltdown," which occurs as an uncooled nuclear reactor gets so hot that it
melts to the Boor of the containment building. Nuclear fuel is
enriched with fissionable uranium-235 to at most 4 percenr. The
remainder of the fuel is non fissionable uranium-238. As discussed in
Chapter 4, to build a nuclear bomb, uranium-235 must be enriched
ro over 90 percent.
45. While dams rhemselves produce virtually no chemical pollutants,
rhey do radically alrer ecosysrems ro the detriment of many species,
including the humans displaced from their homes by the rising flood
waters rhat come behind the dam.
47. Through the gravitarional pull berween Earth and the moon,
which results in tidal forces. Interestingly, the energy lost by the Earrhmoon system to the creation of global tides results in a slowing down
of Earth's rotation. Back during the time of the dinosaurs, days were
only abour 19 hours long. In rhe far, far future, the days will be on the
order of 46 hours long such that Earth's spin will exactly march rhe
moon's orbit. The result will be that the moon will always appear in
the same location in the sky.
49. If your pool has a nonsolar heating unit, such as a gas burner, a
nonsolar pool cover will still help to keep the pool warm by reducing
the amount of evaporation that takes place.

53. Natural gas: A; wind: B; nuclear fusion: A; hydroelectric: B; coal: A.

57. The electrons would not travel to the negatively charged silicon on
their own. They can, however, be forced to move in this direction given
an adequate energy source. For a photovoltaic cell, this energy source is
sunlight, which literally knocks elecrrons rowards this direcrion.
59. Store the electricity as elecrrolytic hydrogen, which can be cornbusted in a fuel cell to generate electricity during times of minimal
tide change.

61. First calculate the cost of running the lOO-watt lightbulb for
1 hour, understanding that 100 watts is the same as 0.1 kilowatt:
0.1 kW x 1 hr = 0.1 kWh
IS cents
0.1 kWh x --= 1.5 cents
1kWh
Then calculate the cost of running the 20-watt lightbulb for I hour,
understanding that 20 warts is rhe same as 0.02 kilowatt:
0.02 kW X 1 hr = 0.02 kWh
15 cents
0.02 kWh x --= 0.3 cents
IkWh
The savings for each hour is rhe difference: l.5 cents minus 0.3 cents,
which equals 1.2 cents per hour. This may not sound like much, bur if
50 million households in the United States changed just one of their
lightbulbs from a I Otl-wan incandescent to a 20-watt Huorescenc, then
the total annual savings would be on the order of 1.2 billion dollars.
63. (350 households/l.O MW)(l80,000
holds (2 significant figures)

MW) = 63 million house-
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He
4.003

5

6

7

8

9

10

B

C

N

0

F

Ne

14.007

15.999

3

4
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Be

6.941

9.012

10.811

12.011

11
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14
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17
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Na

Mg
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Si

P

S

Cl

Ar

22.990

24.305

35.453

39.948

Group

18.998

20.180

3

4

5

6

7

8

9

10
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12

26.982

28.086

25
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27
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29
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35
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Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

63.546

74.922

78.96

79.904

30.974

32.066

19
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K

Ca

Se

Ti

V

Cr

Mn

Fe

Co

39.098

40.078

44.956

47.88

50.942

51.996

54.938

55.845

58.933

58.69

65.39

69.723

72.61

37

38
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51
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Rb

Sr

y

Zr

Nb

Mo

Te

Ru

Rh

Pd

Ag

Cd
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Sn

Sb

Te

85.468

87.62

88.906

91.224

92.906

95.94
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101.07
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106.42

107.868

112.411

114.82
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121.76

127.60

55
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74

75
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84

85

86

Cs

Ba

La

Ht

Ta

W

Re

Os

Ir

Pt

Au

Hg

TI

Pb

Bi

Po

At

Rn

132.905

137.327

138.906

178.49

180.948

183.84

186.207

190.23

192.22

195.08

196.967

200.59

204.383

207.2

208.980

209

210

222

87

88

89

104

105

106

107

108

109

110

Db

Sg

Bh

Hs

Mt

Uun

Uuu

Uub
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269
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Ra
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226.025

Ae
227.028

i
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ii\ Rt
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Actinides

D Metal
D Metalloid
D Nonmetal

58

59

60

Ce

Pr

Nd

140.115

140.908

144.24

145

150.36

90

91

92

93

94

Th

Pa

U

Np

232.038

231.036

237.048

238.029

111

53

I
126.905

83.8
54

Xe
131.29

112

61

62

63

64

65

66

67

68

69

70

71

Pm

Sm

Eu

Gd

Tb

Oy

Ho

Er

Tm

Vb

Lu

157.25

158.925

162.5

164.93

167.26

168.934

173.04

174.967

95

96

97

98

99

100

101

102

103

Pu

Am

Cm

Bk

ct

Es

Fm

Md

No

Lr

244

243

247

247

251

252

257

258

259

262

151.964

Atomic masses are averaged by isotopic abundance on the Earth's surface,
expressed in atomic mass units. Atomic masses for radioactive elements
are the whole number nearest the most stable isotope of that element.
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Actinium
Aluminum
Americium
Antimony
Argon
Arsenic
Astatine
Barium
Berkelium
Beryllium
Bismuth
Bohrium
Boron
Bromine
Cadmium
Calcium
Californium
Carbon
Cerium
Cesium
Chlorine
Chromium
Cobalt
Copper
Curium
Dubnium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Fluorine
Francium
Gadolinium
Gallium
Germanium
Gold
Hafnium
Hassium
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium
Iron
Krypton
Lanthanum
Lawrencium
Lead
Lithium
Lutetium
Magnesium
Manganese
Meitnerium
Mendelevium
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Symbol
Ac
Al
Am
Sb
Ar
As
At
Ba
Bk
Be
Bi
Bh
B
Br
Cd
Ca
Cf
C
Ce
Cs
Cl
Cr
Co
Cu
Cm
Db
Dy
Es
Er
Eu
Fm
F
Fr
Gd
Ga
Ge
Au
Hf
Hs
He
Ho
H
In
I
It
Fe
Kr
La
Lr
Pb
Li
Lu
Mg
Mn
Mt
Md

Atomic
Number
89
13
95
51
18
33
85
56
97
4
83
107
5
35
48
20
98
6
58
55
17
24
27
29
96
105
66
99
68
63
100
9
87
64
31
32
79
72
108
2
67
1
49
53
77
26
36
57
103
82
3
71
12
25
109
101

Atomic
Weight
227,028
26.982
243
121.76
39.948
74.922
210
137.327
247
9.012
208.980
262
10.811
79.904
112.411
40.078
251
12.011
140.115
132.905
35.453
51.996
58.933
63.546
247
262
162.5
252
167.26
151.964
257
18.998
223
157.25
69.723
72.61
196.967
178.49
265
4.003
164.93
1.0079
114.82
126.905
192.22
55.845
83.8
138.906
262
207.2
6.941
174.967
24.305
54.938
266
258

Name
Mercury
Molybdenum
Neodymium
Neon
Neptunium
Nickel
Niobium
Nitrogen
Nobelium
Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonium
Polonium
Potassium
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium
Rhodium
Rubidium
Ruthenium
Rurherfordium
Samarium
Scandium
Seaborgium
Selenium
Silicon
Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yttrium
Zinc
Zirconium

Symbol
Hg
Mo
Nd
Ne
Np
Ni
Nb
N
No
Os

0
Pd
P
Pt
Pu
Po
K
Pr
Pm
Pa
Ra
Rn
Re
Rh
Rb
Ru
RE
Srn
Sc
Sg
Se
Si
Ag
Na
Sr
S
Ta
Tc
Te
Tb
TI
Th
Tm
Sn
Ti
W
U
V
Xe
Yb
Y
Zn
Zr
Uun
Uuu
Uub

Atomic
Number
80
42
60
10
93
28
41
7
102
76
8
46
15
78
94
84
19
59
61
91
88
86
75
45
37
44
104
62
21
106
34
14
47
11
38
16
73
43
52
65
81
90
69
50
22
74
92
23
54
70
39
30
40
110
III

112

Atomic
Weight
200.59
95.94
144.24
20.180
237.048
58.69
92.906
14.007
259
190.23
15.999
106.42
30.974
195.08
244
209
39.098
140.908
145
231.036
226.025
222
186.207
102.906
85.468
101.07
261
150.36
44.956
263
78.96
28.086
107.868
22.990
87.62
32.066
180.948
98
127.60
158.925
204.383
232.038
168.934
118.71
47.88
183.84
238.029
50.942
131.29
173.04
88.906
65.39
91.224
269
272
277
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51 unit: meter (m)

51 unit: Joule

1 km = 0.621 37 mi

OJ

1] = 0.239 01 cal

1 mi = 5280 ft

1 k]

1.6093 km

=

0.239 kcal

1ca1=4.184]

1m

=

1.0936 yd

1 in.

=

2.54 cm (exactly)

1 cm
1A

=
=

0.393 70 in.
10-10 m

1 nm

=

10-9 m

Pressure

SI unit: Pascal (Pa)
1 atm = 101,325 Pa
=

760 mm Hg (torr)

=

29.9 in. Hg

Mass

= 14.696lb/in.

2

SI unit: kilogram (kg)
1 kg = 103 g = 2.2046lb

Volume

1 oz

SI unit: cubic meter (m3)
1 L = 10-3 m3

=

28.345 g

1 lb = 16 oz
1 amu = 1.661

453.6 g
X 10-24 g

=

=

1 drn '

Temperature

=

103cm3

51 unit: Kelvin (K)

=

1.057 qt

OK

=

K

=

1 gal = 4 qt

-273.15 C
Q

= -459.6rp

= 3.7854 L

QC + 273.15

1 mL = 0.0339 fl oz

QC = %(OP - 32)
OF = ~(0C) + 32

1 cm3
1 in.3

CONSTANTS

Avogadro's number

=

6.02

X

1023

Mass of electron, me = 9.109390
=

Mass of neutron,

mu =

Mass of proton,

mp

Planck's constant,

Speed of light,

=

1 mL

= 10-6 m"

)

FUNDAMENTAL

X

=

1 mole

10-31 kg

1/1836 of mass ofH
1.674929 X 10-27 kg

"" mass ofH
= 1.672 623

X

10-27 kg

"" mass ofH
X 10-34

h = 6.626
C

FUNDAMENTAL

FACTORS

Length

=

AND

= 3.00

X

8

10 m/s

J.

S

=

16.4 cm3

CONSTANTS

____

-----....~L..____

_

GLOSSARY

•

absolute zero The lowest possible temperature any
substance can have; the temperature at which the
atoms of a substance have no kinetic energy: 0 K '"

-273.15°C '"- 459.rF.

amide An organic molecule containing a carbonyl
group the carbon of which is bonded to a nitrogen
atom.

acid A substance that donates hydrogen ions.

amine An organic molecule containing a nitrogen
atom bonded to one or more saturated carbon atoms.

acidic solution A solution in which the hydroniurn
ion concentration is higher than the hydroxide ion concentration.

amino acid The monomers of polypeptides, each
mono mer consisting of an amine group and a carboxylic acid group bonded to the same carbon atom.

actinides Any seventh-period

amphoteric A description of a substance that can
behave as either an acid or a base.

inner transition metal.

activation energy The minimum energy required in
order for a chemical reaction to proceed.
addition polymer A polymer formed by the joining
together of mono mer units with no atoms lost as the
polymer forms.

anabolism Chemical reactions that synthesize biornolecules in the body.
anaerobic bacteria Bacteria able to decompose
organic matter in the absence of oxygen.

adhesive force An attractive force between molecules
of two different substances.

analgesic A drug that enhances the ability to tolerate
pain without abolishing nerve sensations.

aerobic bacteria Bacteria able to decompose organic
matter only in the presence of oxygen.

anesthetic A drug that prevents neurons from transmitting sensations to the brain.

aerosol A moisture-coated microscopic airborne particle up to 0.01 millimeter in diameter that is a site for
many atmospheric chemical reactions.

anode The electrode where oxidation occurs.

agriculture The organized use of resources for the production of food.
alchemy A medieval endeavor concerned with turning
other metals into gold.
alcohol An organic molecule that contains a hydroxyl
group bonded to a saturated carbon.
aldehyde An organic molecule containing a carbonyl
group the carbon of which is bonded either to one carbon
atom and one hydrogen atom or to two hydrogen atoms.
alkali earth metals Any group 2 element.
alkali metals Any group 1 element.

applied research Research dedicated to the development of useful products and processes.
aquifer A soil layer in which groundwater
aromatic compound
ing a benzene ring.

may flow.

Any organic molecule contain-

atmospheric pressure The pressure exerted on any
object immersed in the atmosphere.
atomic mass The mass of an element's atoms listed in
the periodic table as an average value based on the relative abundance of the element's isotopes.
atomic nucleus
of every atom.

The dense, positively charged center

alloy A mixture of two or more metallic elements.

atomic number A count of the number of protons in
the atomic nucleus.

alpha particle A helium atom nucleus, which consists
of two neutrons and two protons and is ejected by certain radioactive elements.

atomic orbital A region of space in which an electron in an atom has a 90 percent chance of being
located.
Gl
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atomic spectrum The pattern of frequencies of electromagnetic radiation emitted by the atoms of an element, considered to be an element's "fingerprint."

carboxylic acid An organic molecule containing
bonyl group the carbon of which is bonded to a
hydroxyl group.

atomic symbol
atom.

catabolism
Chemical reactions that break down biomolecules in the body.

