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Contents To cover specific ion effects at all possible aqueous
interfaces would be an almost heroic endeavor. Our goal is

1 InFrodgctlon , , , 1 more modest: we aim to focus on the simplest one, i.e., the
2. Historical Perspective and Previous Reviews 3 air/water interface. The general atmospheric and technolog-
3. Theoretical and Computational Results 3 ical importance of this interface alone justifies our selection.
3.1. Single lons 3 Moreover, interactions between ions and air or vapor are
3.1.1. Clusters 3 sufficiently weak so that the nonaqueous phase can often be
3.1.2. Extended Interfaces 5 viewed as a vacuum. Thus, all that remains to be explored
3.2. Finite lon Concentrations and Counterion 7 are the structural and dynamical consequences of specific
Effects interactions between ions and water molecules within the
4. Experimental Studies and Comparison with 9 inhomogeneous interfacial region. In the subsequent sections
Simulation Results we attempt to review the rapidly expanding body of computer
4.1. Surface Tension 9 simulations of ions at the air/water interface. We focus on
4.2. Surface Potentials 13 relatively small inorganic ions (which, according to the
4.3. Heterogeneous Chemical Processes 15 traditional, purely electrostatic picture, shoult_j actuglly always
4.4. Photoelectron Spectroscopy 16 be repell_ed from the aqueous surface), !eavmg as@e the huge
45. Surface Selective Nonlinear Spectroscopies 17 body of literature concerning technologically very important
~ organic ionic surfactants. We present the computational
5. Future Developments 19 results in light of continuum models and, in particular,
6. Conclusions 20 experimental observations, ranging from traditional surface
7. References 20 tension measurements to modern surface selective photo-

electron and nonlinear optical and vibrational spectroscopies,

with the aim of capturing the emerging broader picture of

1. Introduction ion specific behavior at the air/water interface.

) S o To set the stage for the development of a molecular picture,

Aqueous ion-containing interfaces are ubiquitous and play we begin by considering the simplest physical picture of an

a key role in a plethora of physical, chemical, atmospheric, jon at an aqueous interface, shown in Figure 1. Within this

and biological processes, from which we mention just a few model the ion is fully characterized by the size of its charge
illustrative examples: (i) lons at the air/water interface are q and radiusR. The aqueous and nonaqueous media are
important for atmospheric chemistry involving ocean surfaces treated as dielectric continua defined solely by their dielectric
and seawater aerosdls, as well as that of the Arctic  constants and separated from each other by an infinitely sharp

snowpack covered by sea spfeiy(ii) Many salts (such as  and perfectly flat interface. The free energy change upon
NaCl) tend to inhibit bubble coalescerité? which is one  moving an ion from air (vacuum) to water is, within the
of the reasons why foam is formed when waves break in crudest Born mode® given asAG = —(1 — 1e)q2/4meoR,
the ocean but not in freshwater lakes. (iii) Brine rejection wheree ~ 80 is the dielectric constant of water angds the
occurring at the seawater/ice interface has profound climatic permittivity of a vacuum. The large drop in energy upon
effects in polar region¥: (iv) The aqueous electrolyte/metal jon hydration is thus the reason for the preference of the
interface is involved in electrode and corrosion proce$8€s.  jons for the aqueous bulk.
(v) lon specificity plays an important role for interactions A useful concept for understanding the solvation of ions
between colloid particles in electrolytéand for the stability  at the water/low-dielectric medium interface is that of the
of aggregates of amphiphilic species, such as vesicles orimage charge. It can be shown that an agueous ion with
micelles, in salt solution¥’ (vi) lons at the bio(macro)-  chargeq is effectively repelled from the air/water interface
molecule/water interface are crucial for protein stablf? by a fictitious image chargg = q(e — 1)/(¢ + 1), i.e., which
to name at least one biological implication. is of the same sign and practically the same value of charge
(see Figure 13122The energy profile connected with moving
*To whom correspondence should be addressed. P. J.: e-mail: .an |on.from \_Nate,r tothe L?W'd'elecmc phase_(alr in this case)
pavel.jungwirth@uochb.cas.cz; phone;-420-220410314; faxi+420- is depicted in Figure 2224 Note that for a point charge the
?20‘3}2’{2&{%21&-17 f-mall, dtobias@uci.edu; phohe:1-9498244295; energy diverges at the infinitely sharp interface, while for
‘ra;\((’:aden;y of Sciences of the Czech Republic. finite ion radii the energy profile is continuous. Studies going
University of California, Irvine. beyond the model of an infinitely sharp flat interface have
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shown that a nondiverging energy profile is also obtained
for a smooth gradual interface between the two métkamd
its shape is influenced by surface roughr&s® A very
important and often overlooked result is that a finite size
ion can be brought to the interface from the water side with
an energy cost that is only a fraction of the ion hydration
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Figure 1. Continuum dielectric model of an ion at an aqueous
interface. The ion is repelled from the interface into the aqueous
phase by an “image” charge of the same size and polarity.
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Figure 2. Energy profile of an ion moving across the air/water
interface. Note the disappearance of the energy divergence at the
interface upon the change from a point charge (dashed line) to a
finite size sodium ion (full line). Also note that in the latter case
the energy starts to steeply rise only after crossing the interface
into the gas phase. The energy in the aqueous phase is arbitrarily
set to zero. (Reprinted with permission from ref 23. Copyright 2002
American Chemical Society.)
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sufficient to cause a significant depletion of ions from the
aqueous interface, provided, however, that no other than
Coulomb interactions come into play. One of the main goals
of the present review is to explore these “other” ion specific
interactions and the consequences thereof. Electrostatic
forces, as described within the model of a charged sphere in
a dielectric continuum, are of key importance, but they do
not provide the whole picture. Such a model, e.g., does not
distinguish between cation vs anion solvation, since it lacks
specific ion—water interactions in the first solvation shell,
as well as polarization and dispersion effects, and it also
underestimates solvation entropy effe& Polarization,
dispersion, and solvophobic forces (the solvophobic effect
being connected with the work necessary for creating the
cavity to place the ion into the liqui§ can at least
approximately be accounted for already within the continuum
solvent framework. This is done to a varying extent in recent
continuum models of ions at aqueous interfaces: as a result,
ion specific behavior is inferred, including, in some cases, a
propensity of certain types of ions for the air/water
interface?3:3+-36

Continuum models, however, should not be pushed beyond
their range of validity, i.e., to effects at sub-nanometer
separations where the “granularity” of the iewater and

energy, since a steep rise in energy only occurs at the airwater—water interactions is of key importance. This involves

side of the interface. For example, it only takes about 3 kT
to bring an ion of roughly the size of Ngwith hydration

the first solvation shell structure, as well as the detailed
behavior of ions at aqueous interfaces. Theoretical questions

energy around 200 kT) from water to the interface (see Figure at the angstrom scale can hardly be properly addressed

2)2 This relatively small increase in energy can still be

without calculations with atomic resolution. Statistically
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hydroxyl radicaP Also, the long-neglected problem of ion
specificity at the air/water interface came into focus from
the perspective of the Hofmeister serté4 an old concept
familiar to biochemists but historically largely ignored by
physical chemists. Hofmeister ordered ions with respect to
their efficiency to precipitate a given protein from an aqueous
solution?® However, the importance of the series reaches far
beyond salting-out of proteins, as demonstrated, e.g., in a
recent special isstereviewing Hofmeister effects in bio-
chemical systems, in solutions, in colloids, and at the air/
water interface.
Figure 3. A cut from a snapshot from a molecular dynamics Modern approaches to ion specificity at the air/water
simulation of an aqueous salt solution/vapor interface demonstratinginterface are threefold, based on surface selective experi-
the atomic resolution of the obtained picture. The particular system ments, theoretical continuum dielectric models, and molec-
shown here is NaBr(aq) with sodium in green and bromide in gold. 15 simulations. State-of-the-art experimental techniques
. , probing the interfacial region of electrolyte solutions range
averaged results containing all the molecular details can befrom vibrational sum frequency generation spectroscopy
obtained by molecular dynamics (MD) or Monte Carlo (MC) (VSFG)#-5¢ second harmonic generation spectroscopy
simulations’” These simulations employ either an empirical SHG)%556 and high-pressure VUV photoelectron spectro-
force field (i.e., a prescribed interatomic interaction potential scopy5”58 to X-ray photoelectron spectroscopy combined
of an analytical formY or the Car-Parrinello approacf,  \yith scanning electron microscopy (SER ion sputter-
where forces are evaluateq by quantum chemical me-thOdSng,60,6land metastable impact electron spectroscopy (MFES)
such as the different variants of the dens_lty functional (the last two methods investigate amorphous ice surfaces,
theory® MD and MC calculations do not involve any hile the one before probes deliquesced salt surfaces).
macroscopic parameters (e.g.,_dlelectrlc constar!ts) but r_ather Contemporary theoretical approaches based on the con-
derive all properties from motions of mutually interacting  tinyum dielectric description of the aqueous solvents and the
atoms. An ion-containing aqueous interface within this g faces thereof go beyond the early Born-type model of
picture is shown in Figure 3. This snapshot from a MD Onsager and Samafsnd the DerjaguirLandau-Ver-
simulation demonstrates the atomic resolution one can obtain,et—Qverbeek (DLVO) theory of colloid&541on specific
wi_th all .the details concerning ion distributions, molecular effects, such as dispersion, polarization, solvophobicity, and
orientations, hydrogen bonding patterns, and surface cor-first solvation shell effects, are accounted for to certain

rugation accessible for analysis. amounts and varying degrees of accuracy, as seen from
o _ _ _ several recent review and research artiéfeg 33353665
2. Historical Perspective and Previous Reviews Historically, the youngest approach to the problem of

i . surfaces of electrolytes is via computer simulations with
The research field of surfaces of electrolytes was flourish- gtomic resolution. Molecular dynamics simulations of ex-
ing in the first half of the 20th century, following the  tended solution/vapor interfaces were pioneered in the late
pioneering measurements of surface tension of aqueous salf ggos and early 1998558 and partially reviewed in our 2002
solutions by Heydweiller in 1916. The experimentally  Feature Articlé?® The present review not only significantly
observed increase in surface tension upon adding salt wassypands the scope of the previous summaries but also brings
first theoretically addressed by Wagffeand Onsager and 4 yp-to-date account of this thriving field of research at a
Samarag? The surface tension increase was related via the point when it is reaching a new level of maturity. At the
Gibbs adsorption isotherthto a depletion of ions from the g3 me time, we aim at providing a unified molecular picture

interfacial layer, and an existence of a universal limiting law ot the ajr/solution interface of aqueous inorganic salts, acids,
(in the spirit of the DebyeHuckel theory for bulk electro- 544 pases.

lytes*?) was proposed. lon specificity, i.e., the experimentally

observed weak cationic but strong anionic specific effects 3, Theoretical and Computationa/ Results

on surface tensioff;*344was only marginally dealt with in

the early theoretical works. Despite that and despite the 3.1, Single lons

disturbing fact that strong monovalent acids (unlike salt and Strictly speaking, single ions in extended aqueous systems
base solsu}ions) actually decrease rather than increase surfacgy 1ot exist. In any realistic experimental situation there is
tensiom;**for the next half-century the common wisdom a5 4 finite ion concentration. Moreover, macroscopic
largely continued to be based on these pioneering StUd'eSneutraIity requires that the charge of one type of ions is

This is rfetc\(lacted: €g., t[nlthebclaRssuczﬂgg?okhbyhA(ﬁamdka compensated by counterions. Nevertheless, it makes a lot of
SEries of two review articles by Randieswhich all INVOKE = gange to study theoretically the “infinite dilution limit”, i.e.,

an essentially ion-free and inert surface layer of aqueous Saltsingle ions in aqueous systems. In this way it is possible to

solutions. ) _ _ ) investigate the genuine ietwater interactions and to abstract
After a relatively long period of stagnation which followed  from counterion effects present at finite concentrations.
the early boom, the 1990s marked the beginning of a renewedyioreover, single ions interacting with water molecules can

interest in surfaces of simple electrolytes. The presence ofajso be observed experimentally, albeit only in cluster
halogen anions at the air/water interface was inferred from gystems.

laboratory measurements, motivated by an interest in atmo-

spheric chemical processes, of the reactive uptake of mo-3-1.1. Clusters

lecular halogens on droplets of sodium halide solufiamsl Historically, cluster simulations at ambient conditions (or
the kinetics of chloride oxidation in sea salt aerosol by at somewhat reduced temperatures in order to prevent rapid
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significantly stronger here than for monovalent ions, over-
whelm the surface-driving polarization effects. A similar
preference for the interior of water clusters was also observed
for other doubly charged negative ions, such as the small
dicarboxylate dianions from oxalate up to about adipéte.
Larger dicarboxylate dianions, starting roughly with suberate,
are accommodated, however, at the surface of water clus-

4 s
'% ters196.197 |n this case (as well as for other organic ionic
3 surfactants), the surface driving force is the hydrophobic
g 5 interaction of the aliphatic chain rather than polarization
effects.

