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John Kenneth Stille

Professor John K. Stille, one of the outstanding polymer chemists of our time,
died on July 19, 1989, in the crash of the United Airlines flight in Sioux City,
Iowa. John was educated as a polymer chemist in the illustrious school of
G.S. Marval. In that tradition, ability to synthesize novel materials plays a major
role. John more than lived up to that tradition. Particularly memorable is his
extended work on the polyquinoxalines, important materials in the aerospace
industry. Beyond these, he synthesized authentic poly-p-phenylene utilizing
Diels-Alder reactions of pyrones, synthesized a new type of polyacetylene by
cyclopolymerization, and studied numerous other novel polymers.
One of John's foremost characteristics was his capacity for growth. He took it
on himself to make major contributions to transition metal-catalyzed organic
chemistry, and achieved stature in that field equal to his high standing in polymer
science. Various complex natural products were synthesized by skillful application
of palladium-catalyzed complex reactions. Moreover, numerous articles from his
laboratory contributed to our understanding of transition metal-catalyzed reaction
mechanisms. He also served both fields professionially as an Editor for Advances
in Polymer Science, beginning in 1965 and as the first Associate Editor for
organic-polymer manuscripts for Macromolecules from 1967 to 1981 and then as
an Associate Editor for the Journal of the American Chemical Society from 1982
to t987.
John was an excellent lecturer-clear, forceful and ensthusiastic. The graduate
students and visiting scientists who had the opportunity to work with John will
always remember him fondly as a teacher who provided encouragement and
insisted on excellence. He is also remembered as a "boss" who was deeply concerned
with their professional development and welfare and as a co-worker who shared
his wonderful sense of humor and love for life with them on a daily basis. John
was viewed by his co-workers as a role model who expected much but always
gave much more. During his tenure on the faculties of the Universities of Iowa
and Colorado State, a total of 110 graduate students, 97 postdoctoral fellows and
visiting scientists, and numerous undergraduates served as co-workers in his
laboratories and had the privilege of knowing this unique person.
Personally, Stille was friendly and gregarious, and was liked by everyone with
whom he came in contact. He was always ready for a challenging scientific
discussion, a joke, or a drink. In the classical tradition of "a healthy mind in a
health body", John was an all-around sportsman. He was a good tennis and
American Handball player and was very fond of scuba diving off the coasts of
Mexico and Florida.
To summarize our memories of this remarkable individual we may use the
words of Shakespeare, "He was a goodly man, take him all in all; we shall not
look upon his like again.".
H. K. Hall, Jr.

Table of Contents

Temperature Rising Elution Fractionation
L. W i l d

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Continuous Thermodynamics of Copolymer Systems
M . T. R / i t z s c h , C. W o h l f a h r t

. . . . . . . . . . . . . . . . . . . .

49

Lyotropic Main Chain Liquid Crystal Polymers
M . G . N o r t h o l t , D . J. S i k k e m a

. . . . . . . . . . . . . . .

115

. . . . . . . . . . . . . . . . . . . .

179

. . . . . . . . . . . . . . . . . . . . . . . . . .

195

Author Index Volumes 1 - 9 8
Subject I n d e x

. . . .

Temperature Rising Elution Fractionation
Leslie Wild
Research Scientist Q u a n t u m Chemical C o r p o r a t i o n USI Division Research
and Development
1275 Section Road Cincinnati, Ohio 45237, USA

An outline is given of the development of temperature rising elution fraetionation (TREF)
technique for polymer separation on the basis of crystallizability. The TREF technique has
found application mainly in the area of analysis of semi-crystalline polyolefins a n d its
development has been significantly influenced by the desire to establish the structure of
linear low density polyethylenes. These materials exhibit an unusually broad distribution of
comonomer which can be readily explored by TREF. Systems have been developed which
can provide fractionation on a preparative scale, where recovery of fractions for further
analysis is desirable and more recently on a small scale, where rapid analysis using detectors
provide refined crystallizability distributions. A description is given of these fractionation
systems along with a discussion of the separation mechanism and the significance of
controlling the crystallization step to achieve fractionation efficiency.
Application of TREF is discussed with reference to low density polyethylenes made by
both the high and low pressure process, ethylene vinyl acetate copotymers and potypropylenes. The value of TREF for analysis of polymer blends is emphasized along with
the potential for cross-fractionation combining TREF with a molecular weight fractionation
for detailed analysis of polymer structure. Finally the point is made that TREF is becoming
much more widely used and accepted as a technique for structural evaluation. Further
improvements in instrumentation and techniques for controlling the crystallization step
are expected. These will further enhance the usefulness of TREF and pave the way for its
greater use both in the area of polyolefins as well as for other crystallinepolymer systems.
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1 Introduction
The term "Temperature Rising Elution Fractionation" (TREF) was first coined
by Shirayama et al. [1] to describe the method used to fractionate low density
polyethylene according to the degree of short-chain branching. The actual
technique used was described earlier by Desreux and Spiegels [2] who first
recognized the potential of using elution at differing temperatures to achieve a
crystallization separation. Although elution of amorphous polymers under conditions of rising temperature will also cause fractionation, it will be on the basis of
molecular weight and, because of the possibility of using SEC for this purpose,
there is little interest for such a fractionation. Thus TREF has come to be known
as a technique for analyzing semi-crystalline polymers by separating the molecular
species according to their crystallizabilities.
It is interesting to note that the development of TREF as a routine polymer
analysis tool has until recently taken place almost exclusively within industrial
research laboratories. Further, the more sophisticated versions of the TREF have
emerged from laboratories associated with companies engaged in the production
of linear low density polyethylenes (LLDPE). Clearly this has been driven by the
need to understand the nature of L L D P E which exhibits behavior indicative of
considerable structural heterogeneity. This is in spite of the fact that, compared
to conventional low density polyethylene (LDPE), it is narrow in MWD and
contains little or no long-chain branching.
There is now a ground-swell of interest which has reached the academic
community. It is hoped that this review will be helpful in providing background
and guide posts for future development and application of this rediscovered
separation technique.

1.1 Background
The early work of Desreux and Spiegels [2] pointed the way to fractionation by
solubility as a means of polymer structure evaluation. They recognized that both
the molecular weight and crystallinity separation comes into play in the case of
polyethylene depending on whether solvent composition or temperature is varied
in making the fractionation. In the years that followed their pioneering efforts,
the main objective of polymer fractionation was to establish molecular weight
distributions. The emphasis was thus on the development of strategies for achieving
solubility separations using differing solvent/non-solvent compositions.
As efforts expanded, the need for more practical and efficient systems took on
a greater importance. This led to the emergence of eluti0n of polymer supported
on packed columns in preference to approaches involving step-wise precipitation.
The advantages of the use of columns was noted in a review by Schneider [3].
These include:
a. Experimental convenience with opportunity for automation.
b. Smaller volumes of solvent are needed even while the necessary condition of
dilute solution is maintained.
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c. Fractionation takes less time, particularly in comparison to fractionation by
precipitation.
The need for information regarding the molecular weight distributions of resins
eventually became satisfied by Size exclusion chromatography (SEC) which
emerged as a powerful polymer characterization tool in the late 1960s and early
1970s [4]. With MWD data readily available but not providing all the explanations
for the observed behavior of polymers, especially semicrystalline polymers,
attention re-focused on structural features controlling solid state properties.
Crystallizability separations were reconsidered as a means of structural characterization to provide insight in this area. This renewed interest subsequently lead
to the development of fairly sophisticated systems for fractionation by crystallinity.
Since a considerable amount of research had already been carried out in the
area of molecular weight fractionation it was natural that this experience would
be used in systems development. Thus, although there were some efforts involving
crystallization by cooling polymer solutions, for example in the fractional
crystallization of polypropylene [5], the use of column systems along the lines of
gradient elution fractionation quickly became the norm. The resulting temperature
rising elution fractionation systems are now widely used.
The current trend is toward the use of analytical TREF systems and once again
the impetus came from developments in the molecular weight fractionation area.
In this case it was SEC which led the way to the establishment of TREF methods
which operated on a small scale, relatively rapidly, automated and using on-line
detectors initially developed for SEC. The various TREF systems are described
in the following section.

2 Experimental Techniques
As indicated above, temperature rising elution fractionation for separating
molecular species according to their crystallizabilities developed to its present
form for very practical reasons. If one wants to achieve separation at differing
temperatures it is much easier, experimentally, to strip off polymer from a support
at successively higher temperatures than to recover crystallized polymer at the
temperature of crystallization over a series of successively lower temperatures.
The most common strategy therefore for fractionation as a function of temperature
is to first coat a support material, normally a column packing, with crystallized
polymer by slow-cooling a polymer solution within the support material. This is
followed by extraction with solvent at increasing temperatures. The extraction
may be carried out in a stepwise fashion or by continuous extraction with a
programmed temperature rise.
Because of the significant experimental differences involved, a discussion of
techniques is best separated into two parts, one concerning preparative TREF
and the other relating to the operation of analytical TREF. For the purpose of
this review we define preparative as a fractionation in which fractions are recovered
for further evaluation and, thus, relatively large samples (1-10 g) are separated.
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Analytical refers to fractionation systems in which the separated polymer is sensed
by detector system rather than recovered. This type of operation typically
fractionates only small quantities ( < 0.5 g) of polymer.

2.1 Preparative TREF
As indicated above, Desreux and Spiegels [2] first proposed and carried out a
preparative fractionation of polyethylene using a temperature rising elution
fractionation technique. They correctly recognized that the separation was more
dependent on polymer crystallinity than on molecular weight. Since that time
there has been continuing refinement and development of the technique to improve
the quality of separation, and in particular for greater experimental convenience
through automation.

Automatic
Valve Con

~rmowell

Thermometer

~ ,Automatic Fraction

P~

II

Fig. 1. Glass preparative TREF apparatus
used by Wijga, van Schooten and Boerma [6]
Reprinted with permission, Hfithig & Wepf
Verlag Basel
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These refinements are evident in the early work of Wijga, van Schooten and
Boerma [6]. Their column system, which was designed mainly for gradient elntion
fractionation of polypropylene, was constructed out of glass, and is shown in
Fig. 1. In the TREF mode, a sample of 1 g polypropylene was dissolved in a
kerosene solvent (50 ml) at 135 °C and loaded hot onto the ground firebrick
column packing and allowed to cool naturally to room temperature. The
crystallized polymer was eluted with kerosene at successively higher temperatures
with temperature changes made when the eluent failed to show turbidity in excess
acetone. Extraction took place over a temperature range of 30 °C to 150 °C divided
into up to 13 steps. The temperature was imposed by a constant temperature oil
bath which circulated the oil through the column jacket. In later experiments the
oil bath temperature was raised automatically and linearly by means of a
synchronous motor on the heating bath contact thermometer. Fractions were also
collected automatically allowing the generation of a greater number of fractions
with minimal operator attention. The authors did not indicate whether the quality
of separation was maintained.
A somewhat less sophisticated TREF system for fractionating low-density
polyethylenes was described by Shirayama, Okada and Kita [1]. In their system
(Fig. 2) a larger quantity of polymer (4 g) was fractionated. It was coated onto
sea sand (1400 g) by slow-cooling a hot xylene solution in the presence of the
packing and added to the 7 x 38 cm column. Fractionation was carried out stepwise
over the temperature range 50-80 °C using a temperature controlled oil bath to
provide the constant temperatures. Up to 10 fractions were recovered over this
temperature range.
The studies of Shirayama et al. [1] were instrumental in demonstrating the
practical application of TREF and encouraged the further development of the
technique for polyethylene analysis. This lead directly to the development of a
system which was large scale, robust and continuous. This type of system, has
Thermometer

~

Heater

Thermometer
St|r1

0"~--SeperstIng F u n n e l

Heeler

~/

~"

Beaker

. TREF system of Shirayama, Okada and Kita [t].
Reprinted with permission.
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Pump

Programmed Bath

Collector

Fig. 3. Preparative temperature rising etution fractionation with metal construction [7], [8].
Reprinted with permission.

been described by Bergstr6m and Avela [7] and Wild et al. [8], [9], and is constructed
with metal and uses a temperature controlled oil bath. The physical arrangement
is shown in Fig. 3.
The large column (60 x 12 cm) is packed with a large surface area packing,
Chromosorb P, which provides excellent packing and flow characteristics that
avoids channelling and dead spots. The system, which is designed for unsupervised
operation, incorporates continuous elution and collection of fractions and a
continuous, linear temperature rise. Apart from the increased size and metal
construction this system is very similar to that used by Wijga et al. [6] for
fractionating polypropylene. In one respect, however, the newer system does
recognize an important aspect of TREF that had not received much attention in
the earlier studies, namely the importance of the cooling step in the fractionation
process.
Whereas earlier studies paid little attention to the cooling step and deposited
polymer onto the column packing by rapid precipitation or natural cooling, almost
all the later studies subjected the hot polymer solution to slow programmed cooling
in the polymer deposition step. This reflects the view that in order to achieve a
good, reproducible separation on the basis of crystallizability it is important that
the crystallization (cooling) step be controlled. Wild and Ryle [8] pointed out that
in their studies a cooling rate as low as 2 K/hour was needed to achieve optimum
separation. Under these crystallization conditions they observed a single linear
relationship between separation temperature and degree of short-chain branching
for a wide variety of polyethylenes (Fig. 4). They concluded that the slow cooling
was needed to provide an optimum crystallizability separation which is free from
significant influence of molecular weight.
Fall-out from the considerable activity in the development of liquid chromatography systems has shown itself in some of the latest experimental variations for
conducting preparative TREF. In addition to the use of valves, tubing, fittings
and pumps normally associated with LC systems, programmed ovens have also

Temperature Rising Elution Fractionation
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I

Fig. 4. Relationship between elution temperature and methyl content for preparative TREF
fractions from both high and low pressure polyethylenes. Reprinted with permission [8]

been used to provide the controlled temperature. Thus Usami et al. [10] and
Kelusky etal. [11] have described systems for preparative TREF which use
temperature programmed ovens rather than oil baths or jacketed columns. The
system of Usami et al. is shown in Fig. 5. Kelusky et al. use their analytical TREF
system (described in the next section) with a larger column. The amounts of
polymer fractionated in these oven systems is relatively small (2.5 g and 0.75 g
0

]

b

d

I

b !

°
h

d~! d ]g
!
. . . . . . . . . . .