An abbreviation

for an element or

Avogadro's Law A gas law that describes the direct
relationship between the volume of a gas and the number of gas particles it contains. The greater the number
of particles, the greater the volume.
Avogadro's number The number of particles-G.02
1023 -contained
in 1 mole of anything.
base A substance that accepts hydrogen

X

ions.

basic research Research dedicated to the discovery of
the fundamental workings of nature.
basic solution A solution in which the hydroxide ion
concentration
is higher than the hydronium ion concentration.
beta particle An electron ejected from an atomic
nucleus during the radioactive decay of certain nuclei.
bioaccumulation
The process whereby a toxic chemical
that enters a food chain at a low trophic level becomes
more concentrated in organisms higher up the chain.
biochemical oxygen demand A measure of the amount
of oxygen consumed by aerobic bacteria in water.
biomass

A general term for plant material.

boiling Evaporation
the liquid surface.

in which bubbles form beneath

bond energy The amount of energy either absorbed as
a chemical bond breaks or released as a bond forms.
Boyle's Law A gas law that describes the indirect relationship between the pressure of a gas and its volume.
The smaller the volume, the greater the pressure.
buffer solution A solution that resists large changes in
pH, made from either a weak acid and one of its salts or
a weak base and one of its salts.
capillary action The rising ofliquid into a small vertical space due to the interplay of cohesive and adhesive
forces.
carbohydrate A biomolecule that contains only carbon, hydrogen, and oxygen atoms and is produced by
plants through photosynthesis.
carbon-14 dating The process of estimating the age of
once-living material by measuring the amount of a
radioactive isotope of carbon present in the material.
carbonyl group A carbon atom double-bonded
to an
oxygen atom, found in ketones, aldehydes, amides, carboxylic acids, and esters.

a car-

catalyst Any substance that increases the rate of a
chemical reaction without itself being consumed by the
reaction.
cathode

The electrode where reduction

occurs.

cathode ray tube A device that emits a beam of
electrons.
chain reaction A self-sustaining reaction in which
the products of one fission event stimulate further
events.
Charles's Law A gas law that describes the direct relationship between the volume of a gas and its temperature. The greater the temperature, the greater the
volume.
chemical change During this kind of change, atoms
in a substance are rearranged to give a new substance
having a new chemical identity.
chemical
reaction.

equation

A representation

of a chemical

chemical formula A notation used to indicate the
composition of a compound, consisting of the atomic
symbols for the different elements of the compound
and numerical subscripts indicating the ratio in which
the atoms combine.
chemical property A type of property that characterizes the ability of a substance to change into a different
substance.
chemical
change.

reaction

Synonymous

with chemical

chemistry The study of matter and the transformations it can undergo.
chemotherapy
The use of drugs to destroy pathogens
without destroying the animal host.
chromosomes
An elongated bundle of DNA and protein that appears in a cell's nucleus just prior to cell
division.
coal A solid consisting of a tightly bound network of
hydrocarbon chains and rings.
coefficient A number used in a chemical equation to
indicate either the number of atoms/molecules
or the
number of moles of a reactant or product.
cohesive force An attractive force between molecules
of the same substance.

GLOSSARY

combinatorial chemistry The production of a large
number of compounds in order to increase the chances
of finding a new drug having medicinal value.
combustion An exothermic oxidation-reduction
reaction between a nonmetallic material and molecular
oxygen.
composite Any thermoset medium strengthened
the incorporation of fibers.
compost
matter.

by

Fertilizer formed by the decay of organic

compound A material in which atoms of different elements are bonded to one another.
concentration A quantitative
of solute in a solution.

measure of the amount

conceptual model A representation of a system that
helps us predict how the system behaves.
condensation

A transformation

The process of mixing a solute in a

effective nuclear charge The nuclear charge experienced by outer-shell electrons, diminished by the
shielding effect of inner-shell electrons.
electrochemistry
The branch of chemistry concerned
with the relationship between electrical energy and
chemical change.
electrode Any material that conducts electrons into or
out of a medium in which electrochemical reactions are
occurnng.
electrolysis The use of electrical energy to produce
chemical change.
electromagnetic spectrum The complete range of
waves, from radio waves to gamma rays.
electron An extremely small, negatively charged subatomic particle found outside the atomic nucleus.

from a gas to a liquid.

condensation polymer A polymer formed by the joining together of monomer units accompanied by the loss
of a small molecule, such as water.
conformation
of a molecule.

dissolving
solvent.

G3

One of the possible spatial orientations

electron configuration The arrangement
in the orbitals of an atom.

of electrons

electron-dot structure A shorthand notation of the
shell model of the atom in which valence electrons are
shown around an atomic symbol.

consumer An organism that takes in the matter and
energy of other organisms.

electronegativity The ability of an atom to attract a
bonding pair of electrons to itself when bonded to
another atom.

control test A test performed by scientists to increase
the conclusiveness of an experimental test.

element A fundamental
one type of atom.

corrosion The deterioration of a metal, typically
caused by atmospheric oxygen.

elemental formula A notation that uses the atomic
symbol and (sometimes) a numerical subscript to
denote how atoms are bonded in an element.

covalent bond A chemical bond in which atoms are
held together by their mutual attraction for two electrons they share.
covalent compound An element or chemical compound in which atoms are held together by covalent
bonds.
critical mass The minimum mass of fissionable material needed to sustain a chain reaction.
decomposer An organism in the soil that transforms
once-living matter to nutrients.
density The ratio of an object's mass to its volume.
deoxyribonucleic acid A nucleic acid containing a
deoxygenated ribose sugar, having a double helical
structure, and carrying genetic code in the nucleotide
sequence.
dipole A separation of charge that occurs in a chemical
bond because of differences in the electronegativities of
the bonded atoms.

material consisting of only

endothermic A term that describes a chemical reaction in which there is a net absorption of energy.
energy The capacity to do work.
energy-level diagram Drawing used to arrange atomic
orbitals in order of energy levels.
entropy The term used to describe the idea that
energy has a natural tendency to disperse; the total
amount of energy in a given amount of substance
divided by the substance's absolute temperature.
enzymes A protein that catalyzes biochemical reactions.
ester An organic molecule containing a carbonyl
group the carbon of which is bonded to one carbon
atom and one oxygen atom bonded to another carbon
atom.
ether An organic molecule containing
bonded to two carbon atoms.

an oxygen atom
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eutrophication
The process whereby inorganic wastes
in water fertilize algae and plants growing in the water
and the resulting overgrowth reduces the dissolved oxygen concentration
of the water.
evaporation

A transformation

from a liquid to a gas.

exothermic A term that describes a chemical reaction
in which there is a net release of energy.
fat A biomolecule that packs a lot of energy per gram
and consists of a glycerol unit attached to three fatty
acid molecules.

heat of vaporization The heat energy absorbed by a
substance as it transforms from liquid to gas.
heteroatom Any atom other than carbon or hydrogen
in an organic molecule.
heterogeneous mixture A mixture in which the various components can be seen as individual substances.
homogeneous mixture A mixture in which the components are so finely mixed that the composition is the
same throughout.
horizon

A layer of soil.

formula mass The sum of the atomic masses of the
atoms in a chemical compound or element.

humus

freezing A transformation

hydrocarbon A chemical compound
carbon and hydrogen atoms.

from a liquid to a solid.

functional group A specific combination of atoms
that behave as a unit in an organic molecule.
gamma ray High-energy radiation
nuclei of radioactive atoms.

emitted by the

The organic matter of topsoil.
containing

only

hydrogen bond A strong dipole-dipole
attraction
between a slightly positive hydrogen atom on one molecule and a pair of nonbonding electrons on another
molecule.

gas Matter that has neither a definite volume nor a
definite shape, always filling any space available to it.

hydrologic cycle The natural circulation
throughout our planet.

gene A nucleotide sequence in the DNA strand in a
chromosome that leads a cell to manufacture a particular polypeptide.

hydronium ion A water molecule after accepting a
hydrogen ion.

gene cloning The technique of incorporating a gene
from one organism into the DNA of another organism.
glycogen A glucose polymer stored in animal tissue
and also known as animal starch.
greenhouse effect The process by which visible light
from the sun is absorbed by the Earth, which then
emits infrared energy that cannot escape and so warms
the atmosphere.
group A vertical column in the periodic table, also
known as a family of elements.
half-life The time required for half the atoms in a
sample of a radioactive isotope to decay.
half-reaction One portion of an oxidation-reduction
reaction, represented by an equation showing electrons
as either reactants or products.
halogens

Any "salt-forming"

element.

heat The energy that flows from one object to another
because of a temperature difference between the two.
heat of condensation
stance as it transforms

The energy released by a subfrom gas to liquid.

heat of freezing The heat energy released by a substance as it transforms

from liquid to solid.

heat of melting The heat energy absorbed
stance as it transforms from solid to liquid.

by a sub-

of water

hydroxide ion A water molecule after losing a hydrogen Ion.
ideal gas law A gas law that summarizes the pressure,
volume, temperature, and number of particles of a gas
within a single equation, often expressed as PV = nRT,
where R is the gas constant, which has a value of
0.082057

L· atm .
K· mol

impure The state of a material that is a mixture of
more than one element or compound.
induced dipole A dipole temporarily created in an
otherwise nonpolar molecule, induced by a neighboring charge.
industrial smog Visible airborne pollution containing
large amounts of particulates and sulfur dioxide and
produced largely from the combustion of coal and oil.
inner-shell shielding The tendency of inner-shell
electrons to partially shield outer-shell electrons from
the nuclear charge.
inner-transition metals Any element in the two subgroups of the transition metals.
insoluble Not capable of dissolving to any appreciable
extent in a given solvent.
integrated crop management A whole-farm strategy
that involves managing crops in ways that suit local
soil, climatic, and economic conditions.

GLOSSARY

integrated pest management
A pest-control strategy
that emphasizes prevention, planning, and the use of a
variety of pest-control resources.
ion An electrically charged particle created when an
atom either loses or gains one or more electrons.
ionic bond A chemical bond in which an attractive
electric force holds ions of opposite charge together.
ionic compound
ions,

Any chemical compound

containing

C;5

meniscus The curving of the surface of a liquid at the
interface between the liquid surface and its container.
metabolism
The general term describing all chemical
reactions in the body.
metal An element that is shiny, opaque, and able to
conduct electricity and heat.
metallic bond A chemical bond in which the metal
ions in a piece of solid metal are held together by their
attraction to a "fluid" of electrons in the metal.

ionization energy The amount of energy required to
remove an electron from an atom.

metalloid An element that exhibits some properties of
metals and some properties of nonmetals.

isotope Any member of a set of atoms of the same element whose nuclei contain the same number of protons but different numbers of neutrons.

microirrigation
to plant roots.

ketone An organic molecule containing a carbonyl
group the carbon of which is bonded to two carbon
atoms.
kilowatt-hour
The amount of energy consumed in
1 hour at a rate of 1 kilowatt.
kinetic energy

A method of delivering water directly

mineral Inorganic chemicals that play a wide variety
of roles in the body.
mixed fertilizer A fertilizer that contains the plant
nutrients nitrogen, phosphorus, and potassium.
mixture A combination of two or more substances in
which each substance retains its properties.

Energy due to motion.
molar mass The mass of 1 mole of a substance.

kinetic theory of gases A theory that explains the gas
laws in terms of gases being comprised of rapidly moving tiny particles, either atoms or molecules.

molarity A unit of concentration equal to the number
of moles of a solute per liter of solution.

lanthanides

mole

Any sixth-period inner-transition

metal.

law of definite proportions
A law stating that elements combine in definite mass ratios to form compounds.
law of mass conservation
A law stating that there is
no detectable change in the amount of mass present
before and after a chemical reaction.

6.02

X

1023 of anything.

molecule A group of atoms held tightly together by
covalent bonds.
monomer
The small molecular unit from which a
polymer is formed.
natural gas A mixture of methane plus small amounts
of ethane and propane.

leachate A solution formed by water that has percolated through a solid-waste disposal site and picked up
water-soluble substances.

neuron A specialized cell capable of receiving and
sending electrical impulses.

lipid A broad class of biomolecules that are not soluble
in water.

neurotransmitter
An organic compound capable of
activating receptor sites on proteins embedded in the
membrane of a neuron.

liquid Matter that has a definite volume but no definite shape, assuming the shape of its container.
lock-and-key model A model that explains how drugs
interact with receptor sites.
mass The quantitative
an object contains.

measure of how much matter

mass number The number of nucleons (protons and
neutrons) in the atomic nucleus. Used primarily to
identify isotopes.
matter
melting

Anything that occupies space.
A transformation

from a solid to a liquid.

neutral solution
ion concentration
concentration.

A solution in which the hydronium
is equal to the hydroxide ion

neutralization
A reaction in which an acid and base
combine to form a salt.
neutron An electrically neutral subatomic particle of
the atomic nucleus.
nitrogen fixation A chemical reaction that converts
atmospheric nitrogen to some form of nitrogen usable
by plants.
noble gases Any unreactive element.
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nonbonding pair Two paired valence electrons that
don't participate in a chemical bond and yet influence
the shape of the molecule.

pH A measure of the acidity of a solution, equal to the
negative of the base-I 0 logarithm of the hydronium ion
concentration.

nonmetal An element located toward the upper right
of the periodic table that is neither a metal nor a metalloid.

phenol An organic molecule in which a hydroxyl
group is bonded to a benzene ring.

nonpoint source A pollution source in which the pollutants originate at different and often nonspecific
locations.
nonpolar bond A chemical bond that has no dipole.
nuclear fission The splitting of a heavy nucleus into
two lighter nuclei, accompanied by the release of much
energy.
nuclear fusion The joining together oflight nuclei to
form a heavier nucleus, accompanied by the release of
much energy.
nucleic acid A long polymeric chain of nucleotide
monomers.
nucleon Any subatomic particle found in the atomic
nucleus. Another name for either proton or neutron.
nucleotide A nucleic acid mono mer consisting of
three parts: a nitrogenous base, a ribose sugar, and an
ionic phosphate group.

pheromone An organic molecule secreted by insects to
communicate with one another.
photochemical smog Airborne pollution consisting of
pollutants that participate in chemical reactions
induced by sunlight.
photoelectric effect The ability oflight to knock electrons out of atoms.
photon Another term for a single quantum oflight, a
name chosen to emphasize the particulate nature of
light.
physical change A change in which a substance
changes its physical properties without changing its
chemical identity.
physical dependence A dependence characterized by
the need to continue taking a drug to avoid withdrawal
symptoms.
physical model A representation of an object on some
convenient scale.

ore A geologic deposit containing relatively high concentrations of one or more metal-containing compounds.

physical property Any physical attribute of a substance, such as color, density, or hardness.

organic chemistry The study of carbon-containing
compounds.

point source A specific, well-defined location where
pollutants enter a body of water.

organic farming Farming without the use of pesticides
or synthetic fertilizers.

polar bond A chemical bond that has a dipole.

osmosis The net flow of water across a semipermeable
membrane from a region where the water concentration of some solute is lower to a region where the solute
concentration is higher.
oxidation The process whereby a reactant loses one or
more electrons.
oxidation-reduction reaction A reaction involving
the transfer of electrons from one reactant to another.
particulate An airborne particle having a diameter
greater than 0.01 millimeter.

polyatomic ion An ionically charged molecule.
polymer A long organic molecule made of many
repeating units.
potential energy Stored energy.
power The rate at which energy is expended.
precipitate A solute that has come out of solution.
principal quantum number n An integer that specifies the quantized energy level of an atomic orbital.

period A horizontal row in the periodic table.

probability cloud The pattern of electron positions
plotted over time to show the likelihood of an electron's
being at a given position at a given time.

periodic table A chart in which all known elements
are organized by physical and chemical properties.

producer An organism at the bottom of a trophic
structure.

periodic trend The gradual change of any property in
the elements across a period.

product A new material formed in a chemical
reaction, appearing after the arrow in a chemical
equation.

petroleum A liquid mixture of loosely held hydro carbon molecules containing not more than 30 carbon
atoms each.

protein A polymer of amino acids, also known as a
polypeptide.