Last but not least, we mention the ionic product of water,
i.e., the hydronium cation and hydroxide anion. The proton
x T o = 300 as a bare positive charge has the largest hydration energy

Time (ps) among monovalent ion4? and its polarizability is by
definition equal to zero. Therefore, it seems that it should

Figure 4. Time dependence of the distance to the chloride ion : : : i :
from the center of mass of the @H,0).s cluster in the SPCE/ solvate in the interior of water clusters similarly to the alkali

POL model (solid line) and in the TIP4P model (dotted line). Also Cations. However, a hydrated proton readily forms transient
shown are typical cluster configurations obtained from the SPCE/ chemical bonds with the surrounding water molecules. The

POL model (right: surface solvation) and from the TIP4P model classical (Eigen) form of hydronium is thus a®f cation
(left: interior solvation). (Reprinted with permission from ref 74.  \where each of the hydrogens is strongly bound to a water
Copyright 1993 American Institute of Physics.) molecule, forming a kD4 complex'%® The proton can also

evaporation) of systems containing from several up to a few be equally shared by two neighboring water molecules,
hundred water molecules were the first calculations to predict forming the so-called Zundel cations€,".*'% In reality, a
asymmetric (surface) aqueous solvation of certain ions suchproton in an agueous environment oscillates between these
as the heavier halides, i.e., chloride, bromide, and iofid¢. ~ two extreme forms and also frequently (roughly every21

The first solvation shell of monovalent atomic ions typically Ps) hops from one site to anottiét.

contains around six water molecules. We, therefore, focus As a result of the above complex nature of the hydrated
on clusters at and above this critical size, where the proton, a rigorous description requires a quantum mechanical
simulations can already start distinguishing between surfacedescription of both its electronic structure and nuclear
and interior ion solvation. A key ingredient of the above MD ' dynamicsi*2However, classical molecular dynamics suffices
simulations for the surface propensity of the ion has beenin many cases, particularly for qualitatively or semiquanti-
the use of polarizable force fields. Without polarization tatively answering structural questions which are the focus
interactions, heavier halides prefer interior solvation in water of this review. The most recent ab initio MD study employing
clusters, similarly as in the case of, e.g., alkali cations. This B3| yp and BLYP functionals of a proton hydrated in large
is demonstrated in Figure 4, which shows the degree of yater clusters somewhat surprisingly shows that it prefers
asymmetricity of ion solvation by depicting distances of asymmetric surface solvatid# The main reason behind this
chloride from the center of mass of the cluster and snapshotsg the amphiphilic nature of the hydronium cation, which
from simulations with polarizable vs nonpolarizable force -5n donate three strong hydrogen bonds but due to the small
fields of a CF(H,0)14 cluster®” A detailed analysis of the partial charge on the oxygen atom is a very bad hydrogen
simulations shows that both ion and water polarizabilities acceptot3 Therefore, hydronium prefers to be ac-
contribute to the surface solvation of soft idi$?®*and o commodated at the surface of a water cluster with oxygen
do the ionic size and to some extent also sign (anions beinginting into the gas phase rather then disrupt the hydrogen
more easily accommodated at the surface than catléfisy' )5 4ing network inside the cluster. This behavior is also born
Finally, th_e entropy effects are n_on-_negllglble as w_eII, out from high-level ab initio calculations, supported by
sifou € s he enray soniuton et sty 0 occuosan messramans o proon o
ion.84 Predictions of asymmetric clﬂster solvation gf large water clusters including the "magic numbgr"_ dodecahedral
polarizable halides, as opposed to small nonpolarizable ionsSyStem’ _conta|n|ng+ 2.1 water moleculésa S|_m|Iar surface
such as fluoride, sodium, or potassium which exhibit interior B;?g(rannestlrti};e?jf e?r%irilcsalopt))s; rr\i/;a;jblivggteuni:’gglgwﬁﬁ;egjlly

solvation, were verified by photoelectron spectroscopy simple nonnolarizable model did not seem to show an
measurement®;*° vibrational spectroscop¥, as well as pie. P 118
appreciable surface effetf:

electronic structure calculatiotis®” and ab initio molecular
dynamics and Monte Carlo simulatio?f$? For hydroxide anion, electronic quantum effects are

Asymmetric solvation in water clusters was also predicted important as well, since it forms as an acceptor very strong
for soft molecular inorganic anions such as nitrate and azide hydrogen bonds with an appreciable degree of charge transfer
via quantum chemical and MD calculations, supported by to three neighboring water molecufé8High-level ab initio
photoelectron spectroscopif 192 Using the same compu-  calculations show that hydroxide solvates asymmetrically
tational methods, another such soft anion, sulfate, was shown(similarly, e.g., to chloride) in clusters up to water hex-
to solvate in the center of a water clusté¥jn agreement  amert?%121 Classical MD and Monte Carlo simulations of
with photoelectron spectroscopy measuremé&ite® The OH~ in larger water clusters also show a weak tendency for
reason for the preference of $Ofor the aqueous bulk is  asymmetric solvation, although the anion becomes rather
the multiplicity of the charge of the dianion. Consequently, delocalized within the cluster at higher temperature corre-
electrostatic interactions, which favor bulk solvation and are sponding to the liquid statg?.118.122
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of the unit prism (typically the largest box dimension should
be at least twice or three times larger than the other two
dimensions), the interactions between the slabs become small
and one can use the fast 3D particle mesh Ewald appf&ach
to account for long-range electrostatic interactions. This is
demonstrated in Figure 6, which shows density profiles from
a series of slab calculationsrfbh M aqueous Nal. Parts-a&
compare results employing 3D Ewald summation for two
different elongations of the unit cell to a calculation
employing a simple slab correctid#f Within the statistical
noise, the density profiles of iodide are the same in all three
simulations and the sodium density profiles are also very
similar to each other (see below for a detailed discussion of
the surface propensity of iodide and other ions). This
indicates that the periodicity in the direction perpendicular
to the surface does not introduce any artifacts. The results
for a simulation with the Ewald summation turned off (Figure
6d) are also similar to the previous ones, with the subtle
differences in density profiles being due to the influence of
the long-range electrostatics on the structure of the solution.

Another option to account for long-range electrostatic
interactions in slabs is to employ 2D periodic boundary
conditions. This has made the evaluation of the long-range
electrostatic contribution computationally rather slow previ-
ously; however, there has been significant progress in
efficient 2D Ewald algorithms recenthf® 120 Finally, note
that, for a typically employed size of a prismatic unit cell of
roughly 3 x 3 x 10 nn? and for normal atmospheric
pressure, there is only about one nitrogen or oxygen molecule
per unit box. The effect of the gaseous phase on the
interfacial ionic distributions is, therefore, negligible, and
for the purpose of the present discussion, we can inter-
changeably talk about water/vapor and water/air interfaces.

The pioneering simulations of single ions in aqueous slabs
did not show any propensity of ions for the air/water
interface®® % This was partially due to the choice of
investigated ions, which, with the exception of chloride,
Figure 5. Prismatic unit cell with an aqueous slab containing a encompassed only small hard ions (sodium and fluoride),

single ion. and also due to the neglect of polarization interactions in
the employed force fields. Nevertheless, already these early
3.1.2. Extended Interfaces studies showed some ionic specificity with respect to the

. . interface. For example, it was demonstrated that anions tend
It is questionable how well a cluster surface can represent

. to penetrate closer to the surface than catféns.
the extended surface of an electrolyte solution. Even at the _ i ) ) _ i
current computational limit for classical MD simulations of The first slab simulations of ions at the air/water interface

about 16—1CF atoms, the cluster is still very small (diameter €mPploying polarizable potentials appeared around the turn
on the order of tens of nanometers). At this size, the cluster ©f the millennium, and consequently, the picture changed
surface is far from flat and curvature effects strongly considerably:?¢3'A single polarizable chloride anion was
influence macroscopic properties (such as surface tension)shown in long, direct MD simulations to exhibit a weak
as well the distributions of ions within the clustér simple ~Surface propensity, maintaining an almost intact first solva-
computational trick that allows for moving from a finite size  tion shell (while sodium cation continued to be repelled from
cluster to an extended water/vapor interface is the employ- the airwater interface}.**!In addition, an increasing surface
ment of a special type of periodic boundary conditions. The Propensity in the series Cl< Br~ < I~ emerged from direct
use of a standard (most often cubic) periodic unit cell leads Simulations of slabs containing concentrated aqueous salt
to a simulation of a bulk region of the liquid, typically under ~solutions!3? Shortly thereafter, the same effect was also
constant-pressure conditiof’sTo model the interface, itis ~ shown by potential of mean force calculations, in which a
necessary to significantly extend one dimension of the box single ion is moved in small steps across the slab and the
and run a constant-volume simulati#n®® For this prismatic ~ corresponding free energy profile is evaluat&d34Indeed,

unit cell, the aqueous system collapses into an infinite slab the free energy profiles of moving a single bromide or iodide
with two water/vapor interfaces, as depicted in Figure 5. from the aqueous bulk into the vapor phase across the air/
More precisely, the use of 3D periodic boundary conditions water interface exhibit surface minima of around 1 kcal/mol,
results in a situation where the system comprises an infinite and chloride moves toward the surface without an appreciable
set of identical slabs, parallel to each other and separatedbarrier, provided polarizable potentials for ions and water
from each other by a vapor region. For a sufficient elongation are employed?3134Figure 7 shows the free energy profiles
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Figure 6. Density profiles (i.e., abundancies of individual species in layers parallel to the surface, from the center of the slab across the
interface to the gas phase) from 1 ns slab simulatidris M aqueous Nal employing (a) 3D Ewald summation with a unit cell of 3

x 10 nn#¥, (b) 3D Ewald summation with a unit cell of 8 3 x 20 nn®, (c) 3D Ewald summation with a slab correctléhemploying a

3 x 3 x 10 nn? unit cell, and (d) a simulation employing a33 x 10 nn? unit cell with Ewald summation turned off (employing a cutoff

of 1.2 nm).

molecules also plays a role héfe® For a sufficiently soft

; ion, this polarization stabilization can compensate much of
] the electrostatic penalty due to a partial loss of solvation,
leading in the end to a surface affinity. Of course, the
situation drawn here represents necessarily an oversimplified
qualitative picture which neglects, e.g., the surface roughness
of an aqueous solution; however, it is at least qualitatively
supported by the simulations (for a representative snapshot

," of a bulk vs surface solvated chloride see Figure 8).