/

1

Fig. 5. Schematic diagram of the preparative TREF system: (a) oven; (b)
three-way valve; (c) column (70-mm
i.d., 1000 ram); (d) thermoelectric couple; (e) preheating column; (f) stop
valve; (g) relief valve; (h) pressure gauge; (i) pump; (j) filter; (k) solvent tank;
(l) solution tank; (m) constant-pressure
valve; (n) N2 inlet. (Usami, Gotoh and
Takayama [10]) Reprinted with permission copyright 1986 Amer. Chem. Soc.
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Fig. 6. Stepwise continuous temperature program used by Wild [13]
respectively) and is operated in a stepwise mode which is necessary because of the
poorer heat transfer of an air oven in comparison with an oil bath. No details
were given as to the type of materials used to pack the column used with these
oven based systems except to describe them as "inert supports". It is believed that
silanized silica gel was used by Ketusky et al. The cooling step in each case was
described as "slow" but no details were supplied.
A recent patent [12] describes a very sophisticated and highly automated TREF
system which, although designed mainly as an analytical TREF is capable of a
semi-preparative fractionation of 0.5 g of L L D P E polyethylene. This system is
described in the following section. It is interesting to note that an oil bath with
a very slow cooling rate of 2.5 K/hour is used with a column which is packed
with steel shot (0.57 m m x 0.57 mm). Presumably the steel shot was chosen to
improve heat transfer and allow a relatively fast rate of temperature rise
(12 K/hour) without generating unwanted temperature gradients within the
column.
Problems associated with temperature gradients when operating relatively
large-scale column systems with continuous elution and temperature rise have
been noted by Wild [13]. It was observed that under their normal operating
conditions temperature differences along and across the column were as high as
5 K which clearly would have an adverse effect on the quality of fractionation.
Since the availability of analytical TREF systems, preparative systems are
increasingly used only to obtain fractionated samples for further analysis [13].
Quality of fractionation becomes more important than convenience under these
circumstances. As a result the mode of operation has been changed to a stepwise,
continuous one which attempts to retain the convenience of a continuous,
automated operation while avoiding loss of fractionation efficiency. The resulting
system takes two days to complete a fractionation (Fig. 6) but the separation
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Fig. 7. Analytical TREF analysis of preparative fractions obtained using the stepwise
continuous temperature program shown in Fig. 6 [13]
achieved is good as indicated by analysis of individual fractions by analytical
TREF (Fig. 7).
As the data in Fig. 7 suggests there is certainly room for improvement in terms
of the resolution achieved by preparative TREF. It is anticipated that future
developments in the preparative T R E F area will concentrate on strategies for
achieving greater fractionation efficiency.
Table 1 summarized the various preparative TREF systems described in the
literature.

2.2 Analytical TREF
Analytical T R E F is a relatively recent development and there are only a few
reports describing in detail the systems used [8], [9], [I0], [12]. As noted earlier the
instrumentation used is derived directly from the already well-developed SEC.
The pumps and detector systems are the same for both SEC and analytical TREF.
However, because of the nature of the separation in TREF there is a different
sample preparation step, and some device is needed to provide the necessary
temperature rise control. Also if one wants to express the separation temperature
as a comonomer content (or short chain branching) a calibration is needed which
requires different standards from those used for SEC calibration.
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Fig. 8. Analytical TREF system used by Wild an Ryle [8]
An analytical TREF system was first described by Wild and Ryle [8]. Their
system (Fig. 8) used components taken from a Waters model 200 size exclusion
chromatograph. The solvent reservoir, degasser and pump from the Waters unit
was used as was the refractive index detector system. In place of the SEC oven a
temperature programmed oil bath provided the temperature gradients. A 0.2 g
polymer sample was loaded in a hot trichlorobenzene solution into a small column
packed with 40-60 mesh Chromosorb P. Crystallization was achieved by slowcooling the polymer solution (0.2 g in 5 ml) in the packed column at a rate of
1.5 K/hour down to room temperature. The temperature rising elution was carried
out at a flow rate of 6 ml/min and a rate of temperature rise of 8 K/hour. The
refractive index response and the separation temperature were recorded continuously on a two-pen recorder. A calibration curve of methyl content vs. elution
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Fig. 9. Calibration curve for
calculating short-chain
branching distributions
from analytical TREF data
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temperature was derived using preparative TREF fractions from LDPE and
L L D P E polymers and this was used to convert the fractionation data into a
short-chain branching distribution (Fig. 9).
In subsequent publications further refinements of this system were described
[9], [14]. These included a reduction in both column and sample size to improve
resolution. The column dimensions were reduced to 7 x 0.9 cm and the sample
size of polymers was 20 mg loaded in 3 ml of solvent. A temperature programmed
gas chromatography oven was used to replace the less convenient oil bath to
provide a more reproducible temperature gradient. The detector was also changed
to an infra-red (IR) detector which provides adequate sensitivity with much
improved base-line stability due to the relative insensitivity of the IR detector to
temperature fluctuations. The resultant TREF curves clearly demonstrated the
much improved resolution achievable by these refinements.
More recently Kelusky et al. [11] described a system which included similar
experimental improvements to those described by Wild et al. Their system also
incorporated a liquid chromatography oven as an alternate way of imposing a
temperature program on the column system. The use of an air oven is effective
due to the small size of the column system which eliminates the normal problem
of heat transfer in an oven system. The advantage over an oil bath system is the
convenience and ease of changing sample column as well as the decreased
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Fig. 10. Schematic of an LC oven-based Analytical-TREF used for SCB distributions [11].
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turn-around time which results from the rapidity with which an air oven can be
cooled back to room temperature in preparation for the next fractionation. Their
system also incorporated the use of an IR detector in preference to an refractive
index (RI) detector because of improved base-line stability. A block diagram of
their system is shown in Fig. 10. The solvent used in this system was ~chloronaphthalene and the detector output, temperature, and any subsequent
conversion of separation temperature to methyl content was handled by a computer
system along the lines of those used by SEC systems.
Perhaps the most ambitious attempts to build a TREF instrument that will
operate automatically and in addition provide molecular weight information along
with comonomer content are those described by Nakano and Goto [15] and Hazlitt
and Moldovan [12]. The approach of Nakano et al. promises the most complete
structural information by coupling a SEC to an analytical TREF. A diagram of
their system is shown in Fig. 11.
The TREF part of their cross fractionation system is housed in a heater block
to allow the use of an inj'ector loop and to heat the valving system needed to
deliver the TREF fraction solution to the SEC. Column volume and sample size,
solvent and concentration are directed by needs of the SEC analysis. They achieved
a workable system with 15 x 0.8 cm column packed with 3.5 g of glass beads. The
polymer (20mg) was loaded hot as a 1% solution in o-dichlorobenzene. The
cooling step caused some problems due to diffusion of polymer species outside
the column. They solved this problem by fast cooling the solution (100 K/hour)
but dearly there is concern about the effect of this on the quality of the TREF
separation. A dissolution period of 10 minutes during the stepwise TREF was
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Fig. 11. Automatic cross-fractionation system of Nakano and Goto [15]. Reprinted with
permission
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Heating
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Rate
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Fig. 14. Data output from a dual detector analytical TREF for determining molecular weight
as a function of separation temperature [12]
being eluted as well as to use in an alternating mode to reduce the time between
runs. In an effort to increase the efficiency of the operation up to six columns may
be simultaneously cooled in a similar approach to that suggested by Wild et al.
[8]. The sample size is estimated to be 15 mg and the solvent used is trichlorobenzene
to accommodate the use of either a differential refractometer or an infra-red
detector.
An example of the data obtained by use of such a dual detector system is shown
in Fig. 14. The additional insight into the polymer structure afforded by the
viscometer detector is clearly useful but obviously the data does not give any
information regarding the molecular weight distributions present in the differing
branched species. In this respect the system of Nakano et al. [15] promises to
provide a more complete structural picture.
There seems to be a growing interest in the T R E F technique, spurred no doubt
by the increased commercial importance of LLDPE which is now produced by
a wide variety of processes. This high level of activity can be expected to lead to
further improvement in the methods used in TREF. Although no commercial
T R E F instruments are available at present it would not be surprising to see them
in the not- too-distant future.
For reference, a summary is given in Table 2 of the various analytical TREF
systems used, along with the polymers they were used to analyze.

3 Separation Mechanism
In all the studies that describe the development and use of TREF it is assumed,
either explicitly or implicitly, that the separation produced is taking place largely
on the basis of crystallizability or melting. However very little work has been
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reported which deals with the theoretical aspects of the separation or even with
the experimental limitations of the techniques as they are practiced. Wild, Ryle,
Knobeloch and Peat [9] did raise some questions regarding factors which might
influence the TREF separation and were able to provide evidence supporting
crystallizability as the dominant driving force for separation. They showed that
for polyethylenes of various types one could construct a single and approximately
linear relationship between separation temperature and degree of short-chain
branching. It was suggested that this observed relationship was consistent with
the theory of Flory concerning the effect of diluents on the depression of melting
points [16].

3.1 Theory
3.1.1 Effect of Comonomer
The expression Flory used to describe the effect ofcomonomer on polymer melting
is based on a more general expression for polymer diluent systems which has
become known as the Flory-Huggins expression, namely
I/Wm - lfT°m = (R/AH,) (Vu/V1) (vl - Z~/)2i),

(1)

where T m and T ° are the melting points of the polymer-diluent mixture and the
pure polymer, respectively, V is molar volume and v volume fraction, and Z~ is
the polymer-diluent interaction parameter. Flory pointed out that the component
which causes the depression in the melting point may be part of the polymer chain
as, for example, a non-crystallizable comonomer unit. For such a comonomer unit
randomly distributed along the polymer chain the depression in melting point
becomes;
1/Tin - I/T ° = - (R/AHu) In NA,

(2)

where N A is the mole fraction of comonomer units in the random copolymer.
Although there has been no reported attempts to apply Flory's theoretical
relationship to well characterized polyolefins of differing degrees of branching
crystallized under dilute solution conditions, there has ~been some study of the
influence on bulk melting temperature for fractions. For ethylene ~-olefin copolymers Shirayama, Kita and Watabe [20] found an almost linear relationship between
melting point and mole % otefin in fractions but the degree of melting point
depression was greater than that predicted by equation (2). A similar observation
was noted in the study of polypropylene fractions by Pavan et al. [18]; they
observed that the heats of fusion for fractions of differing stereoregularity were
below those calculated by the Flory equation.
3.1.2 Effect of Molecular Weight
Wild et al. [9] considered the possible effects of molecular weight on the fractionation process in TREF and noted that low molecular weight narrow MWD linear
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PE samples exhibited a significantly lower separation temperature than linear PEs
in the normal molecular weight range ( > 104). The results are shown in Fig. 15.
From the point of view of molecular weight dependence of polymer melting, Flory
indicated that diluents in equation (2) may, in addition to copolymers, be associated
with polymer end groups. For polymers having the most probable molecular
weight distribution, the following relationship is obtained:

(3)

lIT m -- lIT ° = (R/AH,,)(2/L,),

where ~, is the number average degree of polymerization. The data of Wild etal.
indicates that if polymer ends are considered to be the equivalent of one branch
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point, the very strong molecular weight dependence of separation temperature
largely disappears (Fig. 16). This is consistent with equation (3).
Prasad and Mandelkern [17] have recently studied in detail the molecular weight
dependence of the equilibrium dissolution temperature of low molecular weight
polyethylenes in dilute solutions. The low molecular weight fractions covering the
range 500 to 3000 were isothermally crystallized from dilute xylene solutions. The
dissolution temperatures were determined at differing concentrations in xylene
using a DSC instrument with a large volume capsule (in the higher concentration
range) or by visual methods in the very dilute mixtures. They concluded from the
resulting data that the classical melting temperature - composition relationship
is applicable in the low molecular weight region.
3.1.3 Effect of Comonomer Size
Another question concerning the separation mechanism was raised by the data
of Shirayama et al. [20] that relates to the possible effect of branch size on the
elution temperature in TREF. They observed that in melt crystallized fractions
the melting points of the comonomer fractions with the longer branch length were
lower than those noted for fractions with smaller branches. Hosoda [19] also noted
that the bulkiness of the branches in fractions from LLDPE's influenced the
melting points and degree of crystallinity. Melting points of fractions of the same
comonomer content followed the order octene-1 = 4-methyl pentene-1 < hexene1 < butene-1. The effect of comonomer size on the TREF separation has not been
studied in detail but based on these studies it would not be surprising if some
dependence existed. This would need to be taken into account in the analyticalTREF systems which use calibration curves to determine comonomer or SCB
distribution.

3.2 Additional Influences
3.2.1 Co-crystallization
When considering any crystallization process it is important to realize that it does
not occur under conditions of thermodynamic equilibrium. In particular it is well
accepted that crystallization processes are controlled to a great degree by an
initiation step which may be erratic due to the complexity of the process. Thus
crystallization rate is considered to be not only dependent on the rate of crystal
growth but also on the rate of nucleation.
With this in mind, Wild et al. [9] considered the possibility that the separation
temperature of a particular branched PE molecule may be strongly influenced by
the presence of species that had already crystallized through some nucleation
mechanism. However the results they obtained in their study suggested that under
the conditions of their TREF operation, no co-crystallization effects are observed.
For example, in Fig. 17 a comparison is shown between the TREF of a
co-crystallized three part blend of narrow SCB distribution resins of differing
levels of SCB compared to the TREF of a physical mixture of the individually
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Fig. 17. Comparison of SCB distributions obtained for a co-crystallized three-part blend of
three TREF fractions (©) with that observed for a physical mixture of the individually
crystallized components (z~), Ordinate: differential of cumulative weight distribution [9].
Reprinted with permission
crystallized resins. The excellent agreement between the two sets of curves indicates
the absence of co-crystallization effects. These results were obtained under
controlled crystallization from dilute solution. Co-crystallization effects might be
more of a problem in large-scale, less refined operations.
3.2.2 Column Packing Materials
Since crystallization takes place through an initiation process (nucleation) it is
likely that the environment in which crystallization takes place will influence the
separation. One might, therefore expect the column packing material to play a
significant role in TREF. So far there has been no study suggesting that this is
the case. However, it is difficult to dismiss the possibility of the influence of column
packing particularly in the case of polypropylene whose crystallization behavior
in the melt is known to be strongly affected by nucleating agents. This is because
with polypropylene the nucleation step has been well established as being
heterogeneous in contrast with the homogeneous nucleation observed for polyethylene and its copolymers. The typical description of the column support used
to pack T R E F columns is that it is an inert support. Recently [13] it has been
suggested that even an inert support may present difficulties in the fractionation
process if the support is porous. This is due to the possibility of polymer entrapment
during the cooling step which may result in a significant delay in the dissolution
of the polymer species trapped in the pores of the support. This will lead to loss
of resolution.
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Clearly there are a number of concerns about the mechanism of separation in
TREF and the influence of various experimental factors on the way the polymer
species segregate during crystallization from solution. Future studies may provide
some answers.