GLOSSARY

proton A positively charged subatomic particle of the
atomic nucleus.

psycho active Said of a drug that affects the mind or
behavior.
psychological

dependence

A deep-rooted craving for
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science An organized body of knowledge resulting

from our observations, common sense, rational thinking, and insights into nature.
A testable assumption often used
to explain an observed phenomenon.

scientific hypothesis

a drug.

scientific law Any scientific hypothesis that has been

pure The state of a material that consists of a single

tested over and over again and has not been contradicted. Also known as a scientific principle.

element or compound.
quantum

A small, discrete packet oElight energy.

The idea that light energy is
contained in discrete packets called quanta.

quantum hypothesis

The tendency of some elements, such as
uranium, to emit radiation as a result of changes in the
atomic nucleus.

radioactivity

reactant A starting material in a chemical reaction,

appearing before the arrow in a chemical equation.
reaction rate A measure of how quickly the concentra-

tion of products in a chemical reaction increases or the
concentration of reactants decreases.

semipermeable membrane A membrane that allows
water molecules to pass through its submicroscopic
pores but not solute molecules.
solid Matter that has a definite volume and a definite

shape.
solubility

The ability of a solute to dissolve in a given

solvent.
Capable of dissolving to an appreciable extent
in a given solvent.

soluble

solute Any component in a solution that is not the

solvent.
A homogeneous mixture in which all components are dissolved in the same phase.

recombinant DNA A hybrid DNA composed of
DNA strands from different organisms.

solution

reduction

The process whereby a reactant gains one or
more electrons.

solvent The component in a solution present in the
largest amount.

rem A unit for measuring the ability of radiation to

specific heat The quantity of heat required to change
the temperature of 1 gram of a substance by 1 Celsius

harm living tissue.
replication

The process by which DNA strands are

duplicated.
reuptake A mechanism whereby a presynaptic neuron

absorbs neurotransmitters from the synaptic cleft for
reuse.
reverse osmosis A technique for purifying water by
forcing it through a semipermeable membrane.
ribonucleic acid A nucleic acid containing a fully oxygenated ribose sugar.

degree.
A device that uses a prism or diffraction grating to separate light into its color
components.

spectroscope

The total amount of energy in a
given amount of substance at 298 K divided by the
substance's absolure temperature, also 298 K. Note
carefully that an object may "contain" energy, but not
entropy. Standard entropy is the description of how
much energy has been dispersed into a substance in
order for it to have a temperature of298 K.

standard entropy

saccharide Another term for carbohydrate. The prefixes mono-, di-, and poly- are used before this term to

steel Iron strengthened by small percentages of

indicate the length of the carbohydrate.

carbon.

The process whereby irrigated land
becomes saltier as the irrigation water evaporates.

straight fertilizer A fertilizer that contains only one

salt An ionic compound formed from the reaction

stratosphere

salinization

nutrient.

between an acid and a base.

The atmospheric layer that lies just above
the troposphere and contains the ozone layer.

saturated A solurion containing the maximum

strong nuclear force The force of interaction between

amount of solute that will dissolve.

all nucleons, effective only at very, very, very close
distances.

A hydrocarbon containing no
multiple covalent bonds, with each carbon atom
bonded to four other atoms.

saturated hydrocarbon

Molecules that have the same
molecular formula but different chemical structures.
structural isomers
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translation The process of bringing amino acids
together according to the codon sequence on mRNA.

sublimation The process of a material transforming
from a solid directly to a gas, without passing through
the liquid phase.
submicroscopic The realm of atoms and molecules,
where objects are smaller than can be detected by optical microscopes.
substituent
surrounding

An atom or nonbonding
a central atom.

superconductor
resistance.
surface tension
face of a liquid.

pair of electrons

trophic structure The pattern of feeding relationships
in a community of organisms.
troposphere The atmospheric layer closest to Earth's
surface, containing 90 percent of the atmosphere's mass
and essentially all water vapor and clouds.

Any material having zero electrical
The elastic tendency

transmutation The conversion of an atomic nucleus
of one element to an atomic nucleus of another element
through a loss or gain of protons.

found at the sur-

unsaturated A solution that will dissolve additional
solute if it is added.

suspension A homogeneous mixture in which the various components are finely mixed, but not dissolved.

unsaturated hydrocarbon A hydrocarbon
at least one multiple covalent bond.

synaptic cleft A narrow gap across which neurotransmitters pass either from one neuron to the next or from
a neuron to a muscle or gland.

valence electron An electron that is located in the outermost occupied shell in an atom and can participate in
chemical bonding.

synergistic effect One drug enhancing
another.

valence shell The outermost
atom.

the effect of

containing

occupied shell of an

temperature How warm or cold an object is relative to
some standard. Also, a measure of the average kinetic
energy per molecule of a substance, measured in
degrees Celsius, degrees Fahrenheit, or kelvins.

valence-shell electron-pair repulsion A model that
explains molecular geometries in terms of electron
pairs striving to be as far apart from one another as
possible.

theory A comprehensive idea that can be used to
explain a broad range of phenomena.

vitamin Organic chemicals that assist in various biochemical reactions in the body and can be obtained
only from food.

thermodynamics An area of science concerned with
the role energy plays in chemical reactions and other
energy-dependent
processes.
thermometer
temperature.

An instrument

volume

by

watt A unit for measuring power, equal to 1 joule of
energy expended per second.

transcription The process whereby the genetic information of DNA is used to specify the nucleotide
sequence of a complementary
single strand of messenger RNA.
transgenic organism An organism that contains one
or more genes from another species. Also known as a
genetically modified organism, or GMO.
transition metals Any element of groups 3 through

of space an object occupies.

water table The upper boundary of a soil's zone of saturation, which is the area where every space between
soil particles is filled with water.

used to measure

thermonuclear fusion Nuclear fusion produced
high temperature.

The quantity

12.

wave frequency A measure of how rapidly a wave
oscillates. The higher this value, the greater the amount
of energy in the wave.
wavelength
wave.

The distance between two crests of a

weight The gravitational force of attracrion between
two bodies (where one body is usually the Earth).
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Benjamin Cummings Publishers, Pearson Ed. In the Spotlight: p. 36
Alex Bartel/Photo Researchers, Ine.

Chapter Opener: (main photo) John Suchocki, (top right) Phillip
Hayson/Photo Researchers, Ine., (middle left) Dorling Kindersley;
(middle right, bottom right) John Suchocki; 2.1 (left) Fundamental
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Ine.; 2.1 Benjamin Cummings Publishers, Pearson Ed.; 2.2 (a, b)
PhotoDisc, Ine.; 2.3 Benjamin Cummings Publishers, Pearson Ed.;
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Ine.; 2.21 (top left) Dorling Kindersley; (top middle) Getty Images,
(top right) PhotoDisc, Ine., (bottom left) Science Source/Photo
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Hands-On Chemistry: pp. 44, 55 Benjamin Cummings Publishers,
Pearson Ed.; p. 51 Benjamin Cummings Publishers, Pearson Ed.
Concept Check: p. 47 John Suchocki. In the Spotlight: p. 72 Lori
Adamski PeeklGetry Images.

Chapter Opener: John Suchocki; P: 77 The Granger Collection;
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Images, (righr) Richard Megna/Fundamemal Photos; p. 88 Hulton
Archive Photos/Getry Images Inc; p. 89 Courtesy of the Archives,
California Institute of Technology; P: 92 Photo Researchers, Ine.;
3.19 John Suchocki. Hands-On Chemistry: pp. 79, 81 Benjamin
Cummings Publishers, Pearson Ed.; p. 90 Tom Pantages. In the
Spotlight: 3.21 European Communities, 1995-2006.

Chapter Opener: [oe Sohm/Chromosohm/The Stock Connection;
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Hands-On Chemistry: 1'1'.151,157,160 Benjamin Cummings
Publishers, Pearson Ed.; p. 180 (left) John Suchocki, (right: top,
middle, bottom) AI' Wide World Photos.

Chapter Opener: Charles M. Falco/Photo Researchers, Ine.; 6.3
Courtesy of the Bancroft Library, Universiry of California, Berkeley;
6.8 (left) Benjamin Cummings Publishers, Pearson Ed., (right)
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M. Claye/Photo Researchers, Inc., (right) E. R. DeggingerlPhoto
Researchers, Ine.; 6.11 Dee Bregger/Photo Researchers, Ine.; 6.16
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Benjamin Cummings Publishers, Pearson Ed. In the Spotlight:
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Perennou/Photo Researchers, Ine.; 8.5 Wm. R. Sallaz/Duomo; 8.13
Benjamin Cummings Publishers, Pearson Ed.: 8.15 (left) NASA,
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Photos.
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Pantages; 9.13 CORBIS; 9.15 Benjamin Cummings Publishers,
Pearson Ed.; 9.16 Photo Researchers, Ine.; 9.17 (top) E. R.
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Pearson Ed.
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Chapter Opener: John Suchocki; 12.5 Benjamin Cummings
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Hostettmann; 14.4 (top) David Nanuk/Photo Researchers, Inc.,
(bottom) Tom & Pat Lesson/Photo Researchers, Inc.; 14.5 (b) Upjohn;
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Chemistry: pp. 558, 565 Benjamin Cummings Publishers, Pearson
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absolute zero, 20-21,584
acetaminophen, 507, 510
acetic acid, 408
buffer solution, 350
strength of, 337, 340
acetone, 407, 407
acetylcholine, 495,495,500-501,501
acetylene, 398, 399
N-acetylglucosamine, 435,436
acetylsalicylic acid, 409, 410
acid-base reactions
amphoteric substances, 340
as behavior, 333
buffer solutions, 350-353, 351
forward and reverse reactions,
333-334
hydronium ion, 332
hydroxide ions, 333
neutralization reaction, 336
salts from, 335, 336
acid-free paper, 611
Acidophilus bifudus, 434
acid rain, 345-348, 347
industrial smog, 591
nitric acid, 592
sulfuric acid, 591
acids
acidic solution, 341-343, 342
amphoteric substances, 340
buffer solutions, 350-353, 351
corrosive action of, 339
definition, 330-335
examples of, 330, 330
pH scale, 343, 343, 344
rainwater, 329, 345-350
strength of, 337-340
in water, 332, 332
see also acid-base reactions
actinides, 64, 64
activation energy, 303-304, 304
acyclovir, 487, 488
addiction, 498, 501, 509, 511
addition polymers, 412-416, 413-416
adenine,452,453,454

adenosine triphosphate (ATP), 464---465,
465
exercise and, 428-429
adhesive forces, of water, 263, 266,
266-267,267
adipic acid, 416,417
advanced composites, 631
advanced imegrared pond (AlP) system,
571-572, 572
aeration, 559, 570, 570
aerobic bacteria, 568
aerosols, 589, 589-590, 590
aerospace industry, composite materials and,
631-632
Agem Orange, 536
agriculture, definition of, 519
see also food production
AIDS, 487-488
air. see atmosphere
air conditioning, 274
air pollution
aerosols and particulates, 589, 589-590,
590
catalytic convener and, 306, 307, 593,
593
chlorofluorocarbons (CFCs), 594-597,
595,596
definition, 588
global warming and, 597-601
greenhouse gases, 597-600, 597-601
human activity as, 588-589
mercury emissions, 140-141, 141
ozone as, 592-593
ozone hole and, 595, 595-596
smog, 590-593, 591, 592
volcanoes as source of, 588, 589
air resources, 579-602
see aim air pollution; atmosphere
alanine, 445
alchemy, 77
alcoholic beverages, as depressant, 504-507,
505,506
alcohols, 400,401-402,402
coJlodion and, 614
aldehydes, 400,407-408,408
in photochemical smog, 593
algal bloom, 569, 569
alkali earth metals, 62, 62