] Recently, a similar surface propensity to that for heavier
/ halides was also observed for a single nitrate or azide anion
/ in a water slald%-1%while another soft inorganic molecular
] ion, sulfate, was shown to strongly favor interior solvafith.

As in the clusters, the multiple charge on the latter ion is
responsible for the preference of bulk solvation.
35 40 45 S0 55 60 &5 X : X . R
Simulations of a single hydronium cation in a water slab

Z A have been performed recently using a polarizable force field,
Figure 7. Free energy profile (potential of mean force) associated as well as an empirical valence-bond approach which allows
with moving iodide from the center of an aqueous slab across the for proton hopping!®116.13> Calculations based on the
air/water interface at 300 K. Note that a surface minimum only potential of mean force methodology showed that hydronium
develops for a polarizable potential model. (Reprinted with permis- ¢a penetrate much closer to the aqueous surface than other
sion from ref 133. Copyright 2002 American Chemical Society.) small cations such as sodi#i.Direct simulations employ-
of moving an iodide anion from the aqueous bulk across the ing both potential models mentioned above showed a strong
air/water interface calculated using polarizable and nonpo- preference of the hydrated proton for the air/water inter-
larizable force field433 We see that only in the former case face!'®3*similarly as in water clusters. Figure 9 depicts a
does a surface free energy minimum, which is directly related representative snapshot from a simulation showing a surface
to the enhancement of lat the surface, develop. located single hydronium cation with oxygen pointing into

The effect of ion polarizability on the surface propensity the gas phase and hydrogens exhibiting strong hydrogen
can be in a simplified and somewhat schematic way bonds with neighboring water molecul€$.0n the other
rationalized as follows. While in the bulk, the water hand, classical polarizable MD simulations of a single
environment around an ion is roughly symmetric and, hydroxide in a water slab indicate a much weaker (if any)
consequently, the electric field created by the vector sum of surface propensity of OHthan that observed in small
the water dipoles and acting on the ion is relatively small. clusterst®
At the surface, however, the environment is asymmetric and, While the extended air/water interface clearly differs from
as a result, the resulting large solvent electric field strongly the surface of a finite size water cluster, where curvature
polarizes the iof® Similarly, polarization of the solvent effects are important (leading, for example, to a significant

10 ; : SREE B

8 | - - -Gibbs dividing surface
—— Polarizable model
—+&— Pair potential model

6 -

PMF, keal/mol

Liquid Vapor
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Figure 8. Snapshot from a molecular dynamics simulation of an
aqueous chloride solution depicting two chloride anions and their
first solvation shells in the van der Waals sphere representation.
The anion in the lower right portion of the image is in the bulk
interior of the solution and has a spherically symmetric solvation
shell, on average. The anion in the upper left is undercoordinated
at the solution/air interface. The asymmetric, incomplete solvation
shell induces a sizable dipole on the anion at the interface.

Figure 9. Representative structure from an effective valence bond
MD simulation of a hydronium cation on an aqueous slab.
(Reprinted with permission from ref 116. Copyright 2004 American
Chemical Society.)

reduction in surface tensioff),there is some correlation
between the two environments in terms of surface vs bulk
preference of host ions. However, one should keep in min
that there are significant quantitative and, in some cases, eve
qualitative differences and that, generally, the ionic surface
propensity tends to be stronger in clusters than that in
extended slab¥.Moreover, some of the cluster calculations

Chemical Reviews G

3.2. Finite lon Concentrations and Counterion
Effects

There are several merits to straightforward calculations
of distributions of ions at extended air/solution interfaces of
aqueous electrolytes. First, the finite amount of ions directly
reflects the experimental reality of surfaces of electrolytes
with typical concentrations up to several moles per liter.
Second, finite concentration and counterion effects, which
can play an important role at the air/solution interface, are
directly modeled. Third, from the technical point of view,
using an appreciable amount of ions significantly improves
the statistics of the simulation and allows evaluating distribu-
tions of ions at the air/water interface, as well as macroscopic
measurables, such as the changes in surface tension with
respect to neat water. Provided that the free energy difference
between bulk and interfacial ionic solvation is relatively small
(of the order of severaT), a direct and sufficiently long
simulation of a concentrated aqueous slab gives converged
distributions of the individual ionic species in the whole
interfacial layer. This turns out to be true for practically all
simple inorganic ions.

Several classical and ab initio molecular dynamics and
Monte Carlo studies of concentrated aqueous bulk solutions
of simple inorganic salts, acids, and bases have been per-
formed recently38-143 However, only after our first MD sim-
ulations of slabs containing concentrated salt solutitgig'132
has such a computational approach become established also
for investigating air/solution interfac&$!3>144146 Two
ingredients of the simulations proved to be of crucial
importance: (i) the inclusion of polarization interactions,
which turned out to be responsible for a substantial part of
the ionic surface propensity, and (ii) the employment of finite
(typically molar) ion concentrations, which not only reflected
the usual experimental reality but also allowed for statistically
relevant direct sampling of the distribution of ions across
the aqueous slab.

The first simulations of this type were performed for
simple inorganic salt solutions for which the application of
a classical force field is more straightforward than that for
the corresponding acid or base solutions. The results of MD
slab simulations of 1.2 M aqueous solutions of the sodium
halide series are summarized in Figure!30while in the
NaF solution both ions are, in agreement with common
wisdom?24647repelled from the air/water interface, leaving
an almost ion-free top layer, none of the heavier halides
behaves in accord with the standard theory of the surfaces
of electrolytes? Namely, chloride penetrates all the way to
the interface and bromide and iodide even exhibit a surface
concentration peak followed by subsurface depletion. Anions
in the topmost layer are not completely solvated, but they
do maintain a substantial solvation shell; for example, the
ratio of the number of water molecules in the first solvation

d shell on the surface vs in the bulk is 4:6.2, 4.5:6.8, and 4.7:

.8, for chloride, bromide, and iodide, respectively (unpub-

ished results from the simulations reported in ref 132). Note
that the anion coordination number rapidly increases with
depth below the surface, so that the average coordination
number in the inhomogeneous interfacial region is close to

are performed at very low temperatures where the system isihe pylk value®

more solidlike than liquidlike. In that case, the ions could

As shown in detail recently, the surface propensity of

be found at the surface solely for the simple reason that theyheavier halides is due to several factors, out of which the

were excluded from the interior of the ice nanoparticle by a
microscopic analogy of the well-known brine rejection
process3137

ion and water polarizability and ion size domin&té&>8In
terms of getting an anion to the surface of a solution,
polarizability seems to be the most important factor, but size
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Figure 10. Snapshots (top and side views) of the solution/air interfaces of 1.2 M aqueous sodium halides from the molecular dynamics
simulations and density profiles (hnumber densities) of water oxygen atoms and ions plotted vs distance from the center of the slabs in the
direction normal to the interface, normalized by the bulk water de#%ity.

appears to be essential as well for the full surfactant-like thiocyanate by about 25% upon increasing the concentration
behavior of strongly adsorbing anions such as iodide. The of aqueous NaSCN from 0.6 to 3.2 ¥¥.

surface neutrality requirement demonstrates itself by the fact The correspondence between the “virtual reality” of the
that, for the heavier halide solutions, the sodium cations are MD simulations and surface tension and surface selective
dragged by the anions toward the interface and, consequentlyspectroscopic measurements is discussed in detail in the
exhibit a subsurface peak. At the same time, the surfacefollowing section. Here, we touch upon the issue of the
propensity of the heavier halides is somewhat weaker in internal consistency of the simulations, particularly with
concentrated solutions than at infinite dilution, where no respect to the employed interaction potential. How much can
counterion effects come into pla§&14’ This effect, which one rely on a simple, albeit polarizable force field, such as
is primarily due to crowding and mutual repulsion of anions the three-site POL!28 or four-site DC9#*° and TIP4P-F°

at the aqueous surface, e.g., reduces the surface peak ofvater models combined with polarizable ioffs®?4150.151A
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Figure 11. Density profiles of water oxygen atoms and ions for 1
M NacCl, NaBr, and Nal solutions obtained using the Amoeba force
field.158

straightforward check of the empirical potential can be done
via comparison of structures and energetics of smakl-ion

water clusters against high-quality quantum chemistry cal-
culations and ab initio molecular dynamics. This bench-
marking turns out to be favorable for the above polarizable
force fields, while nonpolarizable potentials tend to be
inferior in many respects. For example, the former but not

the latter potentials predict the correct asymmetric structure

of the CI'(H,O)s cluster with surface solvated chloride
anion?”.°8Generally speaking, nonpolarizable potentials fail
to predict appreciable surface propensities of soft arfioH§.

Recently, a new generation of polarizable water models

Chemical Reviews |

In particular, the increasing anionic surface propensity in the
series Ct < Br~ < |~ is very well reproduced.

A similar surface propensity to that for heavier halides
has also been observed in MD simulations of several soft
monovalent inorganic molecular anions. From the technical
point of view, constructing a polarizable force field for
molecular ions is more complicated than that of atomic ions.
Most MD programs employ isotropic atomic polarizabilities;
therefore, molecular polarizability has to be cast into atomic
contributions and possible effects of the polarization aniso-
tropy should be considered. Within the force field param-
etrization, the polarizability of the isolated molecular ion is
evaluated by ab initio methods (typically at the MP2 level
with a sufficiently flexible basis set) and it is desirable to at
least approximately account for the solvent effect, e.g., by
replacing surrounding water molecules by fractional charges
using geometries from an MD simulation or employing a
continuum solvation modéf15%169Note that the aqueous
environment reduces the ionic polarizability by6—25%,
depending on the particular i6fL19%1610f the molecular
anions studied so far, most exhibit an appreciable surface
propensity, with a good example being thiocyartét&ulfate
salts, however, do not show any presence of ions at the air/
water interface despite the fact that50s more polarizable
than, e.g., iodidé** As already mentioned in the previous
subsection, the strong bulk driving electrostatic forces
overwhelm the surface-favoring polarization interactions for
this (as well as other) multiply charged inorganic anion. The
strong Coulomb interactions of multiply charged ions also
tend to structure the ion free surface layer, which is broader
than that, e.g., for solutions of monovalent surface-repelled
ions, such as aqueous N&E.

Most recently, classical MD simulations employing a
simple polarizable force field have also been performed for
slabs containing concentrated aqueous solutions of strong
inorganic acids such as HCI, HBr, and HI, as well as a typical
base such as NaOW: This simple force field approach can
neither describe quantum nuclear effects such as proton
hopping nor quantitatively account for electronic delocal-
ization and charge transfer within the very strong hydrogen
bonds between water molecules and the hydroxide anion or
hydronium cation. Nevertheless, the segregation of ions at
the air/solution interface seems to be at least semiquantita-
tively described. A composite Figure 12 showing snapshots
and density profiles summarizes the interfacial ionic behavior
for a typical acid (HCI), base (NaOH), and salt (NaCl)
aqueous solution at a molar concentration. We see a
prominent difference between acids on one side and salts
and bases on the other side. While, for acids, both cations
(hydronium) and anions (chlorides) exhibit an affinity for

appeared. These potentials combine a more complex func-the air/solution interface, in salts and bases, cations (sodiums)

tional form with careful fitting to a large set of experimental

are repelled from the surface and anions show either a surface

and theoretical data. Typical representatives of these watermropensity (chlorides) or weak surface repulsion (hydrox-

potentials are the TTM#2 POL5/QZ}!%® SAPT ** VRT-
(ASP-W) !5 and Amoeb#® models. The last one is par-
ticularly suitable for the purpose of testing the results of

previous MD simulations, since it also contains a consistent

parametrization of alkali cations and halide aniétisThe
results of ion partitioning at the interfacé © M solutions

of NaCl, NaBr, and Nal simulated using the Amoeba
potentials are presented in Figure'¥iDespite the somewhat

ides)13 Important practical consequences of this difference
between acids on one hand and salts and bases on the other
hand are discussed toward the end of this review.