4 Applications
As suggested in the introduction the development of T R E F was in response to
the need to know something more about polyolefins, in addition to their molecular
weight distributions, which might relate to those properties dependent on
crystallinity. The hope and expectation is that through crystallizability separation
it will prove possible to provide a more complete picture and understanding of
the relationship between synthesis conditions and structure and between structure
and properties for semicrystalline polyolefins. The way in which TREF has been
used in the evaluation of the various polyolefin systems is reviewed in this section.

4.1 Conventional Low Density Polyethylenes
Analysis of L D P E by TREF is used to establish short chain branching (SCB)
distributions with the objective of determining its relationship with polymerization
conditions. In the high pressure process it has been well established that
polymerization procedes by a free-radical mechanism as described by Roedel [21]
and the SCB results from a "back-biting" mechanism. The level of SCB rises with
increase in reactor temperature and decrease in reactor pressure. Also long-chain
branching can be formed and is controlled by temperature and pressure in a
similar manner and increases further at high conversion (Raft and Doak [22]). In
the light of the wide variety of reactor configurations a n d conditions used
(especially temperatures along the reactor) it is to be expected that SCB
distributions in L D P E will vary from resin to resin.
Table 3. Characteristics of commercial LDPE resins analyzed by TREF [1]

Sample

Melt
Index"

[q] b

Degree of
Density,
Branching
g/cc c
(CH3/100 C)

A
B
C
D
E
F

7
4
2
4
2
0.3

0.930
0.935
0.900
0.863
0,888
1.020

2.77
2.00
2.31
2.69
2.55
2.86

0.920
0.926
0.924
0.919
0.924
0.921

" ASTM D1238-57T Condition E.
b In xylene, 75 °C.
The densities were determined at 20 °C on compression-molded sheets
after 1 h annealing in boiling water in a density-gradient tube.
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Shirayama, Okada and Kita [1] were the first to look at the detailed distribution
of SCB in LDPE. In addition to establishing the dependence of SCB on molecular
weight by IR analysis of solvent gradient fractions from a series of commercial
resins (Table 3 and Fig. 18) they attempted to establish the distribution of SCB
within individual molecular weight fractions. Their approach was to first conduct
a large-scale (10 g) gradient elution fractionation on the parent resin and then
subject fractions in the low, medium and high molecular weight regions to a
subsequent preparative TREF analysis. Infra-red analysis of the TREF fractions
provided a distribution of short-chain branching. They observed that the breadth
of SCB distribution was broad at low molecular weight and became increasingly
narrow as molecular weight increased. This appeared true for differing resins even
when the polymerization temperature was narrow. They concluded that the SCB
distribution arose for statistical reasons rather than variations in polymerization
conditions. They were in fact able to describe the distributions of branches in
terms of a probability function which showed very good agreement with the
observed distribution (Fig. 19). In the high molecular weight fraction from sample
A, agreement was poor. This it was suggested was caused by complications due
to long-chain branching in which the long branches had more short-chain branches
than the main backbone chain.
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) observed; ( - - - ) theoretical [1]
The idea that complex branch structures which can clearly arise during the high
pressure polymerization of ethylene (leading to "graft" polymers made up of
branched branches) has been explored by Bergstrrm and Avela [7] using TREF.
They describe the results of analyses by preparative TREF of high pressure
polyethylenes polymerized in an autoclave reactor under widely differing conditions. These included a resin produced at constant temperature (grade 1), with 2
differing temperatures in the upper and lower part of the reactor (grade 2) and
one in which the temperature gradually rose throughout the reactor with the
additional complexity of having phase separation in the upper zone (grade 3).
They also fractionated a L L D P E butene-1 copolymer as a reference. The
polymerization conditions used were thought to present the possibility of generating "composite" molecules shown pictorially in Fig. 20. Further it was anticipated
that in a TREF separation of PE resins containing composite molecules, the
long-chain with the lowest level of SCB would dominate the separation. Thus the
separation temperature of a molecule with a "block" structure would reflect the
melting of the most crystalline block.

C.~ade 1

Grade 2

Grade 3

Reference

Fig. 20. Molecular structure of LDPE grades studies by Bergstrrm and Avela [7]. Reprinted
with permission
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The results obtained by Bergstrrm and Avela [7] by methyl content analysis of
the TREF fractions from these four resins are illustrated in Fig. 21. It was noted
that only the reference resin and to a lesser extent grade 1 gave the normal relatively
linear relationship between methyl content and separation temperature whereas
many fractions from grades 2 and 3 exhibit significantly higher separation
temperatures than expected from methyl content data. It was concluded that this
was due to the presence of composite molecules and reflected effects of polymerization conditions.
TREF was also used as one of the main characterization tools in the IUPAC,
"Working Party on Molecular Characterization of Commercial Polymers" [23].
The study, "Long and Short Chain Branching in LDPE", was a collaborative
study by five laboratories. The study concluded that indeed TREF did fractionate
according to SCB rather than LCB or molecular weight and the technique was
able to provide a good measure of SCB distribution for the L D P E sample. Good
reproducibility between laboratories was also noted.

4.2 Ethylene-Vinyl Acetate Copolymers
Ethylene-vinyl acetate copolymers can be thought of as modified high pressure
polyethylenes. Because of the free-radical polymerization process they have
structural characteristics such as short-chain and long-chain branching in addition
to the effects due to the incorporation of the vinyl acetate comonomer. Ethylene
and vinyl acetate have a reactivity ratio which is close to 1 and as a result EVA
copolymers contain vinyl acetate which is homogeneously distributed among the
polymer chains. The major effect of the VA on polymer properties is to reduce
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ethylene ethyl acrylate copolymer [9]. Reprinted with permission

the crystallinity since the bulky VA group acts as a short-chain branch. F r o m the
standpoint of T R E F , therefore, EVA copolymers behave as though they are lower
melting L D P E ' s .
T R E F of E V A copolymers was first reported by Wild, Ryle, K n o b e l o c h a n d
Peat [9]. They subjected EVA copolymers of VA content of 9, 14 and 18 w t % to
T R E F analysis and obtained the short-chain branching distribution shown in
Fig. 22. Included with the d a t a for E V A was a T R E F analysis of an ethylene-ethyl
acrylate c o p o l y m e r (EEA) containing 18 w t % ethyl acrylate. The EVA copolymers
exhibit relatively n a r r o w SCB distribution at increasingly higher SCB branch

Table 4. Branching types and levels in HP-EVA polymers [11]
Branches/1000 Total Carbons
Name
VA
Ct
C2
C3

C,

Cs

C6 or >

Total

wt.%
EVA by
NMR

Mid
Temp ~

EVA- 1
EVA-2
EVA-3
EVA-4
EVA-5
EVA-6

2.5
6.0
5.9
6.5
6.5
5.7

0.8
2.0
2.5
2.0
1.8
1.9

1.7
3.5
5.9
3.3
3.4
2.7

50.1
43.8
37.7
33.9
29.7
26.7

23.7
16.9
11.7
10.4
7.7
7.7

31.0
41.5
51.0
55.5
61.0
64.0

42.0
29.2
19.8
17.5
12.9
12.9

-0.4
1.3
1.4
0.9

3.1
3.1
3.2
3.3
3.2
2.6

--0.5
--

Analytical-TREF temperature (°C) at which 50% of the material eluted.
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levels as the VA content is increased. In contrast the EEA copolymer has a broad,
less smooth, SCB distribution which probably reflects the fact that in high pressure,
free-radical polymerization ethyl acrylate is more reactive than ethylene leading
to a non-homogeneous copolymer.
Kelusky et at. [11] have also applied T R E F for EVA copotymer analysis. Their
interest was mainly in the use of TREF for blend analysis involving these
copolymers. They did, however, evaluate a series of six EVA copolymers in the
range of 8 to 24 wt.%, showing how the TREF separation was dependent on the
total branching, polyethylene type as well as VA. The resins analysed are listed
in Table 4 which includes the analysis of all branches by 13C NMR. The TREF
curves (Fig. 23) clearly show the sensitivity of the separation to the total SCB level.
One aspect of the data obtained for TREF of EVA copolymers is their
increasingly distorted and truncated distribution curves for the higher VA
copolymers. This behavior is reminiscent of SEC of materials in which the
molecular weights exceed the exclusion limits of the column system. Here, it seems
likely that it is due to the fact that in the normal operation of the TREF analysis,
room temperature represents both the lowest crystallization temperature as well
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as the initial elution temperature. It seems clear that for low crystallinity samples
it will be necessary to extend the operating conditions below room temperature
to achieve effective crystallization separation and fractionation.

4.3 Linear Low-Density Polyethylene
As indicated in the introduction there is a clear correlation between the high level
of interest in the TREF technique and the emergence of linear low-density
polyethylenes. Since the type of comonomer distributions typically associated with
LLDPE were first shown through TREF analysis by Wild, Ryle, Knobeloch and
Peat [9] (Fig. 24) it has become commonplace to observe in commercial L L D P E
products the characteristic broad and many times bimodal comonomer distribution. This is regardless of what catalyst system is used. Thus L L D P E resins made
by solution, slurry or gas-phase process with all types of high productivity catalysts
using comonomers, propylene, butene-1, hexene-1, 4-methyl pentene-1 or octene-1
each exhibit a characteristic comonomer distribution with some polymer species
almost completely free of comonomer (like HDPE) while others containing
extremely high comonomer levels so as to be almost amorphous in character (like
EPR). There have been references to more homogeneous comonomer incorporation
using vanadium as catalysts [24] but these are of low productivity and unsuitable
for commercial application.
From the point of view of establishing realistic comonomer distributions for
various LLDPE resins it is clear that data obtained through analytical TREF is
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the most reliable. Studies of L L D P E through the use of analytical TREF have
provided a fairly consistent picture of the general character of their comonomer
distributions, namely that of a sharp-peaked low comonomer component along
with a higher comonomer (lower separation temperature) peak which falls
gradually in the higher comonomer region to produce a non-symetric bi-modal
distribution of the type shown in Fig. 24. The bi-modal and broad distribution
character of L L D P E has been reported by many workers [10], [11], [12], [14], [25],
[26], [27] and in two instance [19], [26] even tri-modal comonomer distribution
curves have been reported though these are clearly more the exception than the rule.
Once the very broad comonomer distribution and relatively narrow M W D was
recognized, detailed structure studies of L L D P E focused on determining the
location of the comonomer among the various molecules that make up a LLDPE
product. To answer this question fractionation is necessary and as Nakano and
Goto [15] pointed out a dual fraction by both molecular weight and comonomer
content will ultimately be necessary for complete information. The reason for this
is illustrated in their imaginary example shown in Fig. 25. This shows how two
resins with the same MWD and SCB distributions can be made up of quite different
molecular species.
It is important from the point of view of clarifying the relationship between
structure and properties for L L D P E resins to be able to define in which molecular
weight species the comonomer molecule are concentrated. This is because of the
impact the comonomer distribution can have on polymer morphology. In the
dynamic process of crystallization, large molecule with little comonomer will exert
quite a different morphological influence than a large molecule with many branches.
This in turn raises the practical question of whether there is variation in the nature
of comonomer incorporation depending on the catalyst system and process used
and to what extent are observed resin properties differences a consequence of this.
The molecular weight dependent of comonomer content in L L D P E has been
evaluated to some degree in a number of studies. Wild, Ryle and Knobeloch [25]
Sample 1

Sample 2

%
M Wt.

M Wt.

Fig. 25. An imaginary example of
polyethylenes having the same
MWD and crystallinity distribution
but a different dependency on each
distribution [t5]. Reprinted with
permission
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using preparative T R E F followed by SEC analysis of fractions concluded that
while there was a significant trend toward low molecular weight species containing
higher levels of comonomer this varied considerably from resin to resin. In general
t h e trend seemed surprisingly weak (See Fig. 37 in the later section on crossfractionation). This was also the conclusion from the studies of Mathot [28]. For
example, solution viscosity and comonomer analysis of fractions from a gradient
elution fractionation (molecular weight separation) of a butene-1 and an octene-1
L L D P E gave the data shown in Fig. 26. Here a significant molecular weight
dependence of comonomer is seen. However, DSC analysis of fractions from the
high and low molecular weight region shows that both fractions still exhibit a
very high degree of heterogeneity. The butene-1 L L D P E was also subjected to a
preparative T R E F and the fractions analyzed by solution viscosity and comonomer
content. Comparison of the data for the two differing types of fractionation is
shown in Fig. 27. Clearly the correlation between molecular weight and comonomer content is poor. Zero correlation would be represented by vertical and
horizontal relationship lines for the TREF and G E F fractionations respectively.
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The detailed intermolecular comonomer distribution in L L D P E has also been
studied by Usami, Gotoh and Takayama [10]. They noted the general trend toward
the high crystalline peak in the TREF being of higher molecular weight than the
average. Using preparative TREF and sequence analysis by 13C they were able
to estimate reactivity ratios for the various fractions. They used this data to explain
the bi-modal and broad SCB distribution character of typical L L D P E TREF
curves. The reactivity ratio data they obtained from the preparative fractions is
shown as a function of separation temperature in Fig. 28. It was concluded that
the data was consistent with a two-site polymerization model in which one site
gave an essentially random copolymer and was responsible for the high separation
temperature peak while the other site had an alternating character giving rise to
a higher comonomer level. Vinyl concentration associated with these same fractions
was determined and it was observed that there was a distinct discontinuity in
the valley region of the overall TREF curve. This is shown in Fig. 29. This was
interpreted as indicating that differing molecular weights are produced at the two
catalyst sites. The overall conclusion was that this two site model would explain
both the bi-modal character of the TREF curve and the molecular weight
dependence of comonomer composition. The two sites were thus characterized as
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Fig. 29. Vinyl concentration plotted as a function of elution temperature for TREF fractions
shown in Fig. 28 [10] Reprinted with permission,
copyright, 1986, Amer. Chem. Soc.
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producing molecules of high molecular weight and low comonomer on the one
hand while the second site yielded lower molecular weight, high comonomer
content material.
The decrease in SCB with increase in molecular weight for many LLDPE resins
has been noted by others. For example the work of Hosoda [19] determined the
structural distribution of LLDPE by combined use of preparative GEF and TREF
along with SEC, DSC and infra-red analysis of fractions. Hosoda also suggested
a relationship between molecular weight, comonomer content and the activity of
various reaction sites on the catalyst. The decrease in SCB with molecular weight
was indicated to vary in extent for differing catalyst systems. Hosoda also studied
the effect of comonomer on crystallization and melting by comparing properties
of TREF fractions from large scale GEF fractions of medium-high molecular
weight ( ~ 5 x 104). Figure 30 shows the significant dependence of DSC melting
on the comonomer type and follows the order of decrease in melting point;
octene-1 = 4-methyl-pentene-1 < hexene-1 < butene-1. This suggests that the
bulkiness of the branch influences the melting point and degree of crystallization
to some degree.
The studies of Mirabella and Ford [26], Hazlitt and Moldovan [12] and Wilfong
and Knight [29] have also noted the decresing comonomer content with increase
in molecular weight for L L D P E resins. However, detailed inspection of these as
well as the other studies cited leads one to conclude that it is the extraordinarily
broad SCB distribution that constitutes the most remarkable characteristic of
commercial L L D P E resins.
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Fig. 30. Relationship between melting temperature
and degree of short-chain
branching for cross-fractions of various ethylene/ctolefin copolymers [19]. Reprinted with permission
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In addition to the structural complexities noted above, in which structure varies
between molecules, there is the possibility that there are structural heterogeneities
even within a single polymer chain. Thus differing degrees of blockliness could
exist which will certainly influence the crystallization process and hence the polymer
morphology. This type of structural difference has been suggested to explain
property differences between differing types of L L D P E made using octene-1 as
the comonomer [29], [30]. The reduced accessibility and reactivity of the large
comonomer in comparison to the smaller ethylene molecule has been suggested
as the reason for this additional structural complexity.
Understanding the structure of LLDPE's in a useful manner has been clearly
advanced by the development of the TREF technique. There is still much to be
done, however, before it can be said that these materials are well understood.