alkali metals, 62, 62
alkaline, 330
alkaline battery, 372
alkaline binders, 611
alkaline mixtures, 62, 62
alkaloids, 405, 491
alloy, 619,619
alpha helix, 444, 447, 447
alpha particles
discovery of atomic nucleus and, 91, 91
properties, 110, 110-111, 111
in radioactive decay, 118, 119, 119-120
alum, 610-611
aluminum
density of, 26
dental fiJlings and, 378
Hall-Heroult process, 377, 377
oxidation of, 380
recycling, 378
specific heat of, 277
aluminum oxide, 192-193, 193,619-620,
628
aluminum sulfare, in water treatment, 559,
559
American Chemistry Council, 3, 3-4
amide group, 400,408, 409
arnides, 400, 408, 409
amine group, 400,405, 405, 406, 407
amines, 400,405, 405, 406, 407
amino acids, 444, 445, 446
in diet, 471-472
essential, 472, 472
overview of, 444, 445, 446
ammonia, 49, 49
boiling point, 209
buffer solution, 352
as common name, 51
covalent bonding, 196, 197
shape, 201-202
specific heat of, 277
synthetic fertilizers, 530
in water, 332, 332-333
ammonium chloride
buffer solution, 352
in dry-cell batteries, 370-372, 371
ammonium dichromate, 46, 46
ammonium ions, 522-523, 523
ammonium nitrate, 530, 531
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amorphous material, 627
amphetamines, 497-499,497-499
amphipods, 6, 6-8
amphoteric substances, 340
amyl nitrite, 511, 512
amylopecrin, 436, 437, 438
amylose, 436, 437, 438
anabolic sreroids, 443
anabolism, 465-466, 466
anaerobic bacteria, 568
analgesics, 410,507-511,509,510
anemia, 462
anesthetics, 405, 507, 508
angina, 511-512
anionic surfactant, 360
anode, 372
Antarctic ozone hole, 595, 595-596
antianxiery agents, 504-507
antibiotics, 485-486, 485-486
antibodies, 446
anticodon, 457
antiinflammatory agents, 508
antiseptic, 404
antiviral drugs, 487, 487-488, 488
applied research, 3
aqueous solution, 223
aquifer, 555
archival paper, 611
arginine, 445,472
Aristotle, 76, 76-77
armature, 638
aromatic compound, 398, 399
arrhythmia, 511-512
arsenic, 145, 463
in water, 560, 561
arteriosclerosis, 511-512
arrificial blood, 240
asparagine, 445
aspartic acid, 445
aspirin, 507-508, 510
uses and side effects of, 480-481
atmosphere
atmospheric pressure, 580-581
chemical composition, 52, 52, 580, 581
gas laws, 583-587
ozone layer, 582, 594-597
structure, 581, 581-582
atmospheric pressure, 580-581
atomic mass
defined,94
discovering, 85, 85
atomic mass unit (amu), 94
atomic models
atomic orbitals, 157, 157-165, 158, 159
electron-dot structure, 186, 186-187,
187
electron-wave model, 155-161
energy-level diagrams, 161-163, 161-165
ions, 186-190, 187, 188
physical and conceptual models, 144-147
planetary model of Bohr, 152-155, 153,
154

plum-pudding model of atom, 90, 90
probabilirycloud, 157, 157
shell model, 165-168, 166-168
atomic nucleus
discovery of, 90-92, 91, 92
nuclear fission, 125-128, 125-129
strong nuclear force, 116-118
atomic number
defined,92
isotopes and, 93-94
atomic orbitals, 157, 157-165, 158, 159
atomic spectrum
defined, 150, 150
planetary model of Bohr, 152-155, 153,
154
atomic symbol, 47, 47-48
atoms, 1,39
atomic size trend, 61, 61
Dalton on, 81-87
electron discovery of, 87-90
in elements, 47, 47-49
ionization energy, 172-174, 173
ions, 187-190, 188
nucleus discovery, 90-92, 91, 92
orbitals, 157, 157-165, 158, 159
origin of name, 76
plum-pudding model of, 90, 90
relative mass, 294-299
shells, 165-168, 166-168
size of, 168-174
spectral patterns, 143, 150, 150
strong nuclear force, 116-118
see also atomic models
ATP (adenosine triphosphate), 464-465, 465
exercise and, 428-429
atrazine, 536, 537
auromobiles
catalytic converters, 306, 307, 593, 593
ceramics in, 628-629, 629
fuel cells, 376
lead-acid batteries, 372, 373, 473
photochemical smog and, 592-593
avobenzone, 361
Avogadro, Amedeo, 83-85, 85, 585
Avogadro's Law, 585
Avogadro's number, 297
AZT, 487, 488

baby-blue syndrome, 538-539
bacteria
aerobic vs. anaerobic, 568
bacterial infections and sulfa drugs/
antibiotics, 485-486, 485-486
dissolved oxygen and, 568, 568-569, 569
Baekeland, Leo, 614-615
Baeyer, Alfred von, 615
Bakelite, 419, 614-615,615
Baker, Bill, 6, 6-8
baking soda, chemical properties of, 42, 42
Balmer, Johann, 150-151
Barium, atomic spectrum, 150

bases
amphoteric substances, 340
basic solutions, 343
buffer solutions, 350-353, 351
corrosive action of, 339
definition, 330-335
examples of, 330-331, 331
pH scale, 343, 343, 344
strength of, 337-340
in water, 332, 332-333
see also acid-base reactions
basic oxygen furnace, 624, 625
basic research, 3
batteries
alkaline, 372
disposable, 370-374
dry-cell,370-374
lead-acid batteries, 372, 373, 473
mercury and lithium, 372
oxidation-reduction reactions in,
370-374,371,373
rechargeable batteries, 372,373,374
bauxite, 377-378
Bayer, Friederich, 410
Becquerel, Amoine Henry, 108-lD9, 109
benzaldehyde, 408, 408
benzene, 397-398,398
benzene ring, phenols, 402-403
benzene rings, 398, 398, 399
benzocaine, 507, 508
benzodiazepines, 504-507, 505, 506
beta blockers, 512, 512
beta particles
properties, 11 0, no-i n. 111
in radioactive decay, 119, 119-120
Beven, Edward, 615
BFGoodrich,617
Big Bang, 10
bile salts, 467, 468
bioaccumulation, 533
biochemical oxygen demand, 568
biomass fuels, 656-658
biomolecules, 431-473
carbohydrates, 433-440
cells, 432, 432-433
food pyramid as healthful diet, 466-472
lipids, 440-443
metabolism and, 465-466
nucleic acids, 445-462
proteins, 444-451
vitamins and minerals, 462-465
birth control, 492, 492-493
blast furnace, 623-624, 624, 626
blood
artificial, 240
buffer system, 352, 352-353
as suspension, 58, 58
Bohr, Niels, 152-155
boiling, 271-274, 272, 273
as cooling process, 273, 273-274
definition, 25
pressure and, 271, 273
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boiling point, 25
polarity and, 206, 209, 209
bond energy, 308, 308
bonding pair, 195
bonds. see chemical bonds; covalent bonds;
ionic bonds
boron
energy-level diagram, 162, 162
as plant nutrient, 522
boron oxide, 627
boron triHuoride
boiling point, 209
polarity, 206, 207
bovine growth hormone, 545
Boyle, Robert, 77, 584
Boyles' Law, 583-584
brackish, 561
brain, neurotransmitters and, 495-496,
496
branched hydrocarbon, 393
Brandenberger, Jacques, 616
brass, 229
breeder reactor, 129
British System of Units, 13
bromine, properties of, 59
Bronsted, Johannes, 331
buffer solutions, 350-353, 351
Bush, George W, 648

cabonyl group, 407
cadaverine, 405, 406
cadmium, 463
in rechargeable batteries, 374
caffeine, 406, 407, 500, 500
calcium
in hard water, 242-244, 243
as plant nutrient, 522, 525
calcium carbonate, 348, 611
calcium-channel blockers, 512, 512
calcium chloride, 335
calcium cyanamide, 536
calcium Huoride, 192, 192
calcium silicate, 627
Calorie, 19, 19
calorie, 18
calorie-restricted diet, 72-73
cancer chemotherapy, 489-491, 490
Canizzaro, Stanislao, 84-85, 85
cannabinoids, 501-504, 501-504
Cannabis sativa, 503

capillary action, 267, 267
carbarnares, 535, 535
carbaryl, 535, 535
carbohydrates, 433-440
cellulose, 438-440, 440
in diet, 467-469
disaccharides, 433-434, 434
glycemic index, 467-468,468
glycogen, 438-439, 438-439
monosaccharide, 433, 433
polysaccharides, 434-440

simple vs. complex, 434-435
starch, 436, 437, 438
carbon
carbon-14 dating, 123-125, 124
covalent bonding, 196, 197
as element, 47, 47
energy-level diagram, 163, 163
carbonare ion, 190, 190
carbonates, 620, 621
carbon-14 dating, 123-125, 124
carbon dioxide, 23
boiling poinr, 208-209, 209
in combustion reacrion, 381, 381
dipole-induced dipole attraction, 224
double covalent bond, 198, 198
as greenhouse gas, 348, 598-600,
598-600
from human activities, 598-600
levels of atmospheric, 598, 598-599, 599
polarity, 206, 206
rainwater and, 345, 348
soil pH and, 528-529
solubility in liquid, 236-238
carbon disulfide, cellulose and, 615
carbonic acid, 329
blood buffer system and, 352, 352-353
oceansand,348,349
in rain, 345, 348
carbon monoxide, 464
catalytic converter and, 306, 307, 593
carbon nanofibers, 376, 376
carborundum, 628
carboxyl group, 400,408-410
carboxylic acids, 400,408-410,536
Carlsbad Caverns Narional Park, 329, 346
carnivores, 521
Carorhers, Wallace, 416, 616
carrier compound, 115
Carson, Rachel, 533, 533
cast metal, 624
catabolism, 465-466, 466
catalysts
catalytic converter, 306, 307
ozone destruction, 305-306
reaction rates and, 305, 305-307
catalytic converters, 306, 307, 593, 593
cathode, 370, 372
cathode ray tube, 88, 88,90
cathodic protection, 380, 380
cationic surfactant, 360
Cavendish, Henry, 80
cell nucleus, 432, 433
cellophane, 615-616
cells, 432, 432-433
cellular mitosis, 489
cellular respiration, 465
celluloid, 614,614
cellulose, 438-440,440,610-612
cell wall, 432, 432
Celsius, Anders, 20
Celsius scale, 20, 20-21
centrifuge, 58, 58

cephalexin, 486, 486
cephalosporins, 486
ceramics, 628, 628-630, 629
cesium, 172
electron configuration, 165
cetyl trimethyl ammonium chloride, 360
Chadwick, james, 93
chain reaction, 126, 126
chalcogens, 62, 62
chalcopyrite, 620, 626
Charles, Jacques, 584
Charles's law, 584, 585
chemical bonds
covalent, 194-198
definition, 42
disulfide, 448, 449
ionic, 191-194, 191-194
multiple bonds, 397-398, 397-399
peptide bonds, 444, 446
polar bonds, 204-205
chemical change, 42-44, 43
definition, 42
determining, 45-46
chemical equations, 292-294
chemical formula, 49
chemical potential energy, 18, 18
chemical properties, 42, 42
chemical reactions, 291-327
activation energy, 303-304, 304
bond energy, 308, 308
catalysts, 305, 305-307
concentration and, 301, 301
conservation of mass in, 292
definition, 44
endothermic, 308, 310-311, 311
entropy, 312-317, 313
equations for, 292-294
exothermic, 308-310, 310
molecular orientation and, 301, 302
reaction rates, 299-304
relative masses in, 294-299
temperature and, 301-304, 302
see also acid-base reactions; oxidationreduction reactions
chemistry
Dalron on, 81-87
definition, 2
environmental concerns and, 3-4
Lavoisier on, 77-80
law of definite proportions, 80, 81
Mendeleevon, 85-86, 86
overview of early discoveries in, 96
chemotherapy
antiviral drugs, 487-488,487-488
cancer, 489-491, 490, 491
definition, 485
sulfa drugs and antibiotics, 485-486,
485-486
Chernobyl, 649,649
chitin, 435, 436
chlordiazepoxide, 505, 505
chlorinated hydrocarbons, 533-535, 534
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chlorine
effective nuclear charge, 170
ozone destruction, 305-306, 595,
595-596
as plant nutrient, 522
uses of, 388-389
in water treatment, 559, 570
chlorine monoxide, ozone hole and, 595,
595-596
chlorofluorocarbons (CFCs), 306, 594-597,
595,596
chloroform, 479
chlorophyll, 522, 525
cholesterol, 441, 443,443
fiber and, 467,468
chromium, 463
chromium (Ill) oxide, 46, 46
chromosomes, 452, 452
cinnamonaldehyde, 408, 408
cisplatin, 490, 490
citral, 408, 408
Clark, Leland C, Jr., 240
Clean Air Act, 140,589,591,593
Clione antarctica, 6, 6-8
coal
deposits of, 640,641
electricity, 640
extracting, 643
flotation, 643-644
formation of, 394
as hydrocarbon, 394
industrial smog, 591-592
mercury emissions and, 140-141,
141
molecular structure of, 641, 642
overview of, 643-644
as radiation source, 114
scrubbers and, 644, 644
sulfur dioxide, 643-644
cobalt, 627
atomic symbol of, 48
cocaine, 498-499,499
as anesthetic, 498,507,508
codeine, 482
as analgesic, 508
codon, 457, 457
coefficients, 292
coenzyme A, 525
cohesive forces
of water, 263, 266, 266-267, 267
coke, 623
collodion, 614,614
combinatorial chemistry, 484
combustion, 381, 381
complementary strand, 454
complete fertilizer, 531
complex carbohydrates, 434-435
composite materials, 630, 630-632
compost, 530, 531, 542
compounds, 39
chemical formulas, 49
elements in, 49,49-52,50

Lavoisier on, 77, 77
nomenclature, 50-52
concentration
reaction rates, 300, 300
in solutions, 230-232
conceptual model, 146
condensation
definition, 25
heat of, 279
in petroleum distillation, 395, 395
as warming process, 270, 270
of water, 267-270, 268, 270
condensation polymers, 412,416-419,
417--418
conformations, 393-394, 394
conservation of mass, 77-78, 78
consumer, 520, 520-521
contractile protein, 446
control test, 7
conversion factor, 12, 13
copper, 620, 626
atomic spectrum, 150
density of, 26
as plant nutrient, 522
reduction reaction, 369, 369, 370
copper sulfide, 626
corrosion, 379, 379-380, 380
cosmic rays, 112-113, 113
cotton, 440
covalent bonds
double, 198
molecules as, 194-197
multiple bonds, 397-398, 397-399
overview, 194-198
polar, 203, 203-205, 205
covalent compound, 194-198, 195-197
covalent crystal, 197, 197
crack cocaine, 498
Crick, Francis, 454-455, 456
critical mass, 127
crop rotation, 542
Cross, Charles, 615
crude oil, 395
see also fossil fuels; petroleum
Crutzen, Paul J., 594, 594
cryoJite,377
crystal glass, 627
Curie, Marie, 109, 109-110
Curie, Pierre, 109, 109-110
cyanide, 464-465
cyclophosphamide, 490, 490
cysteine, 445
cytoplasm, 432,433
cytosine, 452, 453,454