4. Experimental Studies and Comparison with
Simulation Results

The central theme of this review is the specificity of the

inferior statistics (calculations with the Amoeba force field adsorption behavior of ions at the air/water interface. It has
are computationally very demanding; therefore, a smaller slabbecome apparent that some inorganic ions adsorb while
system and shorter simulation times were employed), the others do not, and the principles that determine whether a
results quantitatively agree with those obtained previot#ly. given ion adsorbs are beginning to be well understood. The
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Figure 12. Density profiles and snapshots from MD simulations of 1.2 M HCI, NaOH, and N&CI.

idea that some inorganic ions exhibit a propensity for the notation, we consider a system with only two components:
aqueous surface is only a few years old. For most of the lasta solvent (referred to as component 1) and a solute (referred
century, it was universally accepted that inorganic ions areto as component 2). Moreover, we assume that both
repelled from the air/water interface. In this section we components have negligible densities in the vapor phase.
review the data from a wide variety of experiments and Thus, the description will be appropriate for ionic species
related results from MD simulations that have contributed or strongly polar molecules dissolved in water.
to the evolution of our understanding of the interfacial ~ We consider a system with cylindrical symmetry, with the
properties of electrolyte solutions. We begin with the boundary between the two phases< liquid andj = vapor)
measurements and thermodynamic theory of surface tensiomplaced perpendicular to the cylinder axis. The separation
that largely established the “old view” of an ion-free interface between the phases is in reality an inhomogeneous region
and allowed it to persist for decades. We then end up of a finite width. To develop his thermodynamic theory of
reviewing recent state-of-the-art spectroscopic measurementsnterfaces, Gibbs introduced a model in which the interface
that appear to confirm the “new view” that some inorganic is defined by a plane parallel to and within or near the
ions adsorb to the air/water interface and that there is inhomogeneous region. Once this fictitious “dividing surface”
considerable ion specificity in the adsorption behavior, as has been defined, it is possible to develop the thermodynamic
predicted initially by MD simulations over the last five years. theory of the interface in terms of surface excess quantities
defined as the difference between the quantities in the entire
4.1. Surface Tension system and the model system in which the liquid and gas
phases extend right up to the dividing surface. One of the
most important consequences is the Gibbsihem equation
for the surface, known as the Gibbs adsorption equation,
which for two components at constant temperature and
pressure of the whole system reads

We start with a brief review of the thermodynamic theory
of surface tension since it is a cornerstone of the widely used
practice of inferring interfacial composition from surface
tension and because we will refer to it when reconciling
surface tension data with the seemingly contradictory predic-
tions of MD simulations. The thermodynamic theory of
interfaces developed by GitfBsand expanéed subsequeyntly Ady +SdT +njdu, +mydu, =0 (1)
by many others (see, for example, refs 45,-1684) applies
to interfaces between distinct phases containing an arbitraryHere A is the area of the dividing surface,is the surface
number of components at equilibrium. Here we restrict our tension,T is the temperaturey; is the chemical potential of
attention to the liquid/vapor interface and, to simplify the specied, andS* andn’® are, respectively, the excess entropy
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and excess number of moles of specid$e latter quantities  Note that by definitiorAn; must be greater than or equal to

are defined by zero, in contrast to the® defined in eq 2, which can also be
st negative. The quantityAn, — Am(ny/n}) is the excess
n=n—n*—n (2) amount (relative to the bulk liquid phasg of component 2

associated witt\n; mole of component 1 in the interfacial

$=S-g-¢ 3) region, and it (and, hencE,%) may be positive or negative.

. o When component 1 is the solvent, a positive relative surface
where the superscriptsa, andg refer to quantities in the  excessI',! of component 2 means that there is a greater
whole system and in the. and § phases, respectively. amount of component 2 (per unit area) associated with a
Dividing eq 1 byA, and imposing constafit we obtain the  given amount of solvent in the interfacial region vs the bulk,
following equation, commonly referred to as the Gibbs e  there is an enhancement of component 2 in the interfacial
adsorption isotherm: region. Conversely, a negatiie; means that there is a

dy = —T, du, — T, du (4) depletion of component 2 in the interfacial region. Thg above
177 22 approach can be readily extended to systems containing more
than two components. Note that for an aqueous solution of

; S a single strong electrolyte, which contains three components
now referred to as the Gibbs surface excess of species (ie., water, cations, and anions), the surface neutrality

Note that according to egs 2 andI4,can be positive, zero, condition comes into plav. too
or negative, depending on the system and the choice of the play, '

location of the dividing surface (for a detailed analysis, see 1he two above scenarios are illustrated in Figure 13 by
ref 164). Thus, at this point, the composition of the interface surface tension vs concentration data and snapshots from MD

is not well defined due to the arbitrariness of the location of Simulations depicting the conventional interpretation of the
the dividing surface. corresponding Gibbs surface excesses. The surface tension
Gibbs pointed out that the dividing surface could be of aqueous solutions of amphiphilic organic substances

located at the point that makes = n% + i’ so thatn® = decreases with increasing concentration (Figure 13a), giving
0 andT’; = 0. Then eq 4 becomes o 1 a positive Gibbs surface excess according to eq 6. This may

be interpreted according to eq 9 as an enhancement of solute
) concentration in the interfacial region, i.e., as surfactant
behavior (Figure 13b). In contrast, the inorganic salts,

HereT; = n/A, what Gibbs called the superficial density,

dy = _F% du,
1 . ) exemplified by the alkali halide data plotted in Figure 13c,
wherel;, referred to as the relative surface excess, is the jycrease the ‘surface tension of the solution/air interface.

excess amount of component 2 adsorbed at the particularggjitatively, this corresponds to a negative Gibbs surface
surface where the excess of component 1 is zero. This choicgcess, i.e., a net depletion of the solute in the interfacial

. . T 1 . A . _ . A .
is known as the Gibbs dividing surfade, is a measure of  region, and this is usually taken as an indication that the

the interfacial composition since, according to eq 5, ions are repelled from the interface, leaving an ion-free region
at the interface (Figure 13d). This physical picture has been
r; = __11_(3—7/) (6) firmly in place since it formed the basis of the continuum
RT\dIn &) theory advanced by Wagriérin 1924 following the first

. o o . measurements of the surface tension of salt solutions by
wherea; is the activity (or concentration in the case of dilute  Heydweillef® in 1910, and it has persisted in the numerous

solutions) of component 2. It may be shown (see, for refinements to Wagner's theory that followed, including the
example, ref 162) that, in the case where the amount of solutefamous paper by Onsager and Samétas.

in the vapor (phasg) is negligible, A quantitative analysis based on eq 9 (i.e., making use of

ne the linear dependence ®% on ng/n%) has afforded values
= 1( L — n _2) (7) of An; on the order of 18° mol/cn? and An, ~ 0 for 1:1
A electrolytes® On the basis of this analysis, it was concluded
that a negligible amount of electrolyte is associated with the

This equation provides a basis for interpretim‘é, the interfacial water. Using reasonable geometric parameters for
excess at the hypothetical but well-defined Gibbs dividing @ water molecule, the corresponding number of layers of
surface, in terms of properties of the liquid phase of the real Water molecules constituting the ion-free interfacial zone was
system. estimated to be between 0.9 and ¥%.

Chattoraj®® has made the interpretation more illuminating ~ The data shown in Figure 13c¢ show that, while the surface
by defining the absolute amount of species\n;, in the excess is not very sensitive to the identity of the (monovalent)

1
ng

inhomogeneous region of the real system via cation, it is anion specific, decreasing (i.e., increasing in
absolute value but becoming more negative) in the order |
n=n*+n’+ An, (8) > Br~ > CI= > F~. Thus, the depletion of ions in the

interfacial region increases in the order+ Br~ < CI~ <
where indicest andg refer to homogeneous liquid and vapor F~. A similar analysis of the data plotted in Figure 14
regions. Hence, eq 7 becomes, for the case where the vaposuggests that the interface of strong base solutions is depleted

may be neglected, of ions, similar to the alkali halide salt solutions, while strong
acid solutions contain surface active species (i.e., the surface
L1 ny tension decrease with concentration implies a positive surface
I;= A An, — An— 9) excess) and, hence, are qualitatively different from the bases
m and salts.
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Figure 13. Surface tension vs concentration data for aqueous solutions of (a) amphiphilic organic molecules and (b) alkali halide salts. All
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Snapshots from MD simulations depicting the conventional interpretation of the corresponding Gibbs surface excesses are shown in part
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surfactant behavior

(b)

(d) solute depletion from interface

c for the surface of an ethanol/water solution and in part d for the surface of an aqueous solution of NaF.
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Figure 14. Concentration dependence of surface tension for

aqueous acid and base solutidfs.

common practice in countless applications for many decades.
However, it is important to keep in mind that the interfacial
region is not an idealized planar surface and that the excess
is defined over the entire inhomogeneous interfacial region,
which may extend for a few to many molecular diameters,
depending on the system. In the case of electrolyte/air
interfaces, oscillations in solute concentrations within the
finite dimension of the interface have important consequences
for the microscopic interpretation of the surface excess. With
the benefit of simulation data, we shall see that in the case
of electrolyte solutions the surface excess does not always
tell the whole story.