4.4 Polypropylene
In contrast to polyethylenes the crystallization of polypropylene is initiated by
heterogeneous nucleation. The order in polypropylene is a result of the structural
regularity of the polymer chains - it's isotacticity. Normal polypropytenes are
isotactic with the methyl groups lined up on the same side of the polymer chain
and they crystallize in a helical configuration. TREF separation is expected to be
dependent on the perfection of the stereoregutarity along the chain which may be
influenced by the nature of the catalyst, the polymerization conditions and also
the use of comonomers, such as ethylene. The effect of comonomer is to disrupt
the isotactic runs in the polypropylene chain.
The early work of Wijga, van Schooten and Boerma [6] was mainly concerned
with the development of a column TREF technique for characterizing polypropylenes in terms of their isotacticity distribution. The column fractionation
technique they used was clearly an improvement over the earlier solvent extraction
technique of Natta et al. [31]. Natta had used soxhlet extraction of polypropylene
with hydrocarbon solvents of increasing boiling point and showed that fractions
of differing isotacticity were obtained. Wijga et al. were able to demonstrate that
a gradient elution fractionation at 150 °C fractionates on the basis of molecular
weight whereas the TREF experiment separates according to crystallinity or stereo
regularity.
In spite of this early work showing the successful use of TREF for polypropylene
analysis, the value of the technique does not seem to have been as well recognized
as in the polyethylene area. Most studies involving stereoregularity separation
have been conducted using successive solvent extraction with n-alkane solvents
[32], [33]. Recently, however, Kakugo, Miyatake, Mizunuma and Kawai [34]
successfully used TREF to characterize polypropylene and copolymers with
ethylene and 1-butene in terms of their isotacticity.
In this later study, excellent separation was achieved probably due to the fact
that their column separation technique included the crystallization of the polypropylene resins onto the sand column packing by slow cooling. Since the
copolymers were made using 13C - enriched monomer, 13C-NMR analysis on
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the recovered fractions was able to provide a measure of both tacticity (by pentad
determination) and copolymer content. Fractionation data for the homopolymer
is shown in Fig. 31 and similar data was obtained for the copolymers as, for
example, for the ethylene copolymer (Fig. 32). From this type of detailed analysis
they were able to draw conclusions concerning the relative activity of the lower
"iso" specific active centers on the catalyst to the differing comonomers.
It is interesting to note that analytical TREF does not seem to have been applied
to any extent to polypropylene analysis, possibly because of the need to subject
fractions to further analysis, 13C-NMR for example. The study of Kakugo et al.
[34] does suggest that analytical TREF with a calibration based on pentad might
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be feasible for some studies. Fig. 33 shows the plot of isotactic pentad fraction
against elution temperature for polypropylene, EP copolymer and BP copolymer.
The data could be quite well expressed as a single relationship and used to
determine the pentad fraction at any separation temperature.

4.5 Blend Analysis
In industry there is an increasing emphasis on the use of polymers in blends. The
advantage of blending is that it allows one to tailor the polymer end-use properties
without resorting to the much more difficult approach of controlling properties
through the polymerization process. Further, blending makes possible the creation
of materials with properties unattainable from an individual polymer. As a result
there is a need for methods of analysing blends both for quality control
and the evaluation of competitive products. For the most part, blend analysis has
been undertaken through the use of thermal analysis. However, there is a growing
use of TREF for this purpose which capitalizes on some advantages that TREF
has over DSC.
Blend analysis by DSC has the advantage of being simple to do and uses
instrumentation that has become quite sophisticated and readily available over the
years. There are problems, however, when attempting to use DSC for quantitative
determination of blend composition. A major drawback relates to the sensitivity
of DSC to thermal history and the fact that the crystallization of component
molecules is strongly influenced by their molecular environment. Thus one observes
differing melting peak temperatures and peak areas when the cooling rate is varied
and when the blend composition is changed. This means that quantitative data
is possible only when run under well defined cooling rates and calibration is
established with blends of known composition similar to those to be analyzed. In
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contrast, the slow cooling from solution normally used in T R E F effectively
eliminates any thermal history problems. Further, due to the fact that the
crystallization takes place from a dilute solution, co-crystallization effects are
negligible as demonstrated by Wild et al. [14].
A second problem in the use of DSC for quantitative analysis is that as the
degree crystallinity falls so does the heat of fusion. This results in a decreasing
sensitivity of DSC for species of lower crystallinity. At its limit DSC does not
detect amorphous material. In TREF on the other hand, the detector is sensitive
to the hydrocarbon nature of the polymer chain and is not influenced by the
crystaltinity of the component molecule because detection takes place in solution.
The result is that the relative amount of a polyolefin component in a blend can
be directly estimated from the peak area without prior calibration.
Blend analysis by TREF was first described by Knobeloch and Wild [14] and
was specifically directed toward the evaluation of L L D P E / L D P E blends. This
type of blend is sold commercially and is very difficult to analyse because the two
components overlap both in terms of molecular weight and more importantly
with respect to the level of short-chain branching. However, there is considerable
difference in overall SCB distribution of the two types of PE (Fig. 34). There is a
part of the low branched region of a L L D P E which has no counterpart in a
similar density L D P E and is thus free from any overlap from the L D P E component.
As a result, the high separation temperature peak in such a blend can be used as
a measure of the L L D P E component.
The use of this high temperature L L D P E peak in the TREF for compositional
analysis was demonstrated by T R E F analysis of a series of L L D P E / L D P E blends
made with a typical L D P E resin and three differing commercial L L D P E resins.
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compositions [14]
The resulting TREF curves obtained with the first series of blends is shown in
Fig. 35. Simple use of the high temperature peak height allows a calculation of
blend composition from a calibration curve of peak height versus blend composition. The results for the three series of blends are shown in Table 5 and clearly
there is excellent agreement between calculated and actual composition even for
the differing L L D P E components.
Such a scheme clearly works for blends of known components which make
possible the construction of a realistic calibration curve. However difficulties arise
when the blend components are unknown. This is illustrated by the data of
Knobeloch and Wild [14] for three L L D P E / L D P E blends of the same composition
(40% L L D P E with 60% LDPE) but differing L L D P E components (Fig. 36).
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Table 5. Composition of blends of LDPE resins with an LLDPE
resin determined by TREF analysis [14]
Composition
Wt Frac. LLDPE

Calculated Blend Composition

0.0
0.1
0.2
0.4
0.6
0.8
0.9
1.0

Resin A

Resin B

Resin C

-0.01
0.08
0.20
0.45
0.62
0.81
0.85
1.00

0.02
0.10
0.18
0.41
0.64
0,72
0.92
1.01

0.01
0.10
0.21
0,40
0.56
0.81
0.88
1.04

Clearly no single calibration curve would work because the high temperature peak
reflects the shape of the L L D P E component TREF curve as well as the amount
of the L L D P E component present. The shape of the valley region as well as that
of the second peak are also dependent on the detail curve shape of the L L D P E
component.
The solution to this dilemma was to develope a library of differing commercial
L L D P E TREF curves and to match the shape of the blend curve of unknown
components against the shape of known potential commercial components in the
high peak and valley region where little overlap is expected. Subsequent computer
matching and subtracting yields the data presented in Fig. 37. In this particular
instance a computer "best fit" criterion though pattern recognition provides almost
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the same compositional analysis as is obtained by analysis of the individual
components. The specific blend analysis was made possible because the original
commercial blend was not a melt blend but a pellet blend which allowed T R E F
to be run on individual component pellets.
In this necessarily convoluted approach to blend analysis, the authors pointed
out that there are three crucial requirements for success. First it is important that
there be a high level of reproducibility in the T R E F analysis. In order to achieve
this they introduced some modifications to their experimental T R E F technique.
They included:
a. A five-fold reduction in column and sample size.
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Fig. 38. Analytical TREF of a
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medium density (0.941) PE resin
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b. Replacement of the oil bath with a programmed G C oven to provide a
reproducible temperature gradient.
c. Replacement of the refractive index detector with an infra-red detector for
improved base-line stability.
Secondly there is clearly a need to have the TREF data of all potential L L D P E
components on file in computer memory. Finally it is important that the
fractionation process be sufficiently refined so as to provide T R E F curves of blends
which truly represent those of the individual components with minimal distortion
due to co-crystallization efforts.
In a more recent study, Kelusky, Elston and Murray [11] demonstrated the use
of analytical T R E F for the analysis of a wide range of polyethylene-based blends.
As with the work described above, their analytical TREF system used very small
sample and column size, a programmed oven and an IR detector to achieve the
necessary reproducibility and resolution. In addition to confirming the effectiveness
of TREF for the characterization of blends of L L D P E and LDPE, they showed
examples of LDPE/medium density PE blends (Fig. 38) and of ethylene vinyl
acetate copolymer/LLDPE blends (Fig. 39).

Fig. 39. Comparison of TREF curves of a 50/50 blend of an LLDPE
and a 12.9% VA EVA copolymer
with that calculated from individual
component curves [11]
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Kelusky et al. also indicated that by use of a semi preparative TREF system
one could achieve an effective characterization of PE/EPDM terpolymer and
PE/polyisobutytene blends. The approach for this type of analysis of blends, in
which one of the components was non-crystalline, was to first collect the PIB or
E P D M by elution at 30 °C followed by elution of the PE component as an
analytical TREF or it could be eluted off, precipitated and recovered for subsequent
analysis by SEC or ~3C NMR. They point out that the TREF separation of this
type of mixture is superior to the usual solvent extraction methods which invariably
remove some highly branched or low molecular weight PE in addition to the PIB
or EPDM. One would anticipate that such a separation scheme would be effective
for other crystalline/amorphous polymer blends such as impact polypropylenes
which contain ethylene-propylene rubber.

4.6 Cross Fractionation
Cross fractionation, which refers to the sequential fractionation in terms of
composition and molecular weight offers the promise of the most complete
structural analysis for polyolefins. This is particularly true in the case of L L D P E
because, as indicated above, these resins exhibit both broad distributions of
molecular weight and of comonomer. Also, since molecular weight and comonomer
content are not strongly inter-related one might expect to find significant differences
in the structural distributions of resins made by differing processes.
A number of studies have described some form of cross fractionation for
characterizing low-density polyethylenes (LLDPE as well as LDPE). In most cases
the study involved re-fractionation of selected fractions. For example, Shirayama,
Okada and Kita [1] subjected some molecular weight fractions from LDPE resins
to T R E F separation to establish how SCB distribution varies with molecular
weight. Mathot [28] ran TREF analysis on differing molecular weight fractions
from a L L D P E and demonstrated that although there was a tendency for lower
molecular weight fractions to contain a somewhat higher level of comonomer, at
every molecular weight level there was a very broad distribution of comonomer
among the polymer chains.
In recent times it has become more common to subject preparative TREF
fractions to SEC analysis to gain insight into the distribution of comonomer. A
number of partial cross fractionations of this type have been published for LLDPE,
[15], [19], [26], [28]. Here again the conclusion is that although the highly branched
species tend to be of lower molecular weight and the less branched species higher
molecular weight than the average, there is still a broad distribution of molecular
weight at each fraction of differing branching content.
In light of the obvious complexity in the branching distributions of these
materials and the belief that this will significantly effect the polymer morphology
(and hence polymer properties) it will probably be necessary to characterize the
total distribution for complete understanding. Efforts aimed at determining
complete molecular weight and branching distributions have been reported by
Nakano and Goto [15], Wild, Ryle and Knobeloch [25] and Hosoda [19].
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1 Introduction
Synthetic copolymers are always polydisperse, i.e. they consist of a large number
of similar chemical species with different molar masses and different chemical
composition. Further sources of polydispersity are differences in the number of
short- and long-chain branches, tacticity, sequence length, and other characterization variables. When block copolymers are considered, additional polydispersities,
for example, in block length, in the number of blocks, and in the arrangement of
blocks, have to be taken into account. Owing to this polydispersity, characterization ofcopolymers does not usually provide the number of the individual molecules
or their mole fractions, mass fractions, etc. but requires the use of continuous
distribution functions or their averages.
However, traditional chemical thermodynamics is based on mole fractions of
discrete components. Thus, when it is applied to polydisperse systems it has been
usual to split the continuous distribution function into an arbitrary number of
pseudo-components. In many cases dealing, for example, with a solution of a
polydisperse homopolymer in a solvent (the pseudobinary mixture), only two
pseudo-components were chosen (reproducing number and mass averages of molar
mass of the polymer) which, indeed, are able to describe some main features of
the liquid-liquid equilibrium in the polydisperse mixture [1-3]. In systems with
random copolymers the mass average of the chemical distribution is usually chosen
as an additional parameter for the description of the pseudo-components. However,
the pseudo-component method is a crude and arbitrary procedure for polydisperse
systems.
On the contrary, continuous thermodynamics is based completely on continuous
distribution functions, which include all information about these functions and
allow a mathematically exact treatment of all related thermodynamic properties.
A continuous description of the composition within thermodynamic treatment
was already suggested in relation to some special applications. There is a group
of authors who used continuous distribution functions for treating problems of
statistical mechanics and non-equilibrium thermodynamics [4-8]. A second group
of authors was mainly interested in the vapor-liquid equilibrium of hydrocarbon
mutticomponent mixtures for distillation processes. They replaced in special
equations the summation with respect to the individual components by an
integration of a continuous distribution function [9-14]. A third group dealt with
systems containing synthetic polymers or copolymers [15-23]. As in the second
group, the summation in traditional thermodynamics was replaced by integration
for special purposes, e.g. treating the liquid-liquid equilibrium problem. These two
groups did not consider the general fundamentals of the problem. However, with
continuous distribution functions it was possible to establish a completely new
and consistent version of chemical thermodynamics. This version is called
continuous thermodynamics, and it has been developed by a fourth group of
authors [24-27].
Continuous thermodynamics may be applied to all kinds of systems containing
polydisperse ensembles. Important examples of such systems are solutions and
mixtures of synthetic polymers and copolymers, crude oils and many liquid

52

M.T. R/itzsch and Chr. Wohlfarth

fractions and products obtained in natural oil and gas processing or coal
liquefaction.
After a decade of development and application, a number of original papers on
continuous thermodynamics have appeared in the literature. R~itzsch and Kehlen
[28-30] reviewed the state-of-the-art on systems containing synthetic polymers
[28, 29] and those containing petrol fractions and other multicomponent low
molecular hydrocarbon systems [30]. Therefore, this overview focuses on systems
containing copotymers characterized by multivariate distribution functions and
those containing block copolymers. Of source, all important aspects regarding
homopolymer systems are automatically included in our discussion.