Dacron, 412,418,618
Dalton, John, 81-87, 82
de Broglie, Louis, 155
decomposers, 521
DEET,408
definite proportions, 80, 81

deforestation, carbon dioxide and global
warming, 600
degrees, 20
Democritus, 76, 76
denatured protein, 451
density
calculating, 25, 27
defini tion, 26
examples of, 26
gases, 26, 26
overview of, 25-26
pressure and, 583-584, 584
depressants, 504-507, 505, 506
desalination, of water, 561-565,562,563,
564
detergent, 242, 360
surface tension and, 265, 265-266, 266
deuterium, 650
diamonds
covalent bonding, 197, 197
physical properties of, 40
properties of, 59
synthetic, 609
uses of, 609
diazepam, 505, 505
lA-dichlorobenzene, 398, 399
dichlorodiphenyltrichloroethane (D DT),
533,533
2A-dichlorophenoxyacetic acid, 536, 537
Diesel, [oseph, 657
diethylamine, 405
diethyl ether, 405, 405, 507
collodion, 614
lV,N-diethyl-m-toluamide, 408, 409
digestion, 465
dihydrofolic acid, 491,491
dimethicone, 360-361
dimethyl ether, 404, 404
Dioscorides, 479
dipole-dipole attraction, 223
dipole-induced dipole attraction, 224,
224-227
dipoles, 203
induced, 224
intermolecular attraction and, 223-227
temporary, 225
disaccharides, 433-434, 434
disinfection, of water, 559
dissolving, 230
distillation, 53-54, 54, 561-562, 562
disulfide bonds, 448, 449
disulfide cross-linking, 613, 613
DNA (deoxyribonucleic acid)
cancer chemotherapy and, 490-491
definition, 452
discovery of, 452-455
exercise and, 428-429
genes and, 455
genetic engineering, 458-462
protein synthesis, 455-458, 456
recombinant DNA, 460-462, 461, 462
replication, 454-455, 455
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structure of, 452, 453
transcription, 455-457, 456
translation, 457, 458
in viruses, 487
dopamine, 495-499,496, 499, 501
d orbitals, 158, 158
double covalent bond, 198, 198
drinking water, 558-560, 559, 560, 561
Drug Enforcement Agency, classification of
drugs, 480, 480
drugs, 479-513
addiction, 498,501,509,511
analgesics, 507-511
anesrherics, 507, 508
antibiotics, 485-486
antiviral, 487-488
birth control, 492, 492-493
cancer chemotherapy, 489-491
classification of, 480,480-481, 481
depressants, 504-507
hallucinogens, 501-504
heart disease, 511-513, 512
lock-and-key model, 482-483, 482-484
neurorransmitters, 495-496
stimulants, 497-501
sulfa drugs, 485-486
dry-cell batteries, 370-374, 371, 373
ductile material, 59
DuPont Corporation, 616, 618

Eastrnan, George, 614-615
effective nuclear charge, 169, 169-171, 170
Einstein's equation, nuclear fission,
130-132
electric charge
calculations ofMillikan, 89, 89
e1ecrrons, 89, 89, 90
ions, 187-188, 188
neutron, 93, 93
proton, 92, 93
electric current
acids and bases, 338
generation of, in oxidation-reduction
reactions, 369, 369-370, 370
electric generator, 638, 638
electrici ty
from biomass, 658
from coal, 640
consumption of, 640
dry-cell batteries, 370-374, 371, 373
fossil fuels, 640
fuel cells, 374, 375, 376
geopressured brine, 656
geothermal energy, 654-656
hot dry-rock energy, 656
hydroelectric dam, 640
hydroelectric power, 652-653
hydrothermal energy, 655
from natural gas, 646
from nuclear fission, 647-649
nuclear plant, 640

ocean thermal energy conversion,
653-654, 654
from oxidation-reduction reactions, 369,
369-370, 370
photovoltaic cells, 662-665, 666-667
solar elecrric generation, 659-660
superconductors, 628
wind power, 660-661
worldwide consumption of, 650
elecrrochemistry, 368-378
current generation, 369, 369-370, 370
dry-cell batteries, 370-374, 371, 373
electrolysis, 377, 377-378
fuel cells, 374, 375, 376
salt bridge, 369-370, 371
see also electricity
electrode, 370
electrolysis, 377, 377-378, 623
electromagnetic radiation, 147-149, 148,
149
reaction rates and, 303
elecrromagnetic spectrum, 147-148, 148
electron configuration, 164-165
electron-dot structures
covalent bonding, 195
periodic trends, 186-187, 187, 188
electronegativity, 204-205, 205
electron microscope, 155, 155
electrons
acid and base definition, 334
discovery of, 87-90
electric charge of, 89, 89,90
in electric current, 369, 369-370, 370
electron-dot structure, 186-187, 187,
188
elecrronegativiry, 204-205, 205
energy-level diagrams, 161-163, 161-165
energy levels and, 152-154, 153, 154
inner-shell shielding and effective nuclear
charge, 169, 169-171, 170
ion formation, 186-190, 187, 188
ionization energy, 172-174, 173
mass of, 90, 93
molecular polarity and distribution of,
206-210
orbitals, 157, 157-165, 158, 159
in oxidation-reduction reactions, 364
probability cloud, 157, 157
spin, 161, 161
valence, 186-187
valence-shell electron-pair repulsion,
198-202, 198-202
wave properties of, 155-161
electron-wave model, 155-161
electrophoresis, 460, 460
electroplating, 380, 380
electrostatic precipitarion, 590, 590
elemental formula, 49
elements, 39
Aristotle of, 76-77
atoms and, 47, 47-49
in compounds, 49,49-52,50
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definition, 47
Democritus on, 76
Lavoisier on, 77,77
periodic table organization and, 59, 59-64
El Nirio, 601
emulsion, 360-361
endorphins, 508
endothermic reactions, 308, 310-311, 311,
316-317
energy, 18-19
activation energy, 303-304, 304
bond,308,308
combustion reaction, 381, 381
definition, 18
cndotherrnic and exothermic reactions,
308,308-311,311
entropy and, 312-317, 313
in food production and trophic
structure, 521
kinetic, 18, 19
law of conservation of, 310
laws of thermodynamics, 317
light as, 147-149, 148, 149
nonrenewable, 640
nuclear fission, 130-132
nuclear fusion, 132, 132-134, 133
phase change and, 278-280
potential, 18, 18
temperature and, 19-21
units, 18-19
see also energy resources
energy-level diagrams, 161-163, 161-165
energy resources, 637-668
biomass, 656-658
electric generator, 638, 638
electricity, 638-640
fossil fuels, 640-646
geopressured brine, 656
geothermal energy, 654-656
hot dry-rock energy, 656
hydroelectric power, 652-653
hydrogen fuel cells, 665-667
hydrothermal energy, 655
nuclear fission, 128, 128-129, 129,
647-649
nuclear fusion, 650-651
ocean thermal energy conversion,
653-654, 654
photovoltaic cells, 662-665, 666-667
projected needs, 667-668, 668
solar, 637
solar energy, 658-665
sustainable, 651-656
tidal power, 656
wind power, 660-661
engine knock, 395, 396
entropy
heats of reaction affect on, 315-317
overview of, 312-314, 313
standard, 313
environmental concerns
chemistry and, 3-4
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environmental concerns (continued)
coal, 643-644
conservation and recycling metals,
621-622
hydroelectric power, 653
natural gas and, 645-646
nuclear fission, 648-649
plastic, 618
radioactive waste, 648-649
recycling paper, 612
see also pollution
enzymes, 307, 446
as biological catalysts, 451, 451
inhibitors, 451
restriction enzymes, 458, 460, 460
essential amino acids, 472, 472
esters, 400,410,410
estradiol, 441, 443
ethane, 400, 401
ethanol, 400,401,657
as depressant, 504-507, 505, 506
overview of, 401, 402
solubility in water, 234, 234
ether group, 400, 404,404-405, 405
ethers, 400, 404,404-405,
405
ethnobotanist, 483
ethyl alcohol
density of, 26
see also ethanol
ethylamine, 400, 401, 405, 406
ethyl butyrate, 410
ethylene, 413,413
ethylene glycol, 418,418
specific heat of, 277
ethyl ether, 479
ethyl formate, 410
Euphrates River, 553
eutrophicarion, 569
evaporation
boiling as, 271-274, 272, 273
as cooling process, 268, 268, 274
definition, 24, 24
of water, 54, 267-270, 268, 270
exercise, DNA and, 428-429
exorherrnic reactions, 308-310, 310, 316
exponential growth, 326-327

Fahrenheit, G. D., 20
Fahrenheit scale, 20, 20-21
fats
hydrogenation, 470-471,471
mono unsaturated, 441
overview of, 440-441
partially hydrogenated, 252-253
polyunsaturated,441
saturated vs. unsaturated, 252, 440-441,
442,470-471
trans,253
fatty acid, 440
fermentation, 401

fertilizers, 530-531, 531, 532, 538-539
algal bloom, 569, 569
fiber, 467
fiberglass, 630-631
fiber-opric cables, 627-628, 628
fight-ot-flight response, 494-495
filtration, 53
fingernails, 448, 449
firewalking, 280, 280
fission. see nuclear fission
flotation, 626, 643-644
fluoridation, 218-219
fluorine
atomic orbitals, 159, 159
chlorofluorocarbons (CFCs), 595-596
temporary dipole, 226, 226
5-fluorouracil, 490, 490
folic acid, bacterial infections and, 485, 486
food chain, 520
food production, 519-547
environmental problems, 538-540, 539,
540
fertilizers, 530-531, 531, 532
fungicides, 538,538
genetic engineering, 544-546, 545
herbicides, 536-538, 537
insecticides, 533-535, 533-535
integrated crop management, 542-543,
543
integrated pest management, 543, 543
irrigation, 540, 540-541, 541
molecular structures of, 641, 642
nitrogen fixation, 523, 523-524
nutrient retention in soil, 527-529, 528,
529
organic farming, 542
plant nutrients, 522-525
soil salinization, 540
soil structure, 526, 526-527, 527
world hunger, 546-547
food pyramid, 466-467,467
f orbitals, 158, 158
Ford, Henry, 657
formaldehyde, 401, 407
in Bakelite, 615
Formica, 412,419
formula mass, 295
fossil fuels, 640-646
carbon dioxide from, 598-600
coal, 643-644
deposits of, 640, 641
electricity from, 640
environmental concerns, 640
methane hydrate, 641, 642,643
natural gas, 645-646
petroleum, 644-645
Fourdrinier machine, 610,610
fractional distillation of petroleum, 395, 395
francium, electron configuration, 165
Franklin, Benjamin, 87, 87
Franklin, Rosalind, 456

free base, 407
freezing, 256-263
definition, 24, 24
density of water and, 261-263
heat of, 259, 259-260, 279
ice crystals, 256, 256-257, 257
simultaneous melting and, 259-260
solutes and, 260, 260
from top down, 262-263
Frisch, Ono, 125
fructose, 433, 433
fuel cells, 374, 375, 376, 666
functional groups, 400-410
fungicides, 538, 538
fusion, 132, 132-134, 133,650-651

gallium, 145
galvanization, 380
gamma aminobutyric acid (GABA), 496,
496
depressants and, 505-507, 506
gamma rays, 147, 148
properties, 110, 110-111, 111
gas constant, 586
gases
atomic masses from, 85, 85
Avogadro's Law, 585
Boyles' Law, 583-584
Charles's Law, 584, 585
compression, 23, 23-24, 24, 27
density, 26, 26
discovery of hydrogen, 80
discovery of oxygen, 78-80, 79
entropy and, 314
ideal gas law, 586
kinetic theory of gases, 587
noble, 62, 62
in perfluorocarbons, 239, 239-240
phase change, 24, 24-25
pressure and volume, 583-584
properties of, 22-25, 23, 24
solubility of, 236-240
volume, 22-23
volume and temperature, 584, 585
gasohol,657
gasoline
distillation of, 395, 395
engine knock, 395, 396
induced dipole-induced dipole attraction,
227,227
octane rating, 395
gas turbine, 638, 646
Gay-Lussac, joseph, 83-85, 84
Geiger counter, 121
gene cloning, 461-462, 462
general anesthetics, 507,508
genes, 452, 455
gene therapy, 429
genetically modified organisms, 544
genetic code, 457
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generic engineering, 458-462, 544-546,
545
restriction enzymes, 458, 460, 460
geopressured brine, 656
geothermal energy, 654-656
germanium, 60
germanium chloride, 201
germ theory, 479
glass
adhesive forces of water, 266, 266-267,
267
crystal, 627
production of, 626-628, 627
properties of, 627
Pyrex, 627
global warming
air pollution and, 597-601
carbon dioxide sinks, 348
effects of, 600-601
Kyoto Protocol and, 288-289
reversing, 600
social response to, 602
glucose, 433, 433, 438-439
glucuronic acid, 435, 436
gluramic acid, 445
gluramine, 445
GLUT regularor protein, 428
glycemic index, 467-468,468
glycine, 445
&ycogen,438~439, 438-439
glyphosate, 536, 537, 538
gold,620
alchemy and, 77
atomic symbol of, 47, 48
density of, 26
as element, 47,47

elememal formula, 49
in oceans, 621
physical properties of, 40
specific heat of, 277
gold-foil experiment, 90-91, 91
Goodyear, Charles, 612-613
grain alcohol, 657
grams, conversion to moles, 297-299
graphire, in dry-cell batteries, 370-372, 371
gravirarional force
on the moon, 16
weight and, 14-15, 15
greenhouse effect, 274, 597, 597
greenhouse gases, 274, 348, 597-600,
597-601
groundwarer, 540, 540, 555, 566
groups, in periodic table, 61-64,61-64
guanine,452,453,454
gunco((on, 614
gypsy moth, 544

hair, 448
hair products, 360-361
humidity and, 450
permanem wave, 448,449
half-life, 120-121, 121
half-reaction, 364
halides, 620, 621
halite, 185
Hall, Charles, 377
Hall-Heroulr process, 377,377
hallucinogens, 501-504, 501-504
halogens, 62, 62
Hands-On Chemistry
air our, 79,102
atmospheric can-crusher, 583, 607
bending electrons, 90, 102
bottoms up and bubbles our, 55,70-71
circular rainbows, 228, 250
cleaning your insects, 536, 550
collecring bubbles, 81, 102
a composite of white glue and thread,
631,635
crystal crazy, 238, 250
decisive dimensions, 16,34
diffusing neurons, 495, 517
fire water, 44, 70
gumdrop molecules, 203, 216
hot-water balloon, 24, 34
micro water purifier, 565, 577
overflowing sweetness, 233, 250
oxygen bubble bums, 51, 70
papermaking, 611,635
penny fingers, 15,34
personal radiation, 114, 139
quamized whistle, 160, 180
racing remperatures, 278, 287
racing water drops, 418, 427
radioactive paper clips, 122, 139
rainbow cabbage, 345, 359
rubber waves, 157, 180
silver lining, 368, 386
sizzle sources, 471, 477
a slice of life, 258, 286-287
solar pool cover, 660, 672
spectral pa((erns, 151, 180
spit in blue, 437, 477
splitting water, 378, 386-387
rwistingjelly beans, 398, 426-427
up close with crystals, 193,216
warming and cooling water mixtures,
312,325
water wiser, 558, 577
your soil's pH-a qualitative measure,
530,550
HDL (high-density lipoproteins), 470
HDPE (high-density polyethylene),
413-414,414
heart