The microscopic theory of surface tension (see, for
example, ref 165), embodied in eq 10 below provides a basis
for computing the surface tension from a MD simulation:

v = JTon@ — pr(2)] dz (10)

Herez is a coordinate along the surface nornmmland z;
are points in the bulke andp phases, respectivelgy is the
component of the pressure tensor that is normal to the

Inferring interfacial composition from surface excesses interface, andr is the tangential component. For a planar
determined by the concentration dependence of the surfacenterface in thexy plane, pn(2 = pyv = constant for
tension, as exemplified for a few systems here, has beenmechanical stability. In the case of a simulation of an
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interfacial system in a slab geometry (Figure 5), eq 10 py

becomes (a)
1 1
7= ShdPr = 5Puct Py (11)
bulk
wherelL; is the length of the box in the direction, theP; soln.

are the diagonal components of the pressure tensor, the | () i
angular brackets denote a time average, and the prefactor oPs' '
1/, accounts for the presence of two interfaces in the slab.
For the sizes of systems typical for current solution simula-
tions in the slab geometry, the fluctuations in the components Zinbs Zaibbs

of the pressure tgnsor produce statistical uncerta!nl'ues In theFigure 15. Schematic density profiles depicting the determination
surface tension in the range of one to several millinewtons of Gibbs surface excesses from ion density profiles. The blue curves
per meter. are the density profiles of water (component 1), and the red curves
Surface tensions computed from MD simulations using are the density profiles of an anion (component 2). The vertical
eq 11 have been reported for a variety of electrolyte solutions dashed lines indicate the position of the Gibbs dividing surface,
in several recent papers. We performed simulations of 1.2g‘”ﬁ(the| Q.O”ZOT”rt]a' daShe? lines '“d'cf‘t.e thfe amon ‘?'et”S}“es '(” the
. . : . . : ulk solution. The case of anion repulsion from the interface (e.g.
M SOIu_tlonSsZOf the sodium halide series using polarizable F~) is shown in part a, and the case of an oscillatory density profile
force fields** and found that the surface tensions of all of yith a surfactant layer on the surface and a subsurface depletion
the solutions were greater than that of neat water, and thatzone (e.g. Br, 1) is shown in part b. The areas shaded green give
the order of increase was Nal NaBr < NaCl < NaF, in negative contributions to the Gibbs surface excess, and the area
good agreement with the experimental data plotted in Figure shaded cyan gives a positive contribution (see text).
13. However, the same simulations predicted that the

cor}centra;tiﬁn oflt?e heavier h?“dter? (E:[?\n(tj'r)thonbtrlllf( Gibbs’ definition of the relative surface excess of solute
surface of the solution was greater than that in the bulk (see , - : :
Figure 10), in seeming contradiction to the Gibbs adsorption E;:.g.pct)ﬁg thui\’nltji?ilgg sgt%e?%,nw']:itgel;gsl%f):densny profiles

analysis. This important point, which has been considered a
otential stumbling block in the advancement of the “new 1 ® o [ZGibbs o
\F/)iew” of salt interfglceé,66 will be discussed further below. o= [ a2 dz—py [ dz — pngGihbs dz (12)
Bhatt et al. have compared the concentration dependence
of the surface tensions of alkali halide solutions computed Where the position of the dividing surface between the
from MD simulationst4>146 Their simulations employed  solution and air phasegsins is chosen so thdt; = 0, and
nonpolarizable models including explicit water for NaF, p5 and ,og are, respectively, the (constant) densities of the
NaCl, and NaBr solutions and a continuum solvent model solute in the bulla (liquid, Z < Zgike) andp (9as,z > Zeibhy
for NaF and NaCl. For the most part, they found that the phases. Noting that, for an io’fz = 0, after rearranging eq
surface tension of the solutions was greater than that of neat12, we obtain
water, in qualitative agreement with experimental data. The
simulations employing the explicit solvent model gave the 1 _ [ Zeibb _ o
correct order of Pncrease, namgly NaBiNaCl < NaF, while o= [2"Te@ — pl dz+ f, 2D 92 (13)
the continuum model incorrectly predicted that the surface . , N _
tension of NaCl was greater than that of NaF over a wide 1he first term is nonzero only whem(2) = p;, and it gives
concentration range. Direct calculation of surface excessesa negative contribution td> when px(2) < p; and a
via density profiles from explicit solvent simulations of NaCl positive contribution wherp,(z2) > p5. The second term
and NaBr solutions gave negative values at some concentragives a positive contribution tb, when p(2) > 0.
tions and positive values at others and was consistent with Figure 15 schematically depicts two classes of density
the nonmonotonic increase in the computed surface tensiongrofile, both based on simulation results for anions, which
with concentration. The density profiles of Bhatt et4l46 giveI'; < 0. Figure 15a shows the scenario embodied in the
clearly indicated that both the anions and cations are repelledtraditional view of salt solution/air interfaces, where the ions
from interfaces, consistent with previous simulations em- are repelled from the interface, as observed in simulations
ploying nonpolarizable force fielé&%8 but in qualitative of F~. Figure 15b depicts the behavior observed in simula-
disagreement with simulations employing polarizable force tions of the heavier halide anions (e.g., Band I), where
fields. there is a density enhancement on the surface of the solution
As was discussed above in section 3.1.1, the superiority followed by a depletion in the subsurface region. For an
of polarizable force fields has been firmly established by oscillatory density profile, such as the one in Figure 15b, as
their ability to correctly predict the surface location of the long as the magnitude of the subsurface depletion is greater
heavier halide anions on water clusters observed unambigu-than the surface enhancement, the Gibbs surface excess will
ously in numerous experiments, as opposed to the qualita-be negative. In this case, an increase of surface tension with
tively incorrect interior location predicted by nonpolarizable salt concentration does not rule out the presence of ions at
force fields. However, the adsorption of the heavier halides the interface. Thus, care should be taken when inferring
to the air/solution interface must be reconciled with the interfacial composition from surface data on electrolyte
indisputable negative Gibbs excess associated with thesolutions in cases where the ions exhibit oscillatory density
surface tension increase. profiles. Simulations with polarizable force fields predict that
Our simulations suggest two scenarios that are consistenthis is the case, e.g., for sodium bromide and iodide. Note,
with a negative Gibbs exce&This may be seen by writing  however, that in the simulations, which necessarily employ
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a finite size of the unit cell, it is very difficult to obtain the toward the liquid). Reviewers of the immense literature on
subsurface ion depletion quantitatively. Indeed, while the the water surface potential have tended to favor positive
surface peak of ions such asBand I is well established  values?’167.168

in systems containing several hundreds of water molecules, g face sensitive X-ray and nonlinear electronic and

the exact profile of the subsurface depletion is not completely yjprational spectroscopies (discussed in more detail below)
converged and it is not presently known how large the systempaye provided some information on molecular orientation
must be in order to fully quantitatively establish the surface gt the air/water interface, but the available information leads
bulk equilibrium:*2 _ . ~ to potentially contradictory predictions of the sign of the
Here we have restricted our attention to atomic anions gyrface potential. Second harmonic generation data for the
which, according to simulations, can be either repelled from ajr/water interface have been interpreted in terms of a net
or adsorbed to the interface, depending on the ion. A similar grientation of the dipole toward the bulk liquté® which is
analysis could be carried out for cations, but since inorganic consistent with a positive surface potential. On the other
cations are generally repelled from the interface, their hand, vibrational sum frequency generation spectroscopy
behavior does not appear to contradict the conclusion drawnshows unambiguously that there is a substantial population
from a straightforward analysis based on the Gibbs adsorp-of water molecules at the air/water interface with free (i.e.,
tion equation. Note, however, that, for electroneutrality of not hydrogen bonded) OH bon&&!7®172 and near-edge
the interfacial region, the Gibbs surface excesses of thex.ray absorption fine-structure spectroscopy measurements
anions and cations must be equal. For this reason, there is &n iquid microjets, in conjunction with density functional
subsurface sodium peak in the case of, e.g., NaBr or Naltheory calculations, suggest thal9% of the molecules on
solutions!*? the water surface have both OH bonds ff&eSince a
Very recent simulations by Mucha et '&.suggest that  majority of water molecules with free OH bonds are expected
the interfacial structure of solutions of strong acids and basesto have their dipoles tilted at least slightly toward the air
is essentially consistent with a standard application of the side, these data would be consistent with a negative surface
Gibbs adsorption equation to surface tension data. Within potential.
statistical uncertainty, the surface tension of the 1.2 M In principle, computer simulations could help at least to

solution of HCI was the same as that of neat water and the oo jish the sign of for the water/air interface. The results
surface tenslonbof the HB/r SOIU&'On vvfas Iower.thanftr;]at of reported to date show a strong dependence on both the force
neat water by about 1 mN/m. The surface tension of the 1'2ﬁeld and the method of calculating the surface potential, and
M NaOH solution, however, was higher by about 4 mN/m. they span a wide range of values, although most simulations

These resul;[s | are slemlgqangpatlvelyl/ 4C%S'Ste.n£] ‘fN'th ”:je predicty < 0. Estimates by Matsumoto and KataéKand
experimental data plotted in Figure 14. A straightiorward g 500ugh et a1%8 based on integrating the density of

Gibbs adsorption analysis of the surface tension data prediCtSmolecular dipole moments have produced values-0fL6
that the ions in acids adsor_b to t_he interface, more so in HBrV and +0.24 V, respectively, for water under ambient
than in HCI, and that the ions in NaOH are repelled from conditions, in a'pparent good agreement with the most

the interface, which is precisely what is seen in the ; :

. : ' : ; commonly accepted experimentally derived values. However,
simulations (see Figure 11 and Figure 1 of ref 135). when the potential is calculated more realistically by
49 Surf Potential integrating the charge density, so that contributions from

.. ourface rotentials higher moments (most notably, the quadrupole moments) and

According to eq 10, to have a nonzero surface tension, finite molecular size are included;*®it changes sign. For
the tangential pressure must deviate from the normal €xample, Wilson et al. obtained a value 0.79 V by
(atmospheric) pressure in the interfacial region. Moreover, integrating the dipole density and0.13 V by integrating
for a positive surface tension, the tangential pressure mustthe charge density from an MD simulation of the TIP4P
be lower than the normal pressure. Water has a high surfacevater modet’® Calculations based on the charge density
tension, and this implies a large, negative tangential pressurehave consistently produced negative surface potentials with
presumably reflecting substantial restructuring, and, more magnitudes of a few hundred millivolts from simulations
specifically, reorientation, of the water molecules to maxi- e€mploying a variety of empirical force fields] including
mize their hydrogen bonding in the undercoordinated envi- the polarizable DangChang potential!® and different
ronment at the air/water interface. Thus, on average, the watei€lectrostatic energy and force truncation schehfesliti-
molecules have a net orientation of their dipoles at the Mately, the discrepancy between the consensus experimental
interface, in contrast to the isotropic orientation in the bulk and simulation values may reside partially in the fact that
liquid, and this contributes to a macroscopic electric potential the electrochemical techniques that are the basis of most of
difference across the liquid/air interfage= @iquia — @ai. the experimental values contain a chemical contribution in

It has not been possible to directly measure the absolute@ddition to the electrostatic contribution that is computed
value of the surface potential across the air/water interface. from simulation trajectorie§® It is also clear that computed
Given the fundamental importance of this quantity, there is surface p_ote.nt|alls are senSmV(_a to the detalls of the molecular
a long list of estimates, both partially based on experimental charge distribution assumed in the force fielel¥>!""and
measurements and purely theoretical, dating back to theSO it is reasonabl_e_ to suspect that inaccuracies in the force
1920s!%” The values derived from experimental data, mostly fields are an additional source of the discrepancy.
based on changes in the potential with electrolyte concentra- Changes of surface potential with composition of the
tion, range from about-0.5 V to+1.0 V. Here, a positive  solution can be measured and, when extrapolated to infinite
value means that the liquid is positive relative to the vapor, dilution, afford Ay = y(solution)— y(pure water}/ which
and assuming that the dipolar contribution is the most provides some insight into the changes of the structure of
important, this implies that the water dipoles have a net the air/water interface upon addition of solute. The values
orientation toward the liquid phase (i.e., H atoms pointing of Ay are generally positive for alkali solutions of halide
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012— T — T ' ' 4.3. Heterogeneous Chemical Processes

0.10 (@ ®) The recent resurgence of interest in the interfacial com-

- position of electrolytes was to a large extent stimulated by
— experiments aimed at elucidating the role of heterogeneous
1 processes in the chemistry of atmospheric aerosols. One of
- the first suggestions that heavier halide anions reside at the
y air/water interface, where they are available to react with
m gas-phase species, was made by Hu étTdlese authors
studied the uptake of molecular halogens(X = Cl or Br)
by droplets (with diameters of the order of 1@@n) of
aqueous NaY (¥=Br~ or I7) solutions, which was attributed
, primarily to the reaction X+ Y~ — XY + X~. The

0 0.5 1 15 2 0.5 1 15 2 magnitude and concentration dependence of the measured

concentration (mol/kg) concentration (mol/kg) uptake could not be described by a bulk phase reaction

Figure 16. Changes in surface potential relative to pure water, Mmechanism, and hence, Hu et al. suggested that reactions
Ay = y(solution)— y(pure water): (a) potassium halide salts; (b) involving Y~ on the surfaces of the droplets play a significant
corresponding strong acids (data from ref 47). role in the uptake procesds.