2 Fundamentals
Fundamentals of continuous thermodynamics as applied to homopolymers
characterized by univariate distribution functions have been reviewed extensively
[28, 29]. Hence, this chapter will provide the fundamentals in their most general
form by considering systems composed of any number of polydisperse ensembles
described by multivariate distribution functions and any number of solvents and
by referring to the papers [28, 29].
We consider a mixture containing I solvents A', A", .... A{~)and D polydisperse
macromolecular ensembles B', B", .... B{D), each characterized by a multivariate
distribution function. All molecules are imagined to be divided into segments of
equal size. With a standard segment defined properly (which may be chosen in
several ways depending on the subject to be investigated and the thermodynamic
model to be used [31]), a segment number r may be defined for each kind of
molecule. Denoting the amount of a species i by nl we can express the amount
of segments ~i by
ni =

rini-

(1)

The segment-mole fraction ~Pi of the species i is defined as

tpi = ~/~;

~ = Y. ~j.
J

(2)

The polydispersity of an ensemble B is described by a multivariate distribution
function wB(MI, M2 . . . . . M t ) , which is normalized by
J" j" ... ~ w,(M~, M2 ..... M OdM~ dM2.., dM, = ~,;
Mi M2

Mt

B' = B",

....

(3)
B (o) .

In Eq. (3) and in all the following equations, the integrals are extended over the
total domains of the variables M 1, Mz, ..-, Mr The quantity ~B is the total amount
of segments of all species of type B. These species differ in their properties
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M1, M2 . . . . . Mt, which can be the molar mass, the chemical composition, the
number, position or length of side chains, the tacticity, the sequence length, and
others. The amount of segments of all species B having the identification variables
in the intervals (M1, Ma + dM1), (M2, M2 + dM2) ..... (Mr, Mt + dMt), respectively, is given by wB(M 1, M2 ..... Mr) dM1 dM2 ... dMr
If the amount of segments of a solvent A is denoted by flA, the total amount
of all segments in the mixture is given by

= E ~. + E a.,
A

(4)

B

where (here and in the following equations) the sums are extended over all solvents
A', A", .... A °) and all ensembles B', B", .... B to). If the quantities of type flA and
the distribution functions of type wB(M1, M2 ..... Mt) are known, the mixture is
completely characterized.
To describe the system by intensive variables, we introduce the segment-mole
fractions of the solvent ~PAand the overall segment-mole fractions of the copolymers
VB as well as the segment-molar distribution functions Wa(MI, M2 ..... Mr) by
tPA = ~-A/fi;

A = A', A", .... A (~),

(5)

• B = flB/~;

B = B', B",

(6)

....

B (D) ,

WB(M1, M2 . . . . . Mr) = wB(M1, M2 . . . . . Mt)/~n;

B = B', B", .... B (°) .

(7)

The following normalization conditions
VA+~VR=
A

B

I

f ---~

MI M2

1,

(8)

W,(M1, M2 ..... M t ) d M l d M 2 . , . d M t = 1;

Mt

B = B', B", .... B <D)

(9)

have to be fulfilled.
An extensive quantity z depends on temperature T, pressure P, the amounts of
segments of all individual components
{fin} = nA', hA", .... nAo,

(10)

and the extensive distribution functions of all polydisperse copolymers
{wB} = WB,,WS", .... WB,D,.

(11)
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This dependence will be written in the form
z = z(T, P, {fi.}, {w.}),

(12)

where z is a function of T, P, {hA} and a functional of {wB} (which is expressed
by the semicolon). Then, the differential ~z at fixed T and P is given by Eq. (13)
(compare Ref. [29] for the univariate case).
aZ = 2 2A aria -}- E Y Y --- .I 2.(M1, M2 ..... M,)
A

B MI M2

Mt

× 5wB(M1, M2 ..... Mr) dM1 dM2 ... dM,

(13)

~'A a n d Z B ( M 1 , M 2 . . . . . M,) are the partial segment-molar quantities. Whereas the
differential 6z results from a global variation [24, 29] of the distribution function
WB(M1, M 2..... Mr), the partial segment-molar quantity ~8(M1, M2 ..... Mr) corresponds to a local variation [24, 29] at the point M1, M2, ..., M,.
Generalization of Euler's theorem on homogeneous functions to functionals
[24, 32] allows one to write for the extensive quantity z
z=E~g2.

+E

A

I

~ "' f wa(M1, M2 ..... Mr)

B M1 M2

Mt

× ZB(M1, M 2..... Mt) dM 1 dM 2 ... dMt.

(14)

The related segment-molar quantity ~ is given by
2 = z/~

(15)

and reads
=EuPa~g +~, i
A

~ "" I ~.W.(M1, M2 ..... Mr)

B MI M2

× 7.B(MI, M

2. . . . .

Mt

Mr) dM 1 dM 2 ... dM,.

(16)

By means of Eqs. (13) and (t4) a generalized form of the Gibbs-Duhem equation
is obtained (at constant T and P), which is expressed by
E n. 5~. + E ~ I ... I w.(M1,
A

B Ma M2

x 6i~a(M1, M 2 ,

...,

M2 .... ,

MO

Mt

Mr) dM1 dM2 ... dM, = 0.

(17)

With the aid of Eq. (16), the partial segment-molar quantities can be calculated according to Eqs. (18) and (19) (compare Eq. (4-30) in Ref. [33] for the
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discrete case in a multicomponent mixture composed of individual components
only).
D2
2 A =

2

D2

-1- - -

-- E

D~A

- E

I

A

I~A

-

-

DIp A
D2

f ... 5 lPuWB(MI, M I . . . . . M't)

B Mi M~

M[

D~pBtMI,M~ . . . . . MD

x dM'~ dM~ ... dM't;

A = A', A", .... A m ,
D~

DZ

~'B(M1, M z . . . . . Mr) = Z +

- ~ ~. - -

DIPB(Mt,M2..... MO
- E

M[

x dM'~ dM~ ... dM't;

A

D~A

D2

5 I .-. 5 tpBWB(M'~,M~ . . . . . M;)

B Mi M~

(18)

D1J,)B(MI,M~ . . . . . Mr)

B = B', B", .... B (D) .

(19)

The partial derivations of ~ with respect to tpB(stl,M...... St,) and tPB(MI,M~..... st0
correspond to local variations of the distribution functions (compare Ref. [29] for
the univariate case). The quantities of types ~A and ~PB(M,.m..... M0 m a y be
considered as independent variables, because by applying Eqs. (18) and (19)
together, the normalization conditions, Eqs. (8) and (9), are satisfied automatically.
Generally, the calculation of partial derivatives of ~ with respect to ~P~(M,,M2..... M0
and tpB(M~,st~..... st0 results [34] in the partial derivatives of the function
~BW~(M~, M'~..... M't' ) with respect to ~PBtm,st...... M,) and 113B(MI,M~z. . . . . M~) which
are provided by [34]
D[~p~WB(M'~, M~ ..... M~')]
D~PB(M~,M~..... MO
t

= I-[ 8(M~' -- M0;

B = B', B") .... B (°) ,

(20a)

i=l

D[tpBWB(M [, M~,..., M'()]
D I p B I M I , M ~ . . . . . MO

= ItI 8(M I' - M'i);

B = B', B", • .., B (°) )

(20b)

i=l

where 8(M{' - Mi) and 8(M{' - M~) are Dirac delta functions. To calculate the
partial segment-molar quantities the following property of the Dirac-function
generally has to be applied.
I

5 ... 5 I£I 8(M; - M0 f(M'~,M~,...,M{)dM~ d M ~ . . , dM't

Mi M~

Mt i = t

= f(M1, M2 . . . . . Mt).

(21)
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Here, the function f may be any continuous function of the variables
M'~, M~ ..... M[. The single superscript prime in Eq. (21) may also be replaced by
the double superscript prime.
The most important partial segment-molar quantity for calculating phase
equilibria is the chemical potential related to the segment-molar Gibbs free energy
of mixing. In the framework of a discrete treatment, the segment-molar chemical
potential for one of the solvents A and that for a certain species of one of the
copolymers B in a homogeneous mixture read
~A= f i * + R T

ln~PA+----

+ RTln~A;

rA

(22)

A = A', A", .... A~) ,
~B, = fi** + RT

In VB~ +

+ RT In ~Bi;
rB~

(23)

B = B', B', .... B (D) .

~* and ~Bl are the segment-molar chemical potentials of the pure molecular species
A and Bi, respectively, and depend on T and P only. The second term on the right
hand side of Eq. (22) or (23) is the well-known Flory-Huggins contribution (for
= 0) accounting for the difference in molecular size (to a reasonable approximation). R denotes the universal gas constant. The quantity tpBi is the segment-mote
fraction of the species i of one of the copolymers B, and ? is the average of the
segment number for all species in the homogeneous m~ture (see Eq. (27) below).
Finally, segment-molar activity coefficients fA and fBi are introduced to describe
all deviations from the Flory-Huggins mixture (with Z = 0). Within the continuous
treatment the segment-mole fraction ~P~i will be replaced by [29]
~PBI~ tPBWB(M1, M 2

.....

M0 rma;

B = B', B", . . . .

B (D) ,

(24)

where rm~ is the segment number of a certain monomer unit of B. Hence, the
continuous analog of Eq. (23) reads
~B(M1, M 2 . . . . ,

Mr) = ~ * , o ( M 1 , M 2 . . . . . Mr)
+ R T [ llntpBWB(MI' Mz' .... Mr) +-11 J-r rA
+ RT In ~B(M1, Mz .... , M,);
B = B', B",

(25)

. . . . B (D) .

The term RT (ln rm~)/r has been combined with the segment-molar chemical
potential ~*(M~, M2 ..... Mr) of the pure species
t
=* M 1, M2, ..., Mr) = ~*(M1, Mz, ..., Mr) + RT -- In rm~.
PB.o(
r

(26)
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This quantity plays no role in the calculation of liquid-liquid phase equilibria.
The average segment number of the total homogeneous mixture i is given by
Eq. (27).

1

E ~PA + E ~Pa
A

rA

B

(27)

rB

with

1
rB

~ f ". f 1 Wa(M1, M2,
M1 M2

Mt

B = B', B", . . . .

Mt) dM~ dM2

dMt;

r

(28)

B (D) ,

The total segment-mole fraction tpB of a copolymer B is given by Eq. (6). The
segment number r of a certain species can be one of the characterization variables
M1, Mz ..... M t in the simplest case. More generally, r has to be considered as a
function r(M 1, M z..... Mr). The expression for the chemical potential of any
individual solvent A, Eq. (22__),does not change its general form. The segment-molar
activity coefficients ~A and fB(M1, Mz ..... Mr) depend on temperature, pressure
and (I - 1) segment-mole fractions of the type h0A. Furthermore, they depend (as
functionals) on D quantities of the type ~PBWB(M1,M2 . . . . . Mr). The segment-molar
Gibbs free energy ~ reads acording to Eq. (16),

=Z~P*~A+Z
A

I f "-" f vBWa(M1, M2,...,Mt)
B MI M2

Mt

(29)

× lIB(M1, Mz ..... Mt) dM1 dM2 ... dMt
and, applying Eqs. (22) and (25), we obtain

M| M 2

Mt

x ~* o(Mt, M 2..... Mt)} dM1 dM2 ... dMt

+gT[~Al
I~pSWn(MI'
nap*+~ff'M
"f{2rA
M
M
2I

× wwaM ,

Mt

.....

..... Mr)

... dM,1
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+ R T I ~ t ~ A l n ~ A + ~ M ~ f M2
f ' ' ' M ,f

{ 1 tPBWB(M1, M2, ..., Mr) In ~B(M, M2 ..... Mr)}
.dM 1 dM 2 ... dMt)

(30)

The fourth term on the right hand side of Eq. (30) represents the segment-molar
excess Gibbs free energy ~E accounting for all deviations of G from the
Flory-Huggins mixture (with Z = 0). Explicit expressions for (~E and the segmentmolar activity coefficients have to be taken from theoretical considerations based
on statistical thermodynamics (for examples see Sect. 3.1).