Haber, Fritz, 530
hadrons, 182
Hahn, 0((0, 125

amphetamines and, 497
heart attack, 470, 511-512
heart disease, 511-513, 512, 513

heat
definition, 21
endotherrnic and exotherrnic reactions,
308,308-311,311,315-317
hydrogen bonding and, 259, 259~260
laws of thermodynamics, 317
phase change and, 24, 24-25, 278-280
specific heat capacity, 274-277
remperature and, 21
units, 21
helium, 95
density of, 26
properties of, 59
hemoglobin, 450, 450, 464
hemp, 612
herbicides, 536-538, 537
heroin, 482, 482
as analgesic, 508
Heroulr, Paul, 377
herpes, 487
hertz, 147
heteroarom,400-401
heterogeneous mixtures, 56, 56
hexarnethylenediaminc, 416, 417
4-n-hexylresorcinol, 403, 404
high-density lipoproteins (HDL), 470
high-density polyerhylene (HDPE),
413-414,414
histidine, 445, 472
HIV infection, 487-488, 488
homogeneous mixtures, 56, 56
honeybees, 533, 535, 535
hormones, 441, 446
hot dry-rock energy, 656
Human Genome Project, 462
humus, 527, 529
Hyatt, Isaiah, 614
Hya((,]ohn,614
hydrocarbons, 392-399
as air pollutant, 592, 593
branched, 393
chlorinated, 533-535, 534
from coal and petroleum, 394-395, 395,
396
conformations, 393-394, 394
overview of, 392-393
in photochemical smog, 593
polycyclic aromatic, 593
saturated, 396-397, 397
straight-chain, 393
structural isomer, 393
unsaturated, 397-398, 397-399
see also organic chemistry
hydroelectric power, 640, 652-653
hydrofluoric acid, 235
hydrogen
arornic orbital, 157
atomic spectrum, 150, 150-151
boiling point, 209
covalent bonds, 196, 196
discoveryof,80
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hydrogen (continued)
electron configuration, 165
fuel cells, 374, 375, 376, 666
oxidation-reduction reactions, 365
from photovoltaic cells, 666-667
probability cloud, 157
hydrogenation, 470--471,471
hydrogen bomb, 133
hydrogen bond
bond enetgy, 308,308
as dipole-dipole attraction, 223
freezing and melting, 259, 259-260
heat from, 315-316
specific heat of water, 277
surface tension, 264, 264-266, 265
hydrogen chloride, 332, 333, 335
strength of, 337
hydrogen fluoride, 203, 203, 205, 205
boiling point, 209
hydrogen sulfide, 656
hydrologic cycle, 554, 554-556
hydronium ions
in acid-base reactions, 332, 340-343
formation of, 190, 190
hydrophilic attraction, 448
hydrophobic attraction, 448
hydroquinone, 366, 367
hydrothermal energy, 655
hydroxide ions
in acid-base reactions, 333, 340-343
fuel cells, 374, 375
Hyperiella dilatata, 6, 6-8
hypo thalamus, 495-496, 496
hypothesis, scientific, 5

ibuprofen, 507-508, 510
Ice
crystalline structure of, 256, 256-257,
257
density of, 26
density of water and, 261-262
freezing and melting simultaneously,
259-260
freezing from top down, 262-263
specific heat of, 277
sublimation, 269
thin film of water on, 257, 258
ideal gas law, 586
IGF-I regulator protein, 429
impure materials, 56, 56-57
inderal, 512, 512
induced dipole, 224, 224-225
induced dipole-induced dipole attraction,
225,225
soap and, 241
industrial smog, 591-592
inertia, 14
infinitely soluble, 234
infrared light
photon of, 152, 152

infrared waves, 148, 148
inhibitors, 451
inner transition metals, 63, 63-64, 64
insecticides, 533-535, 533-535
genetic engineering, 545, 545
insoluble, 235
insulin, 468
integrated crop management, 542-543, 543
integrated pest management, 543, 543
International System of Units, 13
International Thermonuclear Experimental
Reactor (ITER), 650
International Union for Pure and Applied
Chemistry (IUPAC) , 50
iodine, temporary dipole, 225-226, 226
ion-dipole attraction, 222, 222-223, 223
ion-exchange resins, 243-244, 244
ionic bonds, 191-194, 191-194
electronegativity, 205
ionic compounds, 191,335
ionic crystal, 194, 194
ionization energy, 172-174, 173
IOns

definition, 187-188
formation of, 188-190
hydronium ions, 190, 190,332,340-343
hydroxide ions, 333, 340-343, 374, 375
ion-dipole attraction, 222, 222-223, 223
molecules as, 190, 190
polyatomic, 190, 190, 191
iridium, 627
Iron
cathodic protection, 380, 380
chemical change of, 45
density of, 26
electroplating, 380, 380
oxidation reactions, 369, 369, 370, 379,
379-380,380
as plant nutrient, 522
refining, 623-625, 623-625
specific heat of, 277
iron oxide, 620, 626
iron sulfide, 643, 644
irradiated food, 111
irrigation, 540, 540-541, 541
isobutyl formate, 410
isoleucine, 445
isopentyl acetate, 410
isopropyl alcohol, 400, 402
isotopes
atomic mass and, 93-94, 94
dating by, 123-125, 124
half-life, 120-121, 121
medical imaging, 115, 115
radioactive, 115, 115
as tracers, 115, 115
see also radioactivity

joule, 18
Jupiter, 60

Kelvin, Lord, 20, 584
Kelvin scale, 20, 20-21
kenaf,612
keratin, 448, 450
ketones, 400, 407
in photochemical smog, 593
kilogram, 13, 13
as standard unit of mass, 14, 14
kinetic energy, 39--40
definition, 18
temperature and, 19, 19
kinetic theory of gases, 587
Kodak,615
Kyoto Protocol, 649
global warming and, 288-289

lactase, 434
lactose, 434, 434
lactose intolerance, 434
lanthanides, 63, 64
laser confinement, 650
Lavoisier, Antoine, 77,77-80
laws
of conservation of energy, 310
of conservation of mass, 77-78, 78
of definite proportions, 80, 81
gas laws, 583-587
of mass conservation, 292
scientific, 78
of thermodynamics, 317
LDL (low-density lipoproteins), 470
LDPE (low-density polyerhylene),
413-414, 414
Icachare, 566
leaching, 527
lead, 120, 124
atomic symbol of, 48
density of, 26
in rechargeable batteries, 372, 373, 374
lead-acid batteries, 372, 373, 473
lead dioxide, in rechargeable batteries, 372,
373,374
Leaning Tower of Pisa, 556
leptons, 182-183
leucine, 445
Lewis, Gilbert, 186, 187, 334
Lewis dot symbol, 186
Libby, William E, 125
Librium, 505, 505
lidocaine, 508
life span, extending, 72-73
light
atomic spectrum, 143, 150, 150
electromagnetic spectrum, 147-149,
148,149
as form of energy, 147-149, 148, 149
as particles and waves, 151-153
visible, 148, 148
white, 148, 148-149, 149
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lightning, nitrogen fixation, 523, 523
light -year, 10
lignin, 610, 612
limestone, 624, 626
liming, 348
linear alkylsulfonate (LAS), 242
linear molecule, ] 99-200, 200
lipids, 440-443
fats, 440-441
steroids, 441, 443,443
lipoproteins, 470
liquids
density of some, 26
entropy and, 314
phase change, 23-25, 24
properties of, 22-25, 23, 24
Lister, ]oseph, 403
Iirer.T?

lithium, 171, 172
electron configuration, 165
elemental formula, 49
energy-level diagram, 162, 162
lithium batteries, 372
local anestherics, 507, 508
lock-and-key model, 482-483,482-484
loop quantum gravity, 183
low-density Iipoproteins (LDL), 470
low-density polyethylene (LDPE),
413-414, 414
Lowry, Thomas, 331
LSD, 496, 501, 502, 503
lysine, 445,472

macrominerals, 463, 464
macromolecule, 197
macronutrienrs, 522, 522
macroscopic, 1
magnesium
in hard water, 242-244, 243
as plant nutrient, 522, 525
magnesium chloride, 620
magnetic confinement, 650
maintenance neurons, 494-495,501
malathion, 535, 535
malleable material, 59
Mammoth Cave National Park, 329
Manganese, as planr nutrient, 522
manganese dioxide, in dry-cell barteries,
370-372,371
many worlds model, 11
marijuana, 50], 503-504, 504
mass, 14-15
conservation of, 77-78, 78,292
definition, 14
density and, 25-26
formula, 295
gram and mole conversion, 297-299
molar, 298
nuclear fission and, 130-132
of pennies, 15

ranges of, 17
relative, 294-299
weight and, 14-15
mass conservation, law of, 292
mass number, 93
material resources, 609-632
ceramics, 628-630
composites, 630-632
glass, 626-628
metals, 619-626
paper, 610-612
plastics, 612-618
matter
chemical change, 42-44, 43
chemical classification of, 55
chemical properties, 42, 42
chemical reaction, 44
definition, 2
elements, 47, 47-49
mixtures, 52-59
phases of, 22-25
physical change, 41, 41
physical properties, 40, 40-41
pure vs. impure, 56, 56-57
solutions vs. suspension, 56, 58 58
McClintock, lames, 6, 6-8
medical imaging, 115, 115
Meirner, Lise, 125
melamine-formaldehyde resin, 412
Melmac, 412,419
melting, 259-263
heat of, 279
heat requirement, 259, 259-260
overview of, 23, 24
simultaneous freezing and, 259-260
Mendel, Gregor, 452
Mendeleev, Dmitri, 85-86, 86
meniscus, 266, 266-267, 267
mercury
density of, 26
physical change of, 41
properties of~59
mercury batteries, 372
mercury emission, 140-141, 141
mescaline, 501, 503, 503
messenger RNA, 455
mestranol, 492
metabolism, 465-466, 466
metal alloy, as solid solution, 229
metallic bond, 619
metalloids, properties of, 60
metal oxides, 623-625,623-625
metals
alkali, 62, 62
alkali earth, 62, 62
alloy, 619,619
classified by negative ions, 620, 620
conservation and recycling, 621-622
definition, 59
inner transition, 63, 63-64, 64
metallic bond, 619

19

native, 620
ores, 620, 621-622
periodic table and formarion of, 620, 621
properries of, 59,619
refining from ores, 622-626
transition, 62, 63
metal sulfides, 626
mer-enkephalin, 510
meters, 13, 13
methadone, 511, 511
methamphetamine, 497, 497
methane, 641
chemical change of, 43, 43
combustion reaction, 381, 381
as common name, 51-52
covalent bonding, 196, 197
as hydrocarbon, 392, 392
induced dipole-induced dipole attraction,
227,227
as natural gas, 646
shape, ]98-199, 199
methane hydrate, 641, 642, 643
methanol, 376, 401, 402,657
methionine, 445,472
methotrexate, 491,491
methoxychlor, 533, 534
methyl butyrate, 410
methylendedioxyamphetamine, 503, 503
methyl salicylate, 403, 404, 410
metric system, 13, 13-14, 14
conversion factor, 12, 13
metric prefixes, 14
micelle, 241, 241
micro irrigation, 541, 541
micro nutrienrs, 522, 522
microscopes

electron microscope, ]55, 155
scanning probe microscopes, 144, 145
microscopic, 1
microwaves, 148, 148
mifepristone, 492, 492
Millikan, Robert, 89, 89
minerals, 462-465, 464
mitochondria, 428-429
mixed fertilizer, 531
mixtures, 52-59
definition, 52
entropy and, 314
heterogeneous vs. homogeneous, 56, 56
overview of, 52, 52-53
physical separation of, 53-54, 54, 55
solutions vs. suspensions, 56, 58, 58
molarity, 231
molar mass, 298
mole
definition, 231
gram conversion to, 297-299
molecular computation, 105
molecules, 1, 39
covalenr bonding in, 194-197
dipole attraction and, 223-227
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molecules (continued)
geometry, 199-201,200
ion-dipole attraction, 222, 222-223, 223
as ions, 190, 190
moles, 231
polarity and uneven electron distribution,
206-210
relative mass, 294-299
shape, 198-202, 198-202
see also biomolecules
Molina, Mario, 594, 594
molybdenum, as plant nutrient, 522
monomers, 411,411
monosaccharide, 433, 433
mono unsaturated fat, 441
Montreal Protocol, 597
Moon, gravitational force on, 16
morphine, 479
as analgesic, 508
lock-and-key model, 482, 482
uses and side effects of, 481
mutation, 112
Mylar, 412,418

nanotechnology, 104-105
naphthalene, 398, 399
naproxen,507-508,510
native metals, 620
natural gas
advantages of, 645-646
deposits of, 640, 641
induced dipole-induced dipole attraction,
227,227
molecular structure of, 641, 642
see also fossil fuels
nelfinavir, 488, 489
neon, 171
nervous system
depressants and, 504-507
hallucinogens and, 501-504
neurotransmitters, 495, 495-496, 496
overview of, 493, 493-495, 494
stimulants and, 497-501
neurons, 493, 493-495, 494
anesthetics, 507, 508
neurotransmitters
function of, 494-496
hallucinogens, 501-504
neurotransmitter reuptake, 497
stimulants and, 497-501
types of, 495-496
neutralization reaction, 336
neutral solutions, 343
neutrons
calculating, 94
defined, 93, 93
electric charge of, 93, 93
mass of, 93
strong nuclear force, 116-118
nickel, 463
in rechargeable batteries, 374