Additional evidence for the presence of halide ions at the
air/water interface has come from laboratory and kinetics
modeling studies aimed at a developing a mechanistic
o X - L ) description of the production of molecular halogens by sea
the surface with its negative side pointing toward the air and g5 harticles that has been observed in field studies. Field
its positive side pointing tovyard the bulk solution; that is, easurements have detected the presence,dh @bastal
the anions are closgr to thg |_nterface th_an the caﬁb?ﬁbe air1’ Br, and BrCl have been observed following polar
exception is KF, which exhibits a negativg, albeit with a sunrise in the Arctié;’® presumably produced from halide
and cations are well mixed in the interfacial region, with a the snowpack. A chlorine atom precursor has been reported
slightly closer approach of the cation toward the surface. to be generated upon irradiation of seawater in the presence
Our MD simulations of sodium halide solutions are entirely of ozone'8! and the production of halogens in the Arctic
in accord with the interpretation of experimentg} values has been correlated with depletion of ozdffe.
in terms of a double layer picture (see Figure 10). The anions  Production of Cf from both sea salt and NaCl aerosols
approach the surface more closely than the cations in ourvia reaction with hydroxyl radical (generated by photolysis
simulations of NaCl, NaBr, and Nal, and the increase in of ozone in the presence of water vapor) has been reproduced
anion adsorption in the order Ck Br~ < |~ is consistent in laboratory aerosol chamber studié&A chemical kinetics
with the order of theAy values at a given concentration, model based on 17 gas-phase species undergoing 52 reactions
KCl < KBr < KI. Moreover, the slightly greater repulsion and 32 aqueous phase species undergoing 99 reactions
of F~ vs Na" from the interface in the simulation is consistent underestimated the observed rate of @toduction from
with the small, negative value &y for KF. NaCl aerosol by several orders of magnitddéD simula-

The values ofAy for the corresponding strong acids are tions performed in conjunction with this study predicted that
also positive and increase in the order HCHBr < HI at the surface of a saturated NaCl solution contained a

; ; ; ; ; bstantial population of chloride anions (occupying ap-
a given concentration (Figure 168)The weak acid HF is ~ SY9S
anomalous due to incomplete dissociation and is therefore")rox'mate'y 12% of the surface area), and they opened the

ot iscussed he Our smuaton esuls see Fgue 10 0007 O Consderton of o sursce reacor, Ouentur,
of this review and Figures 1 and 2 of ref 135) are again brop

. . : ; : proceeding via the formation of OHCI~ complexes which,
consistent with the observed polarity and relative magnltudesWhen incorporated into the chemical kinetics model with

of Ay fc|>r th?s?hamctiﬁ: Lhedhalllde anl?ns apprga;(r:]h th; Surft"."cereasonable estimates of unknown parameters, allowed us to
more closely than the nydronium cations, and the adsorp Ionreproduce the observed chlorine production semiquantita-

of the ions INcreases in the _expected F’rder HCHBr < tively.® A subsequent MD simulation study of the uptake of
HI. Moreover, hydronium cations are oriented at the surface o by a concentrated NaCl solution showed that, while the
with their negatively charged oxygen atoms pointing into hresence of ions at the interface does not enhance the uptake,
the gas phas€>!**The origin of the greater value afy OH-++CI~ complexes do indeed form frequently, thus provid-
for the acid vs the corresponding salt (e.g., HI vs KI) at @ jng support for the proposed surface reacfi$rHydroxide
given concentration, which is not obvious from the ion anjons, predicted to be a product in the proposed surface
density profiles from the simulations, is a subject of ongoing reaction, were recently detected in aqueous NaCl particles
research. The values afy for KOH solutions are negative,  after exposure to OH.

with small magnitudes as in the case of KRur simulation In addition to providing strong circumstantial evidence for
of NaOH predicts that Naand OH" are well mixed inthe  the presence of chloride ions at the air/water interface, the
interfacial regior'** and this is qualitatively consistent with  combined experimental, theoretical, and kinetics modeling
the small magnitude oAy measured for KOH. Overall, it study summarized in the previous paragraph provided a
appears that MD simulations confirm the double layer picture mechanism for a potentially important source of highly
that has been used to interpret experimental surface potentialseactive chlorine in the marine boundary layer. The conse-
for completely dissociated inorganic electrolytes (salts, acids, quences for air quality in a polluted region of chlorine
and bases). production via the proposed surface reaction of OH and Cl

salts, e.g., KCI, KBr, and Kl (Figure 16a), and this has been
interpreted as being indicative of an ionic double layer near
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on the surface of sea salt particles were explored recentlywater molecules have been used in several studies to
using an airshed model of the Los Angeles ba&iBy elucidate the surface compositions of aqueous salt solutions.

comparing simulations with and without the surface reaction, Bghm et al. measured He(l) photoelectron spectra from
it was demonstrated that chlorine emissions from sea saltthe surfaces of highly concentrated aqueous CsF solutions
could increase tropospheric ozone by as much as 12 ppb{(CsF4.2H,0 to CsF2.6 H,0).18 Using absolute photoion-
Given that the air quality standard is set at 80 ppb for 0zone, jzation cross sections, they were able to relate the signal
and the unavoidable background is generally around 40 ppb.strengths of the ions to those of the water molecules, and
the cor_1tr|but|on from the interfacial chlorine chemistry iS the results suggested that the ions were strongly depleted in
appreciable. the interfacial region. Furthermore, they estimated that the
An interfacial reaction has also been implicated in the salt free zone was roughly two water monolayers thick. The
production of Bg via oxidation of bromide anions by ozone  depletion of CsF from the interface is consistent with MD
in sea salt in another comprehensive investigation involving simulation results for NaF (Figure 10) and the traditional
aerosol chamber kinetics measurements, MD simulations, andsiew of an ion-free interface inferred from surface tension
computational kinetics modeling® Similar to the case of  data for salts composed of hard ions (Figure 15a). Addition
the OH reaction with NaCl particles, the measured rate of of a small amount of Csl to a solution of G8FL,O produced
Br, production by deliquesced NaBr particles upon exposure a significant change in the photoelectron signal that [édrBo
to ozone (in the absence of ultraviolet radiation) in the aerosol et al. to conclude that lwas surface active. Although in
chamber was underpredicted (by roughly an order of such a highly concentrated solution it is not clear that the
magnitude) by the kinetics model, which included all known surface activity is intrinsic and not a consequence of
bulk agueous and gas-phase chemistry. Consistent with ourcrowding out, this appears to be the first suggestion of the
previous study;?the MD simulations predicted a substantial surface activity of a halogen anion.
population of bromide anions on the surface of 1.2 M and  The syrface activity of the heavier halogen anions was
~6 M NaBr solutions. Moreover, MD simulations of the the subject of several recent photoelectron spectroscopic
ozone uptake by the NaBr solutions revealed that the ozonegygies. Weber et al. reported valence band photoemission
accumulates on the surface, where it has a long residenceyata on liquid microjets of alkali metal iodide solutions
time, and Q—Br‘ contacts are frequent and_ last up to 50 spanning a wide range of concentration (912 m).5 Their
ps. A novel interfacial reaction for the production of&om data were were consistent with a negative surface excess for
Br- via the formation of @-Br~ complexes was, therefore, 5 and showed essentially no cation selectivity. The absence
incorporated into the computer kinetics model, and good ot anion enhancement on the surface appears to contradict
agreement with the aerosol chamber data was obtainedhe predictions of MD simulations, but the probe depth of
Extrapolation of the results of this study to atmospheric ¢,q experiments, purported to be a few water layers, was
conditions suggested that the contribution of the surface g fficient for resolving the relatively small scale inhomo-
reaction should be at least competitive with the bulk aqueous geneities in the ion density profiles observed in the simulation
phase chemistry. _ _ results (Figure 10). Analogous experiments performed on
Seawater contains a relatively low concentration of tetrabutylammonium iodide (TBAI) solutions showed a large
bromide anions (the chloride-to-bromide ratio is roughly enhancement of iodide at the interface in TBAI(ag) vs Nal-
650).. The relevance in the atmosphe_re of the clhem|stry (aq), which was backed up by MD simulatioi€vidently,
studied in the aerosol chamber experiments, which werethe strongly surface active hydrophobic TBA cations drag

performed using particles with bromide concentrations aqditional iodide anions to the surface in order to maintain
roughly a factor of 1000 higher than that of seawater, was |ocal electroneutrality.

established by additional consideratidffkey among these

is the finding that bromide anions selectively adsorb to the

surface of concentrated solutions of chloride salts containing
a small amount of bromide anions. This selective enhance-
ment of bromide at the interface has been observed in both
MD simulations and experiments that will be discussed in

the next subsection.

The surface composition of concentrated solutions of KBr
and Kl (specifically, freshly cleaved crystals exposed to water
vapor up to the deliquescence point) has very recently been
probed with high spatial resolution using high-pressure X-ray
photoelectron spectroscop’. The anion/cation ratios were
determined as a function of photoelectron energy, which,
because of the energy dependence of the electron mean free
path, is a measure of the probe depth. The data demonstrated
4.4. Photoelectron Spectroscopy that the anion concentrations were enhanced relative to the

The experiments discussed thus far in this section havecation concentrations in the interfacial region, more so for
been used to infer the interfacial composition of electrolyte iodide than bromide (Figure 17). Thus, the results appeared
solutions either from macroscopic properties of the surface to validate the qualitative predictions of MD simulatioff3.
as a whole (e.qg., surface tension or surface potential) or by AS & matter of fact, the exp_erlmental_ data indicated that the
using circumstantial evidence from presumed heterogeneougnion enhancement at the interface is even greater than that
chemical reactions. Roughly a decade ago, surface sensitive@bserved in the simulations.
techniques that probe particular chemical species began to To gain insight into the relatively high reactivity of
be applied to aqueous salt solutions. One of these isbromide toward ozone despite its low abundance compared
photoelectron spectroscopy, which involves analysis of the to chloride in sea salt aerosols, X-ray photoelectron measure-
kinetic energies of electrons ejected from materials following ments were performed on bromide-doped NaCl crysfals.
impact by photons. The species selectivity comes from the On the dry surface the ratio of bromide to chloride was found
ability to derive electron binding energies (valence or core) to be the same as that in the bulk crystal. However, following
from the photoelectron kinetic energies, and the surface exposure to water vapor and redrying, the bromide to chloride
selectivity comes from the limited mean free path of electrons surface ratio increased significantly, and scanning electron
in condensed matter. Photoelectron signals from ions andmicroscopy images revealed that NaBr crystallites form on
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Figure 17. Left panels: snapshots from MD simulations of 1.2

M NaBr and Nal solutions (data from ref 132). Right panels: anion/
cation ratios in concentrated KBr and Kl solutions determined by
high-pressure X-ray photoelectron spectroscopy as a function o
photoelectron kinetic energy, i.e., probe depth (data from ref 187).

the surface. Thus, with sufficient water present to provide

ionic mobility, bromide appears to segregate to the surface

of a salt solution containing both bromide and chloride. This
phenomenon was subsequently confirmed by MD simula-
tions® A single bromide anion placed on the surface of a
slab of a~6 M NaCl solution remained there during the
entire 800 ps simulation, while in a second simulation a
single bromide anion placed initially in the middle of the

slab found its way to the surface after 300 ps and remained

there for the rest of the trajectory. The concentration

dependence of the relative surface propensities of bromide

and chloride was explored in additional simulations. In a
low-concentration mixture of NaBr and NaCl (each at 0.6
M), the interfacial concentration of bromide was enhanced
relative to that of chloride by a factor roughly equal to the

ratio of interfacial concentrations found in pure solutions of
1.2 M NaBr and 1.2 M NaCl. However, in a higher

concentration mixture (3.0 M each), the bromide anions were

selectively enhanced at the expense of chloride anions, which

were displaced by bromide from the interfacial region. Thus,

both photoelectron spectroscopy and MD simulations support

the notion that the enhanced reactivity of bromide in sea
salt is at least in part due to surface segregation of the
bromide anions.