3 Liquid-Liquid Equilibrium in Solutions
of Random Copolymers
3.1 Calculation of Cloud-Point Curve,
Shadow Curve and Coexistence Curves
After presenting the fundamental equations in the preceding chapter we now
consider their applications. Continuous thermodynamics is always important if
thermodynamic properties or processes are influenced by distribution functions.
From the practical point of view the liquid-liquid equilibrium is the most important
aspect [29]. The following considerations are first restricted to systems containing
random copolymers, especially one copolymer ensemble (which is characterized
by a divariate distribution function), and one solvent A. Blends and block
copolymer solutions are considered in Sects. 4 and 5. Generalizations to systems
with more than one copolymer ensemble and/or more than one solvent are given
in Sect. 3.2 (for solutions of random copolymers) and in Sect. 4.2 (for blends of
random copolymers).
The pseudo-binary case A + B is chosen to explain the details of the problem.
The copolymer B consists of two kinds of monomer units, cz and [5. As explained
in Sect. 2 a standard segment has to be defined. The segment numbers r~ and r~
may be calculated as the quotients of the hard core volumes of all m-units or all
B-units, respectively, in one molecule of B and of this standard segment. The
chemical composition is described by the segment fraction YB of the s-units within
the molecule of an individual copolymer species. Hence, there are two identification
variables rB and YB, which are defined by
rB = r~ + r~;

YB = rJrB.

(31)
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According to Eqs. (3), (6) and (7) the polydispersity of the copotymer B may
be described by a divariate distribution function WB(rB, YB) in the simplest case.
According to the definitions in Sect. 2, the quantity WB(rB, Yn) dra dYB represents
the segment fraction of all copolymer species in the system with rB-values between
rB and rB + drB and YB-values between YB and YB + dYB, which are considered
to be continuously distributed. The normalization conditions, Eqs. (8) and (9),
now read,
VA + VB = 1,

(32)
r0

S ~ W~(rB, YB) dYBdrB= 1;
rB

YB

S = ~;
rB

ro

1

~ = ~,
Yt~

(33)

0

where r0 < rB < r ° and 0 < YB < 1.
The moments of the segment-molar distribution function WB(rB, Y~) are defined
by Eq. (34).
r~Y~ = f I WB(r., Y.) r~Y~ dY. drB.

(34)

rB Y B

If two phases I and II are in equilibrium, the phase equilibrium condition in
continuous thermodynamics reads [29, 34-36],
~, = ~ ,

(35a)

~(rB, YB) = Ix]](r., Y.).

(35b)

For the copolymer B, Eq. (35b) is valid for all species identified by segment number
r B and chemical composition YB and considered to be continuously distributed
within the total domains of these variables. Multiphase equilibria, though not
considered here, may be treated analogously by extending Eqs. (35) to more phases
and calculating the properties of more than one unknown phase by additional
equations of the type developed below for the equilibrium of two phases. In many
cases, multiphase equilibria are obtained as multiple solutions of Eqs. (35).
With Eqs. (22), (25), (27) and (28) specified to the case of two identification
variables, the application of Eq. (35) gives
(1 - tp~) = (1 - tpI) exp (rAOA),
tVB"**Tn~We B~,IB~, YB) = v ~ W I ( r B ,

YB) exp (rRoB(rB, YB)),

(36)
(37)

where
0A = -- (V~ -- VI)/rA + tp~/?~ -- V~/?[ -- In ?~ + In ~A,

(38)

Q.(rn, YB) = -- (tPll -- tp~)/rA + v~/r]] -- tp~/~
--

In ~(r B, YB) + ln~(rB, Y.).

(39)
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Eq. (36) is a scalar equation and Eq. (37) is a functional equation. Both provide
solutions to the unknown scalar ~ and the unknown distribution function
W~(rB, YB) at given pressure and temperature if ~ and W]~(rB,YB) are known.
Further treatment depends on how the distribution function WB(rB,YB) influences the segment-molar activity coefficients ~A and ~B and the segment-molar
excess Gibbs free energy ~r. In the most general case, ~E may be a functional
of WB(rB, YB) itself, and the unknown scalar ap~ and the unknown distribution
function W~(rB, YB) are coupled in complicated ways, because QB(rB,YB) in Eq. (39)
contains ~n depending on the unknown distribution function W~(rB, YB).
Usually, ~E may be assumed to depend only on the moments of WB(rB,YB)
(which are given by Eq. (34)). In this case, it is easily seen that the problem
concerning the unknown distribution function Wg(rB, YB) can be separated from
the problem of calculating the unknown scalar ~p~ and, furthermore, it can be
solved exactly. The functional ?~ is itself a scalar and may simply be considered
as an additional scalar Unknown defined by Eq. (34) with m = 0 and n = - 1 .
Finally, in all special cases considered above for the application to random
copolymer systems, fA and ~Bdepend only on the mass-average ¢IB of the chemical
composition YB of the copotymer B. The functional ~'B is obtained by Eq. (34)
for n = 0 and m = 1. If one is interested in including more functionals of the
unknown distribution function, all unknown functionats have to be calculated in
the same way as for f'~ and Vi~ by applying Eq. (37) to Eq. (34).
In general, temperature or pressure may also be unknown, and the additional,
necessary scalar equation is provided by the normalization condition, Eq. (33).
" rfflW~(rB, YB) and YBW~(rs, YB) gives, according to
Integrating Wntr
B~ 8, "YB),
Eqs. (33), (34) and (37), the following three relations:
h0~ = Lp~ ~ ~ W~(r., YB) exp (r.QB(r., YB)) dYB drB,

(40)

rB YB

Fn

~p~

rfflWI(rB, YB) exp (rBQB(rB, YB))dYB drB,

(41)

ra Ya

~g = w~ f f YBW~(rB,Y~)exp(r~QB(r.,Y~,))dV.dr~.

(42)

rB Y B

This set of equations together with Eq. (37) allows complete calculation of the
phase boundary in polydisperse systems, i.e., cloud-point and shadow curves. The
cloud-point curve describes the beginning of phase separation in the T - ~p~- or
P - ~p~-plane,while the shadow curve is the corresponding graph for the coexisting
phase II [16, 29] (the "first" droplet). If we start from a homogeneous solution
given by phase I characterized by a9~ and WI(rB, YB) for a given pressure (or
temperature) and changing T (or P) until the "first" droplet of phase II is obtained,
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we can determine the unknown scalars ~p~,~n, c/~ and T (or P) from Eqs. (36) and
(40)-(42). To do this, the quantities ln~A and ln~B(rB, Ys) must be known as
functions of T, P, tpB and YB. The resulting function T(~g) or P(~), i.e., the
colud-point curve, is obtained by varying ~ , and so is T0pg), i.e., the shadow
curve. Finally, the unknown segment£molardistribution function W~(ra, YB) may
be calculated directly by Eq. (37). If fA and fB depend on further moments of the
type r~Yf~, quantities of the type r~Y~W~](rB, YB) have to be integrated additionally
by applying Eq. (37), and further equations of the type
r,Y'~'~I'=~fy

" m I
raYBWa(rB,
YB) exp (rB~a(rB, YB)) dYB drB

(43)

rB YB

have to be taken into account for the calculation of cloud-point and shadow curves.
Under the conditions of T, P, and ~B where phase separation occurs in the
miscibility gap, i.e., below (UCST behavior) or above (LCST behavior) cloud-point
conditions, two phases may be observed. They are characterized by distribution
functions, Wta(rB,YR) and W~(ra, YB), which differ from them in the initial
homogeneous phase. This effect leads to T(~p~),T(~p~) or P(~), P(~p~)curves, which
are different from the cloud-point curve and the shadow curve. There is an infinite
number of such differing sets of coexisting curves, because they depend on the
value of ~pF in the initial homogeneous phase. Thus, each different ~pg leads to a
different coexistence curve, and the cloud-point curve and the shadow curve are
the envelopes of these coexistence curves [16, 29].
To calculate these coexistence curves we consider that a feed phase F is separated
into two phases I and II. The mass balance in the segment-molar form [29, 35] is
F
F
tPaWB(rn,
YB) = (1 - ~b) tPBWB(rB,
i 1
II iI
YB) + ~BWB(ra,
YB)-

(44)

This is to be combined with the phase equilibrium condition, Eq. (35). Hence,
is the total amount of segments in phase II relative to their total amount in the
feed phase F, i.e.,
= ~H/~F.

(45)

Integrating ~pBVW~pg(rB,YB), tp~Wg(rB, YB)/rB and tP~Wn(rB,
F v
YB) YB results, according to Eq. (44), in the following scalar balances,
(46)
~ / ~ F = (1 -- q b ) ~ / ~ + ~p~/f'~,
, F~F

~

- lI~rlI

(47)
(48)

As discussed above, further treatment depends on how ~ depends on WB(rB, Ys).
If this dependence is provided by functionals only, the problems of the unknown
distribution functions and the unknown scalars can be separated as discussed
above for the problem of cloud-point and shadow curves.
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The feed phase F as well as two of the three variables T, P, and qb are assumed
to be specified. The unknown quantities of phase I may be eliminated by the
balance equations, Eqs. (44)-(47). The unknown quantities of phase II are
calculated by applying the phase equilibrium conditions.

(1 -

vg)

=

1 -

vg

0 + (1 - 0)exp (rA~OA)'

W~(rB, YB) --

vg

Wg(r., Y.)

lp~ qb + (1 - dp) exp (--rB~B(rs, Y~))'

(49a)

(49b)

Integration of Eq. (49 b) with the normalization condition, Eq. (33), and determination of the desired moments of W~(rB, YB) by Eq. (34) lead to the equation set,
1 = ~ ~ WII(rB,YB) dYB drB,

(50)

rB YB

1/~n =

ff

YB)dYBdrB,

(51)

rB

rB YB

Y~ = S ~ yBWI(rB, YB) dY. d r . .

(52)

rB YB

Now the four scalar unknowns tp~, ~'~, Y]] and the unspecified one of the three
variables T, P, qbcan be calculated by means of Eqs. (49-53). The scalar quantities
referring to phase I may be easily obtained by Eqs. (46)-(48). The distribution
functions of both coexisting phases are determined by Eqs. (44) and (49). In the
case 0 = 0, Eqs. (49)-(52) reduce to Eqs. (36), (37) and (40)-(42), i.e., to the
problem of cloud-point and shadow curves.
As mentioned above, practical calculations depend on the knowledge of the
segment-molar activity coefficients and their dependence on T, P, tpB and
~PBWB(rB,YB). An explicit expression for the segment-molar excess Gibbs free
energy ~E has to be developed to calculate fA and fB(rB,YB) by applying Eqs. (18)
and (19) to such an expression. Obviously, the result depends on how the
distribution function influences ~ E In the following treatment, ~ is assumed to
depend on ~'8 and ~ only, where ~ is obtained by Eq. (34) for n = 0 and m = 2.
In the usual literature, the z-function of copolymer systems is assumed to depend
on the volume or segment fraction of the copolymer units, a model developed
long ago by Simha [37] and Stockmayer [38]. However, the treatment outlined
below may be easily generalized to more complicated cases. The actual case can
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be taken as a representative example, where Eq. (19) reads
In f~(rB,YB) = G~/RT +

D(~/RT

DGE/RT
+ (1 - x p n ) D~B

DlPB (ra, YB)

DC~/RT
dY~ dry.
D ~ 8 (r~,,Yh)

rh Y~

(53)

The quantities Ys and Y"~ have to be rewritten as

; ~ v~WB(r~,Yi~)Y~ dY~ dr~
YB ~ r§ Yi~

(54)

~W~(r~, Yn) dY~ dr~
rh Yg

~

tpBWB(r~

j"

; vBWB(r~,Y~) dY~ dr~

' y~)

(y~)Z dY~ dr~

(55)

ri~ Yfi

Furthermore, the derivatives of the type
D~E/RT
DWB(rB,yB)

0~E/RT
~CfB

D~VRT
may be expressed by
D~PB¢rB, YB)

DYB
Dlt~BCr~, v~)

0 G E / R T DY'~
8:'~ DaPe(rm YB)"

(56)

Now we differentiate Eqs. (54) and (55) with respect to tpS(rB,VB),apply the quotient
rule, and obtain
DYB
Dtpn(rs, YB)

1
~B

ff

D[tpBWs(r~,Y~)] y~ dY~ dr~

i~ Yi~

(57)

- ~B df Yg~
f r D[tPBWB(rB'
BDlPB} (m,rYB)Y~)]
f dYB
i
and
DYB

1

D ~ B (m, YB)

~13

ff
§ Y§

D[vaWB(r~, YQ] (y~)2 dY~ dr~
DtPB(~,v~)

- Y~

f;

r§ Yi~

D[tpBW~(rmYB)]dYBct dr~tt
D~BC~, Y~)

}

(58)
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Finally, Eq. (20) leads to
D[tpBWB(r~, Y~)]

= 6(r~ - rB)8(Y~ - YB)

(59)

DlPB(rB, YB)
and Eq. (21) has to be applied for calculating the derivatives D~'n/D~B(rB, yB) and
DYB2/DtPB(rs,yB)
DYB

1

DapB(rB,YB)

~B

DCfB

1

Dt~B(rB, YB)

I~B

(YB -- Ys),

(60)

(Y~ - Y~).

(61)

Hence, Eqs. (53) and (56) give
in ~B(YB) = ~E/RT + (i - tpB) ~
- E-/ R T + 1 8GE/RT (YB -- YB)
~tPB
tPB ~'~a
+

1 ~E/RT
,~
~
(V~ - Y~).

t~B

~y2

(62)

Because (~E was assumed to depend on moments of YB only, f~ does not depend
on rB. This assumption seems to be realistic for tong-chain copolymers only, but
not for oligomers [29, 39]. However, the main effect concerned with copolymers
arises from the YB-dependence, and extensions to more complex (~E-functions are
possible with no difficulty. The expression for In ~A in the above case is obtained
by applying Eq. (62) to (~E (compare Eq. (16))

(~E/RT = (1 - VB) In ~a + S S tPBWB(rB,Yn)) In ~B(YB) dYB drB (63)
rB YB

yielding
8GE/RT
In ~A = (~E/RT -- tPB - 8tp8

(64)

This is the well-known expression which is valid when only one solvent is involved.

3.2 Solutions Containing Several Solvents
and Several Copolymers
A straightforward extension of the methods outlines above can be made. Here,
we formulate the relations for liquid-liquid equilibrium in solutions which contain
more than one solvent and one copolymer and are characterized by multivariate
distribution functions. Thereby, we restrict ourselves to a brief description.
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The phase equilibrium condition for the two coexisting phases I and II now reads
t]k = ~t];
~(rB, YB, {L.}) = ~ ( r , , YB, {LB});

A = A', A", .... A °) ,
B = B', B", .... B(°) ,

(65)

where {LB} is the set of additional identification variables. Each copolymer
B = B', B", .... B (t') can be characterized by a different set of {LB}; the additional
variables are not necessarily the same for all copolymers. Application of the
expressions for the segment-molar chemical potentials, Eqs. (22) and (25), yields
Wn = tpk exp (rA~OA);

A = A', A", .... A(1),

(66a)

~plhI rll [_

1 I
B*V.t.., Y., {LB}) = ~BWB(rB,
Y., {LB}) exp (rBQB(rB,YB, {LB}));

B = B', B", .... B~°)

(66b)

VA + ~ tPB = 1 .
B

(66c)

with
A

Eq. (66c) has to be fulfilled for each phase. The quantities ~A and QB are provided
by Eqs. (38) and (39), but now belong to the sets of I solvents A and D copolymers
B, respectively, extended in the set of variables by {LB}. According to the
normalization condition, Eq. (9), integration in Eqs. (66b) results in
=

lPBWB(rB, YB, {LB}) e x p (rBQB(rB, YB,
rB YB

{LB}))

{LB}

x dr B dY~ d{LB};

B = B', B", .... B(D) .