nicotine, 483,500-501,501
nifedipine, 512, 512
Nile River, 553
nitrate ions, 522-523, 523
nitric acid, 291
acid rain, 592
in photochemical smog, 592-593
nitrocellulose, 613-614,614,616
nitrogen
baby-blue syndrome, 538-539
boiling point, 209
as element, 47, 47
elemental formula, 49
energy-level diagram, 163, 163
in fertilizers, 531, 531
as plant nutrient, 522, 522-524
triple covalent bond, 198, 198
nitrogenase, 523, 523
nitrogen dioxide, in photochemical smog,
592-593
nitrogen fixation, 302, 523, 523-524, 546
nitrogen monoxide, 291
catalytic converter, 306, 307
in photochemical smog, 592-593
nitrogen oxide, 643, 644
nitroglycerin, 511, 512
nitrous acid, 291
nitrous oxide, 479
noble gases, 62, 62
ion formation and, 190
node, 160
nonbonding pairs, 187, 195
nonmetals, properties of, 60
nonoxynol-9, 492,492
non point sources, 565-566, 566
nonpolar bond, 204
nonrenewable energy, 640
norepinephrine, 495,495,497,501
norethynodrel, 492, 492
novocaine, 508
nuclear bombs, 121, 127-128
nuclear fission
bombs, 121, 127-128
chain reaction, 126, 126
critical mass, 127
Einstein's equation, 130-132
environmental concerns, 648-649
nuclear energy from, 128-129
process of, 125-128, 126, 127
nuclear fusion, 132, 132-134, 133,650-651
nuclear power plants, 114,647-649
breeder reactor, 129
electricity, 640
process of, 128, 128-129, 129
nucleation site, 237
nucleic acids, 451-465, 452, 452
DNA (see DNA)
genes and, 455
genetic engineering, 458-462
protein synthesis, 455-458, 456
RNA (see RNA)
structure of, 452, 453

nucleon, 93
nucleosides, 487
nucleotides, 452, 452
nucleus
discovery of, 90-92, 91, 92
strong nuclear force, 116-118
nutrition
carbohydrates, 467-469
essential amino acids, 472, 472
fiber,467
food pyramid, 466-467, 467
glycemic index, 467-468,468
saturated vs. unsaturated fats, 470-471
vegetarian diet, 472, 472
nylon, 412, 416-417,417

observable universe, 10-11
obsidian, 626
oceans
carbon dioxide and, 348, 349, 599, 600,
601
density of water, 26
desalination of water, 561-565, 562,
563,564
gold in, 621
ocean thermal energy conversion,
653-654, 654
tidal power, 656
ocean thermal energy conversion,
653-654, 654
octahedral molecule, 200, 200
octane
as hydrocarbon, 392, 392
induced dipole-induced dipole attraction,
227,227
octane rating, 395
ocryl acetate, 410
Ogallala Aq uifer, 555
opioids, 479, 508-509, 511
opium, 479
orbitals
effective nuclear charge, 169, 169-171,
170
electron-dot structure, 186, 186-187,
187
electron waves and, 151, 157-165, 158,
159
energy-level diagrams, 161-163, 161-165
inner-shell shielding, 169, 169
shapes of, 158, 158
shell model of, 165-168, 166--167
sizes of, 159, 159
ores, 620, 621-626
organelles, 432,433
organic chemistry, 391-431
alcohols, 400, 401-402, 402
aldehydes, 400,407-408,408
amides, 400,408, 409
amines, 400,405, 405, 406, 407
carboxylic acid, 400, 408-410
esters, 400,410,410
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ethers, 400, 404,404-405,405
functional groups, 400-410
hydrocarbons, 392-399
ketone, 400, 407
phenols, 400, 402-404, 403
polymers, 411-419,412-418
saturated hydrocarbon, 396-397, 397
stick structure, 392-393, 393
unsaturated hydrocarbons, 397-398,
397-399
organic farming, 542
organophosphorus, 535, 535
osmium, 26
osmosis, 561-562, 562
osmotic pressure, 562, 562
over-the-counter drugs, 480, 480
oxidation, definition, 364
oxidation-reduction reactions, 363-389
batteries, 370-374, 371, 373
combustion, 381, 381
corrosion, 379, 379-380, 380
current generation, 369, 369-370, 370
dry-cell batteries, 370-374, 371, 373
electrochernisrry, 368-378
electrolysis, 377, 377-378
fuel cells, 374, 375, 376
half-reaction, 364
identifying, 365, 365
metal refining and, 622-623
overview of, 364-365
in photography, 366-367, 367
oxides, 620, 621
oxidizing agent, 364-365, 365
oxygen
boiling point, 209
combustion reaction, 381, 381
corrosion, 379, 379-380, 380
covalent bond, 196, 196
density of, 26
discovery of, 78-80, 79
dissolved in water, 568-569
as double covalent bond, 198, 198
elemental formula, 49
energy-level diagram, 163, 163
fuel cells, 374, 375, 376
solubility in perfluorocarbons, 239,
239-240
solubility in water, 235
ozone
as air pollutant, 592-593
in photochemical smog, 592-593
in water treatment, 559, 570
ozone hole, 595, 595-596
ozone layer
chlorofluorocarbons (CFCs) destruction
of, 305-306, 594-597, 595, 596
ultraviolet radiation protection by, 582,
592,594

pain relievers, 507-511, 509, 510
paper, 610-612,610-612

para-aminobenzoic acid (PABA), 485, 486
paraquat, 536, 537, 538
Parkes, Alexander, 614
Parkesine, 6] 4
partially hydrogenated fats, 252-253
parriculates, airborne, 589, 589-590, 590
passive stability, 649
Pasteur, Louis, 479
pathogen, 485
Pauling, Linus, 168
pectin, 467
penicillin, 480, 485-486, 486
Penicillium notatum, 480
pentane isomer, 392, 393
peptide, 444
peptide bonds, 444, 446
percolation, 527
perfluorocarbons
solubility of gases in, 239, 239-240
uses for, 240
period, in periodic table, 61, 61
periodic table, 1
converting grams and moles, 297-299
development of, 85-86, 86
elemental properties in, 59, 59-64
metals, nonmetals and metalloids, 59,
59-60
overview of, 47-49, 48
period and groups in, 61-64, 61-64
to predict properties of elements,
168-174
periodic trends
atomic size, 61, 61,170-171,171
definition, 61
electron-dot structure, 186-187, 187, 188
clecrronegarivity, 204, 204
inner-shell shielding and effective nuclear
charge, 169, 169-171, 170
ionic compounds, 192, 192
ionic formation, 188-190
ionization energy, 172-174, 173
metal formation, 620, 621
metal refining, 622-623
oxidizing and reducing agents, 364,
364-365
pesticides, 532, 532-538
environmental problems from, 538-539
fungicides, 538, 538
herbicides, 536-538, 537
insecticides, 533-535, 533-535
integrated pest management, 543, 543
petroleum
advantages ofliquid form, 644-645
deposits of, 640,641
fractional distillation of, 395, 395
as hydrocarbon, 395
molecular structure of, 641, 642
use of, in U.S., 645
pH
buffer solutions, 350-353, 351
of common solutions, 343
definition, 343

indicators, 344
logarithm and, 343
pH scale, 343, 343, 344
of rainwater, 345
of soil, 528-529
phases of matter
phase change, 23-25, 24
types of, 22, 22-23
phenolic group, 400, 402-404, 403
phenols, 400,402-404, 403,479
in Bakelite, 615
phenoxide ion, 402-403, 403
phenylalanine, 445
phenylerhylarnine, 503, 503
pheromones, 544, 544
phosphates, 620, 621
phosphorus
in diet, 464
in fertilizers, 531, 531
as plant nutrient, 522, 524
photochemical smog, 592, 592-593
photoelectric effect, 663-664
photography, 366-367, 367
photon, 151-152, 152, 153
photosynthesis, 308, 308, 317, 520
photovoltaic cells, 662-665
hydrogen from water, 666-667
pH scale, 343, 343, 344
physical change, 41, 41
definition, 41
determining, 45-46
physical dependence, 498
physical model, 144, 146, 146
physical properties, 40, 40-41
physical quantities, 12-14
phyroplankton, 520
pig iron, 624
placebo effect, 508-509
Planck, Max, 151
plant nutrients
deficiencies, 524
description of, 522, 522-525
fertilizers, 530-531, 531, 532
retention in soil, 527-529, 528, 529
plants
carbon dioxide and, 599, 600. 601
cellulose, 438-440
drugs derived from, 483-484
genetic engineering, 544-546
herbicides, 536-538, 537
trees for paper, 610-612
plaque, 470
plasma membrane, 432, 432
plastics, 612-619
attitudes about, 618
Bakelire, 614-615,615
cellophane, 615-616
collodion and celluloid, 614,614
dipole-induced dipole attraction,
224-225,225
experimentation and discovery of,
612-614
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plastics (continued)
in landfills, 618
uses of, 412,618
during World War n, 616-618,617
see also polymers
plastic wrap, 615-616
platinum, 620
pleated sheet, 444, 447, 447
Plexiglas, 617,617
plum-pudding model of atom, 90, 90
Plunkert, Roy, 8, 8
plutonium, 64
point sources, 565-566, 566
polar bonds, 204-205
polarity
boiling points and, 206, 209, 209
covalent bonds, 203, 203-205, 205
dipole-dipole attraction, 223
dipole-induced dipole attraction, 224,
224-227
electron distribution and, 206-210
induced dipole, 224, 224-225
ion-dipole attraction, 222, 222-223, 223
soap, 240-244,240-244
temporary dipole, 225
pollution
algal bloom, 569, 569
fertilizer runoff, 538-539
point and nonpoint sources, 565-566,
566
from sewage, 566-567, 567
water, 565-567,566, 567
polonium, 110
polyacrylonirrile, 412
poiyarornic ions, 190, 190, 191
polycyclic aromatic hydrocarbons
in photochemical smog, 593
polyerhylene, 412, 413,413-414,616
as hydrocarbon, 392, 392
polyerhylene glycol stearate, 360-361
polyethylene terephthalate (PET), 412,
418,418
polyisoprene, 612
polymers, 411-419,412-418
addition, 412-416, 413-416
condensation, 412,416-419,417-418
thermoset, 419
uses of, 412
during World War ll, 616-618, 617
see also plastics
poly(methyl methacrylate), 412, 617, 617
polypeptides, 444
polyphenols, 72
polypropylene, 412,414,414
polysaccharides, 434-440
polystyrene, 412,414,415
polytetraHuoroethylene, 416,416
polyunsaturated fat, 441
polyvinyl chloride (PVC), 412,414, 415,617
polyvinylidene chloride, 414,415
p orbitals, 158, 158
postsynaptic neurons, 494, 494

potable water, 558
potash (potassium carbonate), 62, 331
potassium
atomic spectrum, 150
in diet, 464
effective nuclear charge, 170
electron configuration, 165
in fertilizers, 531, 531
as plant nutrient, 522, 524-525
potassium chromate, 45-46, 46
potassium iodide, 192
potassium nitrate, 335
potassium oxide, 627
potential energy, 18, 18
power, 639
precipitate, 236, 236
prednisone, 443
prescription drugs, 480, 480
pressure
atmospheric, 580-581
boiling and, 271, 273
density and, 583-584, 584
gas solubility and, 236-238
ideal gas law, 586
volume and, 583-584,584
Priestley, ]oseph, 80, 80
primary consumers, 520, 520-520
primary structure, 444, 447
primary treatment of wastewater, 569-570,
570
principle quantum number, 153
probability cloud, 157, 157
procaine, 508
producers, 520, 520
products, reaction, 292
see also chemical reactions
progesterone, 492
proline, 445
propane, 646
2-propanol, 402, 402
propionaldehyde, 407
propranolol, 512, 512
propylene glycol, 360-361
prostaglandins, 507-508, 509
proracrinium, 119, 119
protease inhibitors, 488
proteins, 444-451
amino acids, 444, 445, 446
denatured, 451
in diet, 471-472
enzymes, 451
in human body, 444, 446
structure of, 444, 447, 447-450
synthesis of, 455-458, 456
protons, 11
acid and base definition, 331-333
electric charge of, 92, 93
mass of, 93
proton-proton repulsion, 118
strong nuclear force, 116-118, 117
Proust, Ioseph, 80
pseudoephedrine, 336, 336, 497, 437

pseudoscience, 36-37
psychedelic, 501
psychoactive drugs, 497-507
depressants, 504-507
hallucinogens, 501-504
stimulants, 497-501
psychological dependence, 498
pteroenone, 7-8, 8
as common name, 52
pure materials, 56, 56-57
putrescine, 405, 406
Pyrex glass, 627