4.5. Surface Selective Nonlinear Spectroscopies
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Figure 18. Vibrational sum frequency generation spectra in the
region of the water OH stretching frequency for neat water and
Nal solutions: (a) experimental spectfdb) spectra computed from

MD trajectoriest®® normalized to have the same intensity at 3700

f_cmfl. MD results are shown for 1.2 M Nal solutions in which the

ions were modeled with a polarizable force field, which gave a
strong anion adsorption, and a nonpolarizable force field, which
gave a moderate anion adsorption.

bulk solutions) but are allowed where inversion symmetry
is broken (e.g., at surfaces and interfaces). For recent reviews
of the techniques and applications of SHG and VSFG
spectroscopies to aqueous interfaces, see refs 171, and 188
190 and several reviews in this special issue. Here, we briefly
review recent VSFG studies that indirectly probe the surface
composition of aqueous electrolyte solutions through obser-
vation of changes in the vibrational spectrum of water
molecules in the interfacial region, and SHG studies that
directly probe electronic transitions of ions at the air/solution
interface.

VSFG spectra of aqueous systems are usually measured
over a spectral range spanning water OH stretching frequen-
cies. The water OH stretching frequency is sensitive to the
hydrogen bonding environment and, hence, reports indirectly
the presence of solutes in the interfacial region via their
interactions with water molecules. A typical VSFG spectrum
measured for the neat air/water interface using the ssp
polarization combination is shown in Figure 18a. Although
other polarization combinations are possifethe ssp
combination, which probes transition dipoles perpendicular
to the interface, is the most commonly employed. The ssp
polarized VSFG spectrum of the air/water interface displays
two prominent features: a sharp peak-@&700 cnmt and a
broad band spanning3100 cn1? to ~3600 cnt!. Within

Second harmonic generation and vibrational sum fre- the latter there appears to be two peakS, one centered around
guency generation are nonlinear optical processes that probe&200 cn* and the other around 3400 cin

the second-order nonlinear susceptibility of the medium. In
the case of SHG, the incident beam is at a frequency
typically in the visible region of the spectrum, and the output
is at 2v, while for VSFG the incident frequencies;r and
wy, are typically in the infrared and visible, respectively,
and the output is abS ¢ = wr + wy. When the frequency
of the incident radiationd in the case of SHG and@d in

the case of VSFG) is coincident with a transition in the
medium (electronic for SHG and vibrational for VSFG), the

The ability to infer structure and intermolecular interac-
tions from VSFG spectra relies heavily on the assignment
of the spectral features. The assignments of vibrational
spectra of interfacial water, which are based on assignments
of linear-IR and Raman spectra of ice, water, and aqueous
solutions, have been discussed extensively elsewhgté?> 193
S0 we give just a brief summary here. The peak at 3700:.cm
is generally attributed to uncoupled “free” OH oscillators
not participating in hydrogen bonding interactions. It is

output signal is resonantly enhanced. As second-orderreasonable to expect that the majority of the free OH bonds

processes, within the dipole approximation, both SHG and
VSFG are forbidden in media with inversion symmetry (e.g.,

are protruding from the surface of the liquid. The lower
frequency bands are definitely attributable to OH oscillators
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involved in hydrogen bonding, but the precise origin of the  The strength of the VSFG response for a given polarization
bands is a subject of ongoing discussion, and it is safe tocombination depends on several facter®! including the

say that, at this time, their assignment remains controversial.oscillator strengths and phases of the vibrations being probed,
Broadly speaking, there are two schools of thought. One the number of oscillators contributing from a noncentrosym-
attributes the 3400 cm feature to disordered but hydrogen metric environment (i.e., the width of the inhomogeneous
bonded water molecules on the surface, e.g., the hydrogerregion in liquid/air interfacial systems), the degree of
bonded OH bond (“donor” OH) of a water molecule orientational ordering of the oscillators, and local field
containing a free OH bond, and the 3200 ¢rband to OH effects. All of these factors must be considered, in addition
bonds in tetrahedrally coordinated water molecules. The otherto having at hand an assignment of spectral features at some
posits that the donor OH participates in strong hydrogen level, when inferring changes in composition and intermo-
bonds and, hence, is the origin of the 3200 ¢ivand, while lecular interactions in the interfacial region upon addition
the tetrahedrally coordinated water molecules give rise to of solutes to water. In some cases the changes in the spectra
the 3400 cm® band. A very recent theoretical analysis also are dramatic, and hence, a qualitative molecular level
suggests that the 3400 cfnband is due to tetrahedrally description of the perturbation of the interfacial structure is
coordinated water molecules, while the 3200 érband straightforward, while in other cases the changes are subtle,
arises from collective excitations of intermolecularly coupled leaving room for ambiguities in the interpretation.

vibrations!** An example of the latter is the case of the sodium halide
There have been several reports of theoretical calculationssolutions. Essentially the same sets of VSFG spectralof
of the VSFG spectrum from MD simulations of the air/water to ~2 M aqueous solutions of NaF, NaCl, NaBr, and Nal
interface. The first was from Benjamiff, who actually were reported by two independent groups at roughly the same
computed an IR spectrum for molecules in the interfacial time recently2®>*The spectra of the NaF and NaCl solutions
region and compared it to the corresponding bulk IR were found to be very similar to the neat water spectrum
spectrum. The surface IR spectrum qualitatively resembled (similar results for NaCl were reported previously by
the experimental VSFG spectrum, and the simulation con- Schnitzer et at?), while the spectra for NaBr and Nal
firmed that the sharp, high-frequency band was due to a highexhibited an enhancement of intensity in the 3400 thand
population ¢25%) of free OH bonds on the surface of the that grew with increasing salt concentration (for example,
liquid. A surface IR spectrum computed from an ab initio see the Nal data from Liu et &8 shown in Figure 18). Both
MD simulation of the air/water interface exhibited similar, reports discussed the spectra in terms of our MD simula-
qualitative agreement with experimental VSFG spetfra. tions!®?which predicted that the heavier halide anions adsorb
Three different approaches to computing the more com- {0 the air/water interface. On the basis of the comparison of
plicated (compared to the case of surface IR) VSFG line the VSFG spectra with bulk IR and Raman data, Liu éfal.
shape from MD simulations of water have been developed concluded that there was a higher concentration of bromide
by two groups. Morita and Hynes developed two approaches.and iodide anions in the interfacial region with a concomitant
The first is applicable to configurations sampled from MD increase in interfacial depth, consistent with the predictions
simulations of rigid water models and incorporates environ- ©f the MD simulations. Meanwhile, Raymond and Rich-
mental effects on the normal modes of the OH stretching mond>* on the basis of spectral fitting with assignments
vibrations, their frequency shifts, and hyperpolarizability but ased on isotopic dilution measurements, concluded that,
treats the nonresonant contribution as an adjustable paramWhile there are anions in the interfacial region probed by
eterl®2 The second is a time dependent approach in which the experiments (signaled by changes in bands assigned to
the resonant contribution (frequency dependent hyperpolar-tetrahedrally coordinated water), the insensitivity of the donor
izability) is expressed in terms of the time correlation OH band to addition of salt indicates a significantly
function of the system polarizability tensor and dipole diminished population of anions in the uppermost layer of
moment, which is computed from an MD simulation of a the solutions. The latter contradicts the predictions of the
flexible water model, including electronic polarization ef- MD simulations. The somewnhat different conclusions reached
fects1%7 Both approaches predicted VSFG spectra for the air/ PY two groups interpreting essentially the same data indicate
water interface that were in good qualitative agreement with that more work is required to unambiguously assign the
experimental spectra. Analysis of the nonlinear susceptibili- features in the hydrogen bonded OH region of the VSFG
ties revealed that the high-frequency band of the VSFG Spectrum of aqueous solutions.
spectrum is essentially determined by the free OH oscillators A very recent MD simulation study suggests that the
in the topmost layer of the liquid, while the broad, low- increase of the band at 3400 chupon addition of the
frequency band contains contributions from subsurface waterheavier halides is correlated with the population of anions
molecules. Perry et a8 developed a method for computing at the air/solution interfack? Brown et al. applied the
the VSFG spectrum from instantaneous normal modes Morita—Hynes TCF approach to compute the VSFG spectra
(INM), as well as a time correlation function (TCF) approach of neat water att 1 M sodium iodide solution¥? The
similar to that of Morita and Hyne$? Both the TCF and  flexible, nonpolarizable model of water developed by Fer-
INM spectra computed by Perry et al. from MD simulations gusord® was used for water, and two separate simulations
of a flexible water model were qualitatively similar to of aqueous sodium iodide employed either polarizable or
experimental results. The INM method enables the spectrumnonpolarizable models for the ions. Both models led to an
to be decomposed into contributions from individual modes, adsorption of iodide anions to the interface, but it was much
and Perry et al. used this feature to show that antisymmetricless pronounced in the nonpolarizable model vs the polariz-
stretching dominates the spectrum at higher frequencies,able one. The resulting VSFG spectra are shown in Figure
while symmetric stretching dominates at lower frequencies, 18b. Consistent with the experimental spectra (Figure 18a),
and that OH stretches on the surface of the liquid are there is an increase in the 3400 chiband upon addition of
primarily local modes. Nal. The increase (vs the case of neat water) relative to the
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free OH band is larger for the polarizable iodide compared the adsorption of several ions to the air/water inter-
to the nonpolarizable iodide, and this reinforces the correla- face>56.147.201|n each case, the concentration dependence
tion between the increase in the intensity of the 3400'cm  of the SHG response of the anion was found to be described
band and the adsorption of the anions to the solution/air well by a Langmuir isotherm, from which surface excess
interface. free energies could be estimated. The free energy values for
In contrast to the case of the sodium halide salts, addition the azide and iodide anions were found to-b2.4 kJ/mol

of the corresponding acids (HX; % CI-, Br, 1) to water ~ and —6.2 kcal/mol, respectivel§>*® Thus, the SHG data
gives rise to pronounced changes throughout the OH stretch.ndicate that both of these anions adsorb strongly to the air/
ing region of the VSFG spectrum. Spectra measured in Water interface. In the case of the iodide anion, the surface
different laboratories all show a decrease in the intensity of POpulation appeared to saturate at a bulk concentration of
the free OH band and an increase in intensity throughout 2P0ut 100 mM. The strong surface propensity of iodide
the range of hydrogen bonded bands in the acid solutions vs'évealed by the SHG data is qualitatively consistent with
neat watef9135 In a very recent combined VSFG and MD  the results of MD simulation¥?***but the experimentally
simulation study of salt, acid, and base soluti&fist was derived free energy of adsorption is considerable larger than
found that the perturbation of the VSFG spectrum of HX that estimated either by direct free energy calculations or
solutions vs neat water increased in the order KGIBr < from the ratio of surface to bulk concentrations in the
HI. Moreover, in the same study, additional intensity below Simulations. The increase in iodide adsorption detected by
3200 cnr in spectra of HX solutions, which was not seen SHG in Hl vs Nal or K| was recently used to argue that the
for neat water or aqueous NaCl and NaOH, was attributed hydronium cation adsorbs to a greater extent than the alkali
to Eigeri® (hydronium) and Zund&!° cations. The VSFG ~ Metal cationgP* and this provides additional support to the
spectrum of aqueous NaOH was essentially identical to the Surface activity of hydronium cations in hydrogen halide
spectrum of NaCl, which was in turn very similar to the neat 2cids predicted by MD simulation#: SHG and MD simula-
water spectrum. The qualitative trends in the VSFG spectra tions also corroborated each other in a very recent collabora-