(67)

For calculating cloud-point and shadow curves the composition of phase I (i.e. tpk;
~W~(rs, YB, {LB})) and the pressure or temperature are again assumed to be
known. Hence, there are I + D + 1 unknown scalars (T or P, {tp~}, {tp~}) and
D unknown distribution functions W~(rB, YB, {LB}).The scalar equations are given
by Eqs. (66a, c) and (67), and the function equations by Eqs. (66b). In analogy to
Sect. 3.1 separation of the problem depends on ~E and its relation to
WB(rB, Y., {LB))The separation is achieved for the case o f ~ E, being only a function of functionals
{M n } of WB(rB, YB, {LB}) (B = B', B", .... B(m), as outlined before. The additional
scalar equations

ff fr.
.

rn YB

--

tp.WB(rB, YB, {LB})

{LB}

× exp (rSoB(rB,YB, {LB}))drB dYB d{La},

IDII•II

. . . .
rB YB

(68 a)

YB~WB(rB, YB, { L n } )
{LB)

× exp (r.oB(rB, YB, {L~})) dr~ dYn d{L~},

(68b)
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. . . .

MBV,Wn(r ., Y., {Ls})

rB YB

{LB}

x exp (r,~n(rn, Y,, {L.})) drn dYs d{L,}

(68c)

provide the additional scalar unknowns tnxn,=x~I~.... ~B H, and the expressions in
Eqs. ((66b) provide (after division by tp~) the exact and explicit relations for the
calculation of the D unknown distribution functions W~(rs, Y~, {LB}).
The number of unknowns may be reduced by eliminating one of the segmentfractions of phase II by Eq. (66c), and in the case of one solvent (I = 1), by
eliminating ~ by one of the Eqs. (66a), with Eq. (38). Further reduction in the
numerical process carried out by computer programs depends mainly on the
numerical stability during solving the set of nonlinear equations. The multivariate
integrals usually have to be calculated by numerical methods. In special cases (as
discussed in Sect. 3.3, where the generalized Stockmayer distribution function is
applied to copolymer ensembles with two identification variables), analytical results
can be obtained also for the general case of I solvents and D copolymers. The
process will then be much simplified.
To calculate c o e x i s t e n c e curves the mass balances have to be accounted for. The
balance equations, Eqs. (44) and (45), apply also to the general case and have
simply to be extended to al I solvents and D copolymers. The expressions analogous
to Eqs. (48), (49) read
tp~ =

~pv
;
(~ + (1 - ~)exp (--rAQA)

WII(rB, YB, {Ls})
B =

tPv
-

A = A', A", .... A(t) ,

(69)

WF(rB, YB, {Ls})

tp~ (~ + (1 -- ~) exp (--rs%(rB, Y,, {LB});
(70)

B', B " , . . . . B (D)

and the unknowns of phase I have been replaced by the analogous expressions
of Eqs. (44), (46) as in the preceding Sect. 3.1. The normalization condition,
Eq. (9), leads to the scalar equation set

1~3~ =

fff

vBWB(rB, YH, {LB})

...

rB Y n

d0 + (1 -- qb) exp (--rsQB(rB, Y,, {LB}))

{LB}

x drB dYB d{L~};

B = B', B", .... B~°)

(71)

which, of course, have to satisfy Eq. (66c) when Eqs. (69) are additionally applied.
To achieve separation and exact solution of the D unknown functions Wn(rB,
Ys, {LB}), ~E should not depend on the distribution function directly but only
on its functionals. These functionals, together with ?~, are to be considered as
additional unknowns, as in the case of cloud-point and shadow curves. The
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functionals are calculated by application of Eq. (70) to the analogous expressions
of Eqs. (51), (52) in (L + 2) dimensional integrals and extended to all necessary
moments 1Vlgn. Thus, Eqs. (66c), (69) and (71), together with the additional scalar
equations for f~, ¢/'~..... 1Vlgn, provide the equation set for the (I + D + 1 + number of all additional moments) unknown scalars ((~ or T or H, {tp~}, {tp~}, r[l,
~ns,..., M"~ n) of phase II. Eqs. (70) allow the exact and explicit calculation of the
D unknown distribution functions W IItrBtB, YB, {L~}) of phase II. The unknowns
of phase I are finally calculated by means of the balance equations, Eqs. (44), (45).
The number of unknowns may be reduced as in the problem of cloud-point and
shadow curves. The equations for the coexistence curves reduce to those for the
cloud-point and shadow curves if @ is set equal to 0 (or qb = 1).
No special reference is made here to the methods which calculate the segmentmolar activity coefficients for the general case treated in this chapter, because the
general expressions are given by Eqs. (18) and (19). All special details depend on
the ~E-model to be applied and the details in which this model is influenced by
moments of the distribution function. The principal way of taking different
moments into account is given by Eqs. (54)-(61), which may analogously be
extended to the case of more moments.

3.3 Cases of Analytical Integrability
We will now consider some special cases in which analytical integrability is obtained
to illustrate the superiority of continuous thermodynamics to the pseudocomponent methods where the sums can not be reduced further. The following
two conditions have to be specified before going into the actual calculations:
(i) an explicit expression for the distribution function (or an experimental one),
(ii) an explicit expression for the segment-molar excess Gibbs free energy (3 E.
For the sake of simplicity and noting the fact that the development of ~E-models
for copolymer systems is still in its infancy state, lattice models were chosen for
copolymer solutions with divariate distribution functions [34, 40-42]. Furthermore, in this chapter only cloud-point and shadow curves are discussed, because our
main interest is in the influence of chemical polydispersity on the demixing
equilibrium and this effect mainly appears in the cloud-point curve as well as the
critical point. We note that calculation of coexistence curves does not provide
much more insight but requires considerable labour because of the unavoidable
numerical integration in Eqs. (50)-(59). Finally, we restrict our discussion again
to the case of one copolymer ensemble being characterized by a divariate
distribution function (as in Sect. 3.1).
3.3.1 Lattice Model Approach
A simplified lattice theory put forward by Barker [43] is applied to obtain
expressions for ~E. In addition to the well-known assumptions of Barkers theory,
it is assumed that
(i) the combinatorial part of the Gibbs free energy of mixing is given by the
usual Flory-Huggins relation,
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(ii) the contact-pair numbers are calculated by the random mixing approach,
(iii) for each segment, all z contact points are available for intermolecular
interactions (z is the coordination number of the lattice).
For homopolymer solutions these assumption lead to the well-known Hugginsz-parameter concept. The residual part of the change in the Gibbs free energy of
mixing, Ag.... reads (if only one solvent A is assumed to be present in the mixture)
Ag~¢~ = N*~, AHAa + N~I~AUA[~ -4- (N*I~ -- N~I~I)Au~,~.

(72)

The quantity Ag~ is obtained from the extensive Gibbs free energy g by
substracting the contributions of the pure components and the Flory-Huggins
combinatorial part (Z = 0). N*,, N%, and N ~ are the contact pair numbers for
contacts between solvent segments A and/or between copolymer segment ct and [3.
AUA~t,AUAI~,and Au~ are the differences of interaction energies of the type
AUA= =

UA= - -

(73)

u~)/2.

( U A A q-

N,~ I is the sum of all contact pair numbers of type 0~13corresponding to the pure
copolymer ensemble. According to the above assumptions, the contact pair
numbers are given by

N~, = (1 - VB)z ~ ~ riYjNo,
i

N * ~ = (1 - V B ) z ~ r I 0 - Y j ) N
i

(74)

j

o,

(75)

j

N*I3 = V. z E • riYjNo E E ri(1 -- Yj) Nij/E E riNij,
i

j

i

j

i

N't31 = z ~ Z riVj(1 -- Yj) Nij,
i

(76)

j

(77)

j

where Nij is the number of copotymer molecules identified by the segment number
r i and the segment-fraction of the cz-units Yj. Applying a continuous description
of the mixture, we may express ~E as follows [40, 42]
~E/RT = ~s(1 - Vs)Z + vBf2(Y"~ -- (Ys)2),

(78a)

% = fo + fl~B + f2('7/B)2 ,

(78b)

where

fo = z AUAg/kT;

fl

=

f2 =

k being the Boltzmann constant.

z(AUAct -- AUAIt -Z

Au~l~/kT

Au~I0/kT,
(78c)

Continuous Thermodynamics of Copolymer Systems

69

The first term of ~jE is the main contribution and represents a modified
Huggins-z-parameter concept. The second term increases with the width of the
chemical distribution and with the magnitude of Au,~, which is a measure of the
intramolecular interactions between the monor units ~x and 13 of the copolymer
species. Owing to this term of a "pure" liquid (molten) copolymer 0PB = 1), ~ r
does not vanish, so that if Au,~ > 0, a molten copolymer may separate into two
phases. This effect and its influence on the phase diagram will be discussed in
more detail in Sect. 3.3.2.
If the chemical distribution of the copolymer is narrower and the value of Au~
is small, the first approximation to ~E is
(79)

~E/RT = tps(1 - ~Pa)Z,

which has already been shown by Simha [37] and Stockmayer [38] for the
monodisperse case. Thus, ~E depends on WB(rB, YB) only through its first moment
Ya, and the calculations become relatively simple. Defining
Zo = fo;

vb = fl/fo;

vc = f2/fo

(80)

and assuming Vband v~ to be independent of temperature, we may rewrite ~E as
(~E/RT = ~PB(1 - ~B) Zo(P, T) (1 + v~CfB+ v~(C/B)2).

(81)

With Eqs. (62), (64) and (81), the segment-molar activity coefficients are given by

(82)

InCA = ~p2Zo(1 + VbCfB+ v~(~B)E),
In fB(YB) = (1 -- ~B)2 ZoO + VbV/B+ Vc(~7"/B)2)

(83)

+ (1 - ~PB);~o(Vb + 2tPcCds)(Ys -- C/B).

The second important point in calculating phase equilibria in potydisperse
copolymer systems is the choice of the divariate distribution function. Experimental
distribution functions may be employed, but at present they are difficult to be
measured with sufficient accuracy. Furthermore, when they are used, calculations
have to be performed numerically.
The simplest analytical divariate distribution function for random copolymers
was the one proposed by Stockmayer [44]. In a generalized form, this distribution
function may be written as
~" k~B+I
(rB'~kB+l
}
exp ( - kBrB/~)
WB(rB'Ya) = ( ~ +
I)\rB/
-

x

-

exp

2eB

"

"

(84)

70

M.T. Rfitzsch and Chr. Wohlfarth

The first factor is a generalized Schulz-Ftory distribution function of
rB(r o = 0 ; r ° = oo) with two parameters, kB and fB, where F is the
Gamma-function. The second factor is a Gaussian distribution of YB with a
standard deviation of ~ r B . There are two more parameter, g/B and aB.
The Gaussian distribution is assumed to be so narrow that its upper and lower
limits, - oo and + 0% may be raplced by 0 and 1, respectively, with a negligible
error. The parameters rB and g/B are defined by Eq. (34). The parameter kB reflects
the width of the segment distribution (i.e. chain length, etc.) and is defined by
k~ = t/(?~/?s -- 1).

(85a)

The parameter % may be expressed by
% = g/B(1 -- g/h) V t -- 4g/B(1 -- g/h) (1 -- q~q~)

(85b)

with
q, = k ~ / k ~ ;

q~ = k ~ / k ~ .

(86)

The quantities k~,, k,~, k~9, and k~, are the rate constants of the four basic
propagation reactions of copolymerization. The Stockmayer distribution function
takes into account only a chemical polydispersity resulting from the statistical
nature of copolymerization reactions. This means that all units of all chains are
formed under identical conditions. If a m o n o m e r is removed from the reacting
mixture at a rate which changes the m o n o m e r concentration ratio, the m o n o m e r
concentration will drift, forming a copolymer which varies in the average composition and is broader in the chemical distribution. No such chemical polydispersity
can be described by the Stockmayer distribution. Therefore, Eq. (84) has to be
restricted in its application to random copolymers synthesized at very low
conversions or under azeotropic conditions. For azeotropic copolymers, the feed
m o n o m e r concentrations [ctF] and [[3F] are chosen in such a way that the second
factor on the right-hand side of the basic relation of copolymerization kinetics

d[~]
d[[3]

[~F] q~[of] + [[3F]
[13F] q~[[3F] + [~q

(87)

equals unity. In this case d[a]/d[[3] gives the rate at which the m o n o m e r units c~
and [3 are inserted into the copolymer. For copoly(ethene vinylacetate) q~ and q~
are close to unity and the above condition is fulfilled, making the Stockmayer
distribution function especially useful.
The application of the Stockmayer distribution function is especially advantageous in the framework of continuous thermodynamics. When cloud-point andshadow
curves are calculated, the double integrals in Eqs. (40)-(42) can be evaluated
analytically (in contrast the double integrals in Eqs. (50)-(52) can be computed
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only numerically). According to Eqs. (36)-(42) and (82)-(84), the calculation of
cloud-point and shadow curves may be reduced to the following two equations [40]:
[1 + 2eB)~oV~(1 - ho~)]2

1 lo ;1

k-"D

1

+ 2Xo[1 + vbY~ + V=(~) 21 (ho~ -- ho]3)t
+ ~.Zo~(V~ + 2yogi,) ~

(hog -

vl~)

x {(1 + 2gnZoV~)(tPn -- ho~)/2 + tp~[1 + 2a.ZoV.(1 -- tp~)]} = 0,

(88)
[1 + 2e.Z0v~(1 - tpg)]2
x (rAIn kl- ~ ; , , /

+ 2~

\~i£B]

_]

+ (hog - ho~)/rA + Zo[1 + vbY~ + v o ( ~ ) z] [(hog)2 _ (ho~)2]}
+ ~.ZoZ(% + 2v ¢ZI02 (hog)2 (holl - ho~)
x [1 + 2gBZoV¢(2 - ho[~ - hog)] = O.