Q
quantum, 151, 152
quantum hypothesis, 151-152, 152
quarks, 182, 182-183
quaternary consumers, 520, 521
quaternary structure, 444, 447, 450
quinine, 479
R
radar, 616
radiation, 108-110
see also radioactivity
radioactive decay, 116-118
radioactive waste, 114, 129,648
radioactivity
alpha particles, 110, 110-111, 111
beta particles, 11 0, 110-111, 111
discovery of, 108-110, 109
gamma rays, 110, 110-111, 111
half-life, 120-121, 121
isotopic dating, 123-125, 124
natural exposure, 112, 112-113, 113
nuclear fusion, 132, 132-134, 133
radioactive decay, 116-118
rerns, 112-113
tracers and medical imaging, 115
transmutation, 113, 119-120, 120
see also nuclear fission
radio waves, 147, 148, 148
radium, 110, 121, 121
radon, 113,559
rainwater, acidic, 329, 345-350
reactants, 292
see also chemical reactions
reaction rates, 299-304
activation energy, 303-304, 304
catalysts, 305, 305-307
concentration and, 300, 300
definition, 300
molecular orientation, 301, 302
temperature and, 301-304, 302
receptor sites, 451, 482, 483
rechargeable batteries, 372, 373, 374
recombinant DNA, 460-462, 461, 462
recycling
glass, 628
metals, 621-622
paper, 612
reducing agent, 364-365, 365
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reduction

definition, 364
see also oxidation-reduction reactions
refrigerator, 274
rems, 112-113
replication, 454-455, 455
reproducibility, 8
Responsible Care program, 3, 3-4
resting phase, 493, 493
restriction enzymes, 458, 460, 460
reverse osmosis, 561-564, 563, 564
ribosornes, 458, 459
rice, 519
rigor mortis, 465
RNA (ribonucleic acid)
definition, 452
messenger RNA, 455
pro rein synthesis, 455-458, 456
structure of, 452, 453
transcription, 455-457, 456
transfer RNA, 457
translation, 457, 458
Roentgen, Wilhelm, 108
rosin, 610-611
Rowland, F. Sherwood, 594, 594
RU-486,492
rubber, 612-613,613,616
rubber vulcanization, 612-613,613
rubidium, 165
rubies, 192-193, 193
as solid solution, 228
rust,
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Rutherford, Ernest, 90-92, 92, 110
Rydberg, ]ohannes, 150-151

saccharide, 433
salicylic acid, 409, 409-410
salinizarion, 540
salr bridge, 369-370, 371, 448
saltperer, 335, 530
salrs, 620
from acid-base reactions, 335, 336
sapphires, 192-193, 193
as solid solution, 228
Saran, 414,415,617,
6U
saturated fats, 252, 440-441,442,470-471
saturated hydrocarbons, 396-397, 397
saturated solution, 230
scanning probe microscopes, 105, 144, 145
Schobein, Christian, 613-614
Schrodinger, Erwin, 157
science

benefits of, 10-11
definition, 5
limitations of, 9-10
measuring physical quantities, 12-14
pseudoscience, 36-37
reproducibility, 8
scientific process, 6-8
scientific hypothesis, 5
scientific law, 78

scientific process, 6-8
scientific theory, 9
scrubbers, 590, 590, 644, 644
scurvy, 462
sea butterfly, 6, 6-8
sea water. see oceans
secondary consumers, 520,521
secondary structure, 444, 447
secondary treatment of wastewater, 570,
570-571
seconds, 13, 13
selective breeding, 519
selenium, 627
semipermeable membrane, 562-563, 563
Semon, Waldo, 617
Sen, Amartya, 546, 547
serine, 445
serotonin, 496,496, 501, 502, 503
sewage
biochemical oxygen demand, 568
groundwater pollution, 566---567
wastewarer treatment, 569, 569-572,
570,571
sexually transmitted diseases, 487
shellac, 615
shell model of orbitals, 165-168, 166-168
effective nuclear charge, 169, 169-170,
170
electron-dot structure, 186, 186-187, 187
inner-shell shielding, 169, 169
to predict properties of elements, 168-174
sickle-cell anemia, 447, 447
Silent Spring (Carson), 533
silicates, 626-628, 627
silicon
in photovoltaic cells, 663-664
properties of, 59, 60
silicon carbide, 628
silicon nitride, 628
silicon oxide, 628
silver
properties of, 59
specific heat of, 277
silver bromide, 366, 367
simple carbohydrates, 434
skin products, 360-361
slag, 624, 626-627
smog, 590-593, 591, 592
snowflakes, 257, 257
soap, 240-244,240-244
detergents, 242
hair and skin care, 360-361
hard water and, 242-244
surface tension and, 265, 265-266, 266
sodium
in diet, 464
elecrron configuration, 165
sodium acetate
buffer solution, 350
sodium bicarbonate
blood buffer system and, 352, 352-353
sodium carbonate, 243, 243
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sodium chloride, 49,50,620
formation of, 364, 364
ion-dipole attraction, 222, 223
ionic bond of, 191, 191
as ionic crystal, 194, 194
oxidation-reduction reactions, 364
water softening and, 244
sodium cyanide, 335
sodium dodecyl benzenesulfonate, 242, 242
sodium fluoride, 192
sodium hydroxide, 241, 241, 330, 340
cellulose and, 615
strength of, 337
sodium lauryl suIfate, 242, 242, 360
sodium nitrate, 236, 236, 660
sodium silicate, 627
sodium thiosulfate, 366, 367
soil
erosion,539,539-540
fertilizers, 530-531, 531, 532
horizons, 526, 526-527
irrigation, 540, 540-541, 541
leaching, 527
nitrogen in, 523, 523-524
nutrient retention in, 527-529, 528, 529
pH of, 528-529
salinization, 540
saturation, 554
sour, 529
structure, 526, 526-527, 527
subsides, 555-556
solar energy, 637
photovoltaic cells, 662-665
solar electric generation, 659-660
solar heat, 658-659
solids
density of some, 26
entropy and, 314
phase change, 23-25, 24
properties of, 22-25, 23, 24
solubility
gases, 236-240
infinitely soluble, 234
insoluble, 235
overview of, 233-235
temperature and, 236, 236
soluble, 233
solutions
acid, base and neutral, 340-343
aqueous, 223
concentration of, 230-232
definition, 56
gaseous, 229
saturated, 230

solid, 228-229
unsaturated, 230
solvent, 229
s orbitals, 158, 158
space shuttle, 310, 310
specific heat
definition, 275
of water, 274-277
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spectral pattern, 143
spectroscope, 149, 149
stainless steel, 229, 625
standard entropy, 313
standard model of fundamental particles,
182-183
standing wave, 156, 156
starch, 436, 437, 438
steam turbine, 638
steel, 625, 625
stereo images, 199, 199
steroids, 441, 443, 443
stick structure, 392-393, 393
stimulants, 497-501,497-501
storage protein, 446
straight-chain hydrocarbon, 393
straigh t fertilizer, 531
Strassmann, Fritz, 125
stratosphere, 581, 582
stress neurons, 494-495,501,503
strip mining, 643
stroke, 470
strong nuclear force, 116-118
strontium, atomic spectrum, 150
structural isomer, 393
structural protein, 446
sryrene, 414,415
Sryrofoam, 235,414
sublimation, 269
submicroscopic, 1
subsoil, 526, 526
substituent, 199,201
substrares, 451
substratum, 526, 526
sucrase, 451,451
sucrose, 433, 434
dissolution, 228, 229
solubility, 234, 234
sulfa drugs, 480, 485-486, 485-486
sulfanilamide, 485,486
sulfides, 620, 621
sulfur
as plant nutrient, 522, 525
vulcanized rubber, 612-613
sulfur dioxide
in acid rain, 346-348
from coal, 643-644
in industrial smog, 591-592
volcanoes as source of, 588, 589
sulfuric acid, 329, 330
acid rain, 591
in industrial smog, 591-592
in rechargeable batteries, 372, 373, 374
superconductors, 628
supernatural, 9
superstring theory, 183
surface tension, 264, 264-266, 265
soap and, 265, 265-266, 266
surface water, 555
surfactants,360-361
suspension, 55, 58, 58
sustainable energy sources

characterisrics of, 651-652
geopressured brine, 656
geothermal energy, 654-656
hot dry-rock energy, 656
hydroelectric power, 652-653
hydrothermal energy, 655
ocean thermal energy conversion,
653-654, 654
solar energy, 658-665
tidal power, 656
wind power, 660-661
synaptic cleft, 494, 494
synaptic terminal, 494
synergistic effect, 481
synthetic fertilizer, 531
Systcrne International (SI), 13

tannins, 407
taxol, 483, 484, 491
Teflon, 8, 8,227, 239, 416,416, 617-618
telescope, 627
temperature, 19-21
definition, 19
gas solubility and, 236-238
global warming and, 288-289, 348,
598-601
heat and, 21
ideal gas law, 586
kinetic energy of particles, 19, 19
measurement scales, 20, 20-21
reaction rates, 301-304, 302
solubility and, 236, 236
specific heat capacity and, 274-275
volume and, 584, 585
temperature inversion, 590-591, 591
temporary dipoles, 225-226
terephrhalic acid, 418, 418
termites, 440, 440
tertiary consumers, 520, 521
tertiary structure, 444, 447, 448
tertiary treatment of wasrewater, 571
testosterone, 443,493
2,3, 7,8-tetrachlorodibenzo- p-dioxin
(TCDD),536
tetrahedral molecules, 199, 199,200
tetrahydrocannabinol (THe), 503-504, 504
rerrarnerhylpyrazine, 391
theory, scientific, 9
thermodynamics, 317
thermometer, 19-21, 20
thermonuclear fusion, 132-133
thermoset polymers, 419
thirarn, 538, 538
Thomson,]. ]., 88, 88,90
thorium, 119, 119
Three Mile Island, 648
threonine, 445
thymine, 452, 453,454
thymol, 403, 404
thyroid gland, 115
tidal power, 656

titanium, 59
titanium dioxide, 361, 610, 611
tobacco, 500-501, 502
Toluene, 398,399
topsoil, 526, 526-527, 539
trace minerals, 463
tracers, 115, 115
transcription, 455-457, 456
trans fats, 253
transfer RNA, 457
transgenic organisms, 544-546, 545
transgenic plant, 519
transition metals, 62, 63
translation, 457, 458
transmutation, 119, 119-120, 120
transport protein, 446
triangular bipyramidal, 200, 200
triangular planar molecule, 200, 200
trichloroethane, 240
2,4,5-trichlorophenoxyacetic acid, 536, 537
triethylamine, 405
rriglycerides, 440, 441
triple covalent bond, 198, 198
tritium, 650
trophic structure, 520, 520-521
troposphere, 581, 581-582
tryptophan, 445, 472
tumor,489
Tupper, Earl, 618
Tupperware,618
turbine, 638
turpentine, 240
tyrosine, 445

ultrarrace minerals, 463
ultraviolet light
in electromagnetic spectrum, 148, 148
photon of, 152, 152
ultraviolet radiation, ozone layer and, 594
United States Customary System (USCS), 13
units
conversion factor, 12, 13
energy, 18-19
heat, 21
metric, 13, 13-14, 14
unsaturated fats, 252, 440-441, 442,
470-471
unsaturated hydrocarbons, 397-398,
397-399
unsaturated solution, 230
upwelling, 263
uracil, 452, 453
uranium, 64,108-109, 109
decay series, 119, 119-120
isotopic dating, 124-125
nuclear fission, 125-128, 126, 127
nuclear power from, 128-129
uranium-235, 124-125, 126, 126-127,
127
uranium-238, 119, 120, 121, 124-125,
126, 126-127, 127
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valence electrons, 186-187
valence shell, 186
valence-shell electron-pair repulsion,
198-202, 198-202
valine, 445
Valium, 505, 505
vanillin, 391, 408, 408
vapor,24
vaporization, heat of, 279~280
vasodilarors, 511, 512
vegetarian diet, 472, 472
very-low-density lipoproteins (VLDL), 470
vessels, 494, 494
vincristine, 491, 491
Viracept, 488, 489
Viruses, antiviral drugs, 487, 487-488, 488
viscose, 615-616
visible light, 148, 148
vitamins, 462-463, 463
volcanoes, as source of air pollution, 588,
589
voltaic cell, 370
volume
definition, 17
density and, 25-26
gas, 22-23
ideal gas law, 586
measurement of, 16, 17, 17
number of particles and, 585
pressure and, 583-584, 584
ranges of, 17
temperature and, 584, 585
Voyagerairplane, 631,631
VSEPR model, 198-202, 198-202
vulcanized rubber, 612-613,613

waste
radioactive, 648
wastewater treatment, 569, 569-572,
570,571
water, 254-289
acid-base qualities of, 340-343
adhesive and cohesive forces, 263, 266,
266-267, 267
atmospheric pressure and boiling point,
273

boiling, 25, 271-274, 272, 273
boiling point, 208-209, 203
capillary action, 267, 267
chemical change of, 42, 43
as common name, 51
condensation, 267-270, 268, 270
covalent bond, 196, 136
density of, 26, 261-263,262,263
as dipole-dipole attraction, 223, 223
dissolved gases in, 53
drinking water, 52-53, 55, 218-219
effects of solute in freezing, 260, 260
electrolysis, 377
evaporation, 267-270, 268, 270
fluoridation, 218-219
formation of, 365
freezing, 256, 256-263, 253-261
global climates and, 276-277, 277
hard water and soap, 242-244
hydronium and hydroxide ions, 190, 190,
331-333,340-343
melting, 259-261, 259-263
oxygen solubility in, 235
phase changes, 278-280
physical change of, 41
physical properties of, 40
polarity, 208
specific heat of, 274-277
sublimation, 269
surface tension, 264, 264-266, 265
see also water resources
water resources, 553-572
arsenic in, 560, 561
conservation of, 557, 572-573
desalination and purification, 561-565,
562, 563, 564
dissolved oxygen, 568-569
distribution of, 553
drinking water treatment, 558-560,
560,561
food production and, 540, 540
groundwater, 540, 540, 555, 566
hydroelectric power, 652-653
hydrologic cycle, 554, 554-556
pollution of, 565-567, 566, 567
usage of, 556, 556-557, 557
wastewater treatment, 569, 569-572,
570,571
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water-softening agent, 243
water table, 554-555, 555
water treatment
advanced integrated pond (AlP) system,
571-572,572
desalination and purification, 561-565,
562, 563, 564
drinking water, 558-560, 559, 560, 561
wasrewarer, 569, 569-572, 570, 571
Watson, lames, 454-455,456
watt, 639
wave frequency, 147
wavelength,147
waves
electromagnetic, 147-149
electrons, 155-161
standing wave, 156, 156
wave frequency, 147
wavelength, 147
weight
definition, 14
mass and, 14-15
white light, 148, 148-149, 149
Wilkins, Maurice, 455, 456
willow, 612
wind power, 660-661
wood, paper from, 610-612
wood alcohol, 657

X rays, 108, 108
xylocaine, 508

Yucca Mountain repository site, 648, 648

zinc
density of, 26
galvanization, 380, 380
as plant nutrient, 522
properties of, 59
zinc chloride, in dry-cell batteries,
370-372,371
zinc oxide, 361
Zodovudine, 487, 488
zooplankron,
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Zovirax, 487, 488