appeared to confirm the predictions of the MD simulations, tiVe investigation of the surface activity of the thiocyanate
namely, that in acid solutions the hydronium cation is a anion!*’ The SHG data exhibited an onset of saturation in

surface active species along with the heavier halide anions,the surface concentration of the anion at a bulk concentration

while the sodium cation and hydroxide anion are repelled Of @bout 1 M, which was consistent with the trend in
from the interface. The agreement between the VSFG andmt(_arfamal anion pqpulauons observgd in the. S|mulat|o_ns.
MD results was strengthened by free OH bond populations This study, along with others summarized in this subsection,

computed from the simulations, which tracked the intensity llustrates the utility of combining state-of-the-art surface
of the free OH peaks in the VSFG spectra. sensitive spectroscopic measurements with MD simulations

in order to elucidate the interfacial structure of aqueous
electrolyte solutions. Ongoing collaborative efforts along
these lines will continue to provide additional insight into
the microscopic details of structure and dynamics at agueous
interfaces in the near future.

Another very recent combination of VSFG spectroscopy
and MD simulations sought to characterize the interfaces of
agueous solutions containing the important atmospheric
aerosol species, ammonium and sulfate i8h$he simula-
tions of sulfate solutions at finite concentration reinforced
predictions from an earlier simulation at infinite dilution that
sulfate anions are strongly repelled from the air/water o Future Developments

interfacel®® An interesting consequence is that the positively  Recent significant progress in computations, theory, and
charged counterions approach the interface more closely tharexperiments concerning specific ion effects at the air/water
the anions; this is true slightly more so for ammonium than interface is changing our perception of surfaces of electro-
for sodium. This results in an electrical double layer at the lytes and, at the same time, raising new questions. The first
interface that has the opposite polarity of that in halide c|ass of questions concerns future developments in compu-
solutions, e.g., the ammonium chloride considered in the tational techniques. Most of the computational results
present study}* and the sodium halides (NaCl, NaBr, and presented in this review are based on molecular dynamics
Nal) studied previously? The predictions of the simulations  simulations employing relatively simple polarizable poten-
were backed up by surface tension measurements and thgja|s. New, more sophisticated and accurate force fieddi§®
VSFG spectra. Pronounced differences between the spectrgyre now becoming available and are starting to be used in
of neat water, ammonium chloride, sodium sulfate, and thjs type of simulations. This force field development, in
ammonium sulfate were observed, primarily in the hydrogen combination with the use of larger system (unit cell) sizes
bonded OH region of the spectrum: ammonium chloride and Jonger simulations, should provide more quantitative and
produced a small increase of intensity around 3400"¢m  converged results and also allow studying hitherto unexplored
while the sulfate salts increased the intensity throughout the molecular ions, for which interaction potentials have not been
hydrogen bonded region, more so with the ammonium than constructed yet. Although it is unlikely that such simulations
with sodium counterion. The spectral changes were consid-j| significantly change the present picture, it is desirable
ered in light of a detailed analysis of the MD simulations, to eventually reach the limits of the predictive power of
and could be explained primarily in terms of differences in ¢jassical MD simulations.
the interfacial widths, specifically, a broadening of the At the same time, thanks to continuous progress in
interface of the electrolyte solutions vs neat water that is 5 dware and software, ab initio molecular dynamics simula-
greatest for the sulfate solutions, but not in terms of changestjons for relevant system sizes (hundreds to thousands of
in the populations of free and hydrogen-bonded OH bonds. 5toms) and time scales (hundreds of picoseconds to nano-
SHG measurements based on charge-transfer-to-solvenseconds) will become feasible in the near future. On one
(CTTS) transitions in inorganic anions have recently been hand, the prospect of exploring propensities of ions for
applied by Saykally and co-workers to the quantification of extended aqueous interfaces with electronic structure and
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forces evaluated from first principles is exciting. This has anions, such as the heavier halides and other polarizable
been the obvious “next step” for quite a while, hindered only inorganic anions, exhibit a propensity for the air/water
by immense requirements on computational resources. Oninterface®?132.134203Gimilarly, the hydronium cation shows
the other hand, it remains to be established whether thean affinity for the aqueous surface, albeit primarily due to
present standard level of electronic structure theory in ab its specific hydrogen bonding featurgg116.135

initio molecular dynamics (i.e., the BLYP or similar density  Calculations show the importance of a detailed molecular
functionals) is sufficient for quantitative predictions or description of the air/solution interface which accounts both
whether it will be necessary to employ more accurate (and for interactions within the first solvation shell and for long-
costly) quantum chemical approaches. range effects. In particular, ion and water polarization, solvent
The future will hopefully also bring progress in theories exclusion, and hydrogen bonding rearrangements determine
of surfaces of agueous electrolytes. It is always desirable towhether a particular ion is found at the aqueous surface. The
have a simple, elegant, and correct model which allows “yirtual reality” of molecular dynamics simulations is
performing fast back-of-the-envelope calculations (rather than internally consistent in the sense that the use of a broad range
tedious and time-consuming simulations) to provide at least of polarizable force fields results in the surface activity of
semiquantitative estimates. At present, several continuumsoft anions and hydronium catioffst16132.135154 hese force

models exist, which respect ions specificity by including fields also benchmark well against ab initio results for the
dispersion, polarization, and solvophobic forée%:333>3% gy ctures of ion-containing water clustéfsd497.98.114

There has clearly been tremendous progress since the early ;.o importantly, predictions from MD simulations are
model by Onsager and Samafaslevertheless, the present g, ted by mounting experimental evidence for the pres-
theories still suffer from several shortcomings. The first one, ence of ions such as heavier halides, azide, thiocyanate, and
the neglect of the detailed molecular structure of at least the hydronium at aqueous surfaces Unlike solid-state surfaces
first solvation shell around the ion, is inherent to continuum o oi-nvater interface is hard to.probe experimentally. This '
models. Possibly, some kind of a shell model, which would g ) nanometer layer is corrugated, disordered, and nonsta-
respect the “granularity” of the solvent at short separations, yjonary ‘heing subject to capillary waves. Nevertheless, new
pourl]d be apfplled toTthhe studydof ;lons at qque(;us 'nterfﬁcﬁsexperimental surface selective techniques applied to elec-
In the near future. The second shortcoming of some of the | e solutions, such as high-pressure photoelectron spec-
present continuum theories is that they to a certain extenttrOSCOpy (PESJ187 or electronic (SHGJ%2%1and vibra-
involve ad hoc assumptions, e.g., concerning adsorption of ;- e3 (VSFG) nonlinear spectroscopies, together with

specific ions at the aqueous surf&eThe future will scannin : . 6061
. : : : - . g electron miscroscopy (SEM)pn sputtering®
probably bring refined theories which will “connect hierar- and metastable impact electron spectroscopy (MIES)

chies” in the sense that they will respect converged results yio oy or indirectly point to the presence of heavier halides

at the m_olecular level. These_ can be provi(_de_q primarily by 504 other soft anions, as well as that of hydronium at the
electronic structure calculations and ab initio molecular airlwater interface. Arguably, it is still too early to claim

dynamics, which give a picture with atomic resolution, albeit that the occurrence of these ions at aqueous surfaces is

mainly for small systems. established beyond reasonable doubt; however, the body of

The progress in surface selective experimental techniques,o s tational and experimental evidence is significant and
for probing the air/solution interface has been spec’[acularSt(:)ad“y increasing.

in the last half decade. A major leap forward has been Th fi . ¢ interf h
achieved by minimizing the system size (e.g., via microjets), . etprtesence 0 morgan:cc |op]sta aqueous in ehr aces az
allowing for the application of standard vacuum techniques Important conséquences for helerogeneous physics an
for volatile liquids such as water. Another way to circumvent CNemistry relevant both for technology and for atmospheric

the vapor problem is to use amorphous solid water as a modePOCESSES. This is true for extend_ed aqueous surfaces and,
for liquid water. An important issue for methods such as In particular, for small droplets which have a large surface-

: : to-bulk ratio. Probably the best known example of such a
he high-pr re ph lectron r r nonlinear i . !
the high-pressure photoelectron spectroscopy or noniinea process is the production of molecular chlorine and other

vibrational and optical techniques is to quantitatively estab- tive hal ds at th f f
lish the probing depth. This is highly nontrivial for a (sub)- '€activé halogeén compounds at the surfaces ot agueous sea
salt aerosols in the polluted marine boundary layer and in

nanometer liquid interface, which exhibits disorder, corru- i heric chamb micking the hori di
gation, and capillary waves. Nevertheless, there is good hope?!MOSPNENC chambers mimicking e tropospheric condi-

i 1-5,182 i i
that in the near future our experimental knowledge of tions. Another atmospherically relevant case is the

aqueous interfaces will approach in accuracy and detail thatd€Struction of tropospheric ozone in high-latitude regions by
of solid-state surfaces reactive bromine species (Band BrCl). It is now well

established that these halogen compounds are released by
6. Conclusi chemical reactions from the bromide enriched surface of the
- Lonclusions sea spray covered Arctic snowpack during polar surfig&?

A new view of inorganic ions at the air/water interface is In summary, halide ions at aqueous surfaces contribute to
emerging from recent simulations and surface selective the production of halogens in the lower atmosphere. This
spectroscopic experiments. Traditionally, surfaces of aqueoughfluences oxidative processes and thus affects both chemistry
electrolytes are described as inactive and practically devoidand physics (such as droplet growth and, consequently, e.g.,
of ions2247 This turns out to hold for hard (nonpolarizable) climatic effects of aerosols) in the troposphere.
ions, such as fluoride and alkali cations. Multiply charged  While the consequences of the presence of inorganic
ions, such as sulfate, are also strongly repelled from the anions, such as the heavier halides and others, at aqueous
surface, but due to strong electrostatic interaction, they tendsurfaces have been broadly discussed, we are only now
to structure and broaden the interfacial water ld§&r. starting to realize the possible implications of the propensity
However, due to specific ion effects, and polarization of hydronium for surfaces of acid solutions. For example, it
interactions in particular, soft (polarizable) monovalent is well established that adding an alkali halide salt to water



Specific lon Effects at the Air/Water Interface

inhibits bubble coalescence (which is one of the reasons why
wave activity creates foam on the ocean but not on freshwater
lakes), while adding the corresponding acid has no ef-
fect®911.12pgssibly, the much weaker surface segregation
of cations and anions in these acids compared to the salts is
responsible for this behavior. The presence of hydronium

cations at aqueous surfaces should also have consequence

for chemistry, such as corrosion processes, both in the
atmosphere and in technological applications. It is likely that
many more hitherto unexplored effects will be discovered
now that the surface propensity of hydronium cations and
soft (polarizable) inorganic anions has been established.
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