(89)

The remaining unknowns are 9(o and ~p~.The functionals ?g and ~'g are obtained
here from
r~ = -me.wv.,,ll/,,.i
B~#
~U(k~+1) ,

(90)

¢/g = g/~ + es•o(Vb + 2 v , ~ ) (tpn - tp~)
1 + 2eBZoV~(1 - ho~)

(91)

The distribution function of the shadow phase, phase II, is also of the Stockmayer
type (Eq. (84)) having the same parameters kB and ~Bas in the initial homogeneous
phase I. Evidently, this does not hold true for the coexistence curves, compare
Eqs. (50)-(52).
For calculating the spinodal curve and the critical point, there are two possible
ways in the framework of continuous thermodynamics. The most general one is
the application of the stability theory of continuous thermodynamics [45-47]. The
other way is based on a power series expansion of the phase equilibrium conditions
at the critical point. Following the second procedure, ~olc et al. [48] studied multiple
critical points in homopolymer solutions. However, in the case of divariate
distribution functions the method by ~olc has to be modified as outlined in the
text below.
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A complete series expansion of the phase equilibrium conditions, Eqs. (88), (89),
with respect to ~p~, ~p~ and Zo at the critical point generally shows [34] that the
conditions for the spinodal and m-multiple critical points may be obtained in the
following way. Denoting the left-hand side of Eq. (88) or Eq. (89) by the symbol
FU, we can write the spinodal condition as
~FU

- 0

(92)

and the necessary and sufficient conditions for a m-multiple critical point as
~nFU

- 0;

n = 1 , 2 ..... m + l ,
(93)

~m + 2 F U

Here we will restrict the presentation to the spinodal curve and one stable single
critical point (m = 1). The application of Eq. (92) to Eqs. (88) or (89) leads to the
equation for the spinodal.

1

1 + 1 k~ 1
1-~?B rBkB+ ltPB

2Zo(1 + VbYa + Vc(CLB)2)}

x {1 + 2eBZoV¢(1 -- ~PB)} -- ~BZo2(Vb+ 2v~V{B)2 ~B = 0.

(94)

The application of Eq. (93) to Eq. (88) or (89) provides the additional necessary
equation for a stable critical point.

{1

1

1 kB(ku+2)1}

(1 - W3)2

rB (kn + 1)2 ~B2

{1 + 28BZ0Ve(1 -- ~pB)}2
- 3eBZ02(Vb + 2VeX'B)2 (1 + 2e~ZoVo) = 0.

(95)

In the following discussion, we are concerned mainly with effects caused by chemical
polydispersity (i.e. by YB and e~), because those arising from a chain length
distribution have been discussed in details by R/itzsch and Kehlen [28, 29].
T o see the influence of chemical polydispersity on the phase equilibrium, model
calculations for the critical segment-mole fraction, ~PB,crit, are very useful. For this
purpose the equation for ~PB,crit is expanded into a power series in 1/kB and eB.

Continuous Thermodynamics of Copolymer Systems

73

The first non-vanishing terms already provide a sufficient estimation of the effect
concerned. In detail tpB,~t may be written as

1
lPB, erit --

1+ r ~

(1;

2(1 + 1/72/-~
+ 3/(8rg)(1 + ] / ~ ) D l e B ~ ,

(96)
3

where the quantity D1 is given by
(97)

Whereas the molar mass polydispersity expressed by 1/k B, Eq. (85a), results in a
decrease of tpB.~rit, the chemical polydispersity expressed by eB, Eq. (85b), causes
tpB.~rit to increase independently of Vb and v~. Furthermore, the polydispersity with
respect to the molar mass does not lead to a first-order term. The effect of chemical
polydispersity on the critical point is determined mainly by the magnitude of D1,
which may be large if the interaction parameters AUA, and Aun~ are very different.
The contribution of chemical polydispersity decreases with decreasing size difference between the solvent molecules and the copolymer segments. Fig. 1 shows for
AUA~ > 0, Aun~ < Aug,, Au~ = 0 and typical values of rn, rB, C/B, kB, and eR the

9-

0.5

Fig. 1. Critical segmentmole fraction, tpB,¢rit,in
dependence on vb for
= 0; rA = 1; rB = t00;
B = 0.5;kB = 1;eB = 0.25

~

-~
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-~

-i

vb

6
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Fig. 2. Average chemical composition V/~ in phase II in its
dependence on segment-mole
fraction of the copolymer in
phase I: rA = l; rB = 100; C/B
=0.5;kB= 1;
%=0.25;%= --l;v~=0

0.25"
0

0.'2

q~x

014
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critical segment-mole fraction apB,~ritas a function of Vb (also far away from the
region of validity of Eq. (96)). A drastic increase in ~PB.,it may be observed and
phase separation may also occur in the case of negative GE-values.
In connection with this tendency another phenomenon can be observed. Owing
to the chemical polydispersity, the extremum (threshold) concentration of the
cloud-point curve shifts to lower concentrations tpa,extr [34, 40]. Therefore, the
distance between the threshold and the critical concentration increases and leads
to a cloud-point curve which is nearly linear (compare with Fig. 3 below). The
separation of the threshold and the critical point is a general effect of polydispersity.
However, chemical polydispersity gives rise to aditional influences as the shift of
tpmor~t shown above. Owing to the application of the Stockmayer distribution
function corresponding to a narrow chemical distribution, the fractionation effect
with respect to chemical composition is comparatively small in most cases. To
illustrate this behavior, the average chemical composition of the shadow phase
II, eft, is plotted in Fig. 2 against the segment-mole fraction of the copolymer in
the initial homogeneous phase I, ~p~.As in Fig. 1 typical values have been employed
for all model parameters.
To present a practical example, a solution of copoly(ethene vinylacetate) in
methylacetate is considered. Experimental data are available for the cloud-point
curve and the critical point [41]. The characterization parameters of the system
are as follows:
rA = 2.08;

rB = 429;

kB = 0.55;

eB = 0.25.

~/B = 0.375;
(98)

The quantity 2o(T), at constant pressure, is assumed to obey the relation
Zo(T) = ~o,¢r~tT~iJT.

(99)

The three unknown parameters Zo,.., %, and v~ had to be fitted to the critical
point and some cloud-points in a very small region around the critical point. By
applying Eqs. (88) and (89), the cloud-point curve (solid line) was obtained, as
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shown in Fig. 3. A second cloud-point curve was calculated using e~ = 0 to
compare the result for the case in which chemical polydispersity is neglected
(dashed curve in Fig. 3). A somewhat more complex relation for ~E had to be
employed, which reads
~ E / R T = tpB(1 - ~oB)(1 + c~B) (Zo,~itT~it/T)

(:oo)

x (1 + a(T - T,:t)/T¢,~t).

There remain three parameters (Xo, a and c) which had to be fitted in the same
way as in the first case with eB = 0. As one can see in Fig. 3, the nearly linear
part of the cloud-point curve can be described in a satisfactory manner only if
chemical polydispersity is taken properly into account. The prediction of the
threshold temperature is not quite satisfactorily made by the dilute solution effect
not considered here. The agreement between calculation and experiment remains
unsatisfactory in the region above the critical concentration. However, if the
simplicity of the assumption introduced above into the ~E-model and WB(ra, YB)
is allowed for, we may not except a description correct for the shoulder appearing
in the experimental cloud-point curve.

I,-

315

310

CPC 2
305 t

Fig. 3. Cloud-point curve of
the system methylacetate +
copoly(ethene vinylacetate):
•
experimental data [41],
curve
CPC1
(
)
calculated with Eq. (99),
~o.erit 0.1941; vb = 4.3433;
v¢ = -9.9022 and curve
CPC2 ( - - - )
calculated
with Eq. (100); eB = 0;
ZO.orit = 0.3293; a = 0.7839;
C = 0.2513; range of parameter fit (............ ), experimental
critical point (11) [41]
=

300"

1~

2;.

Ma % EVA
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3.3.2 Improved (~E-Modets
According to Eq. (81), the previous treatment was restricted to a simple dependence
of (~E on tPa, which, though very convenient for model calculations, is not relevant
for practical cases. Therefore, we replace Eq. (81) by
(~/RT = L(tpB) ~o(P, T)(1 + vbc/~ + Vb(C/B)2),

(101)

where L(tpB) may be expressed by
L(tPB) = ~pB(1 -- tpB) (1 + mPB + dtp~ + ...).

(102)

The segment-molar activity coefficients now read (generalizing Eqs. (82) and (83))
In fg =

L -- tpB

Zo(1 + Vbc/B + Vc(C/B)2),

(103)

ln~B(YB) = [ L + (1--tpB) dd@J Zo(1 + Vbc/B + V~(C/B)2)
+ (L/tpB) Zo(Vb + 2V¢C/B)(YB -- C/B).

(104)

In this case too, the distribution function of the shadow phase II remains the
Stockmayer type (Eq. (84)) if the copolymer in the initial phase I obeys the
Stockmayer distribution [34, 49].
The parameters kB and 8B are the same as in the previous approach, and the
functional ~ still obeys Eq. (90). The relation for the functional C/{~is now given by
C/~ = C/~ + eBZo(Vb + 2Vcc/~)(L'/tp~ -- L"/tp~),
1 + 2ZB%oV¢Ln/tp~

(105)

where L I and L n mean the values of L(~p~) and L(W~), respectively. The
corresponding generalization of Eqs. (88) and (89) results in
1 lnl--~p~ + kB(l_

1)+

(dL)'

× Xo(1 + Vbc/~ + Vb(C/~)2)
_ (dL~"

.

\d-~a/ ZoO + vbY~ + v~(c/n)z) + (LI'/tp~)Zo(vb + 2v~c/~)

x (C/~ - C/~) + 0.5~B{(L'/tp~) Zo(Vb + 2v~C/~)z
-- (Ln/tp~)Xo(Vb + 2v¢c/~)z} = 0,

(106)
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1 - ~ + --rk (~g - ~p~) + ~

rA

\d~a.]

~g

J ZoO + vbYg + v¢('7/~)z)
(107)

\ d r # A Zo(1 + v~?~ + v¢(~):).

-

Both equations provide the solutions to the scalar unknowns Z0 and ~p~.
In analogy to Eqs. (94), (95) the expressions for spinodal and critical point read
{1

1

1

kB

1

+
x (1 + 2esZoveL/~B)

(d2L~
+ %o(1 + vbV/. + v~(YB)2) \dho~]J

~a%o2(Vb+ 2vfT/'s)2 1 ( d2B
~PB

L) 2
(108)

1

1
(1-tpB) 2

1 kB(kB + 2) 1
rB (kB+ 1)2 Vg

+ ~0(1 "JVVb~'~B+ V¢('YB)2) (d3L~'~

\dvU)

X (1 + 2~:BZoV,L/va)2 -- 3eBZ~(Vb + 2V¢'~) 2 L
IPB
\d~pB
×..-Ztp
Rv~(d2B

kd~p~
L)[L

~PBd~Pa
d2L
dtp2

+

~B2

dtpBdL( d L a

-- 6eB2Zo3(Vb+ 2V~V/'a)2
L)]

=0.

(109)

With the application of Eqs. (110) and (111).
L(~B) = tpB(1 -- tpB)(1 + c~B),

(110)

Zo(T) = (Eo,:~itT¢,it/T) (1 + a(T - T¢~it)/T~i,)

(111)

the description of the experimental cloud-point curve in the system methylacetate
+ copoly(ethene vinylacetate) (compare Fig. 3) may be improved in the concentration region below the critical point [34]. However, the experimental shoulder in
the region above the critical point can not as yet be predicted. By adding further
terms to L(~a), we may be able to produce a shoulder, though not correctly with
respect to ~ . Obviously, it is not sufficient to improve only the ~E-model for
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overcoming these discrepancies and describing the subtle details of the cloud-point
curve. It is to be expected that WB(rB, YB) also has to be taken into account more
properly than with the Stockmayer form. We will refer to this problem again in
Sect. 3.4. Nevertheless, before closing Sect. 3.3, we shall consider the second term
in Eq. (78) contributing to ~E. Neglection of this term may result in a large error
in the calculation of the phase equilibrium, especially, if there are considerable
unfavorable interactions between the copolymer units ~ and [3 [42]. According
to Eqs. (62), (64) and (78), the segment-molar activity coefficients obey in this case
the following relations:
(112)

lnfA = W~Zo(1 + VbC/B + v~(Ya)Z),

In ~B(YB) = (1 -- ~B)2 Z0(1 + Vb~'a + Vc(¢fB)2) + ZoVb(YB -- YB)z
+ (1 -- WB)Zo(Vb + 2v~YB)(V~ - C/B).

(112)

Both these activity coefficients do not depend on the functional Y~ itself. Therefore,
one observes again that the distribution function of the shadow phase II is one
of the Stockmayer type if the distribution function in the phase I obeys the
Stockmayer form. The parameters kB and eB remain the same [42]. The quantity
rll is given by Eq. (90) and the quantity Y~ has to be calculated by Eq. (114).
¢/~ = ¢/~ + eaZo(Vb + v¢¢/~) (V~ - V~)

(114)

1 -- 2gBZoV¢~~
To calculate the cloud-point and shadow curves the unknowns tp~ and Zo may
obtained by Eqs. (115) and (116).
(1 - 2eBZoVctp~)2 { 1 in

1 - v?~

x 1- \v~]

J

+ 2Zo(1 + vb¢/I + Vb('vl) 2) (ID~ -- 1DI)} -1- 8BZ2(Vbq- 2v~¢/~) 2
x (tp~ - ~P[3) {0.5(V~ - tp~) + W~(1 - 2eBZoV¢~P~)} = O,

(115)
(1-2~BZoVc~pll)2 ~ l n

--+

× 1-

+ (Vg - V~)/rA + ~o(1 + vbY~ + v~(Y~)2) [(Vg)2 - (V~)2I}
+

+ 2vo£

V (vg) 2

-

(1 -

2

ZoVo(V

+

= o.

(116)
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By combining these two equations, the expression
1
- - In
rA

+ 2Zo(1 + vbY~ + v¢(¢I~)2) (tp~ -- V~)
2C1
+

[1 + tp~2v~

-bl,

(117)

(1 -- 2eBXoV¢~?~)] = 0,

- ,d,

is obtained, and the quantities C1 and Zo are given by
C1

.

[0.5(tp~
+ . ~p~)
.

.

11 1 In 1 - ~pn + - 1ra

~ F1

L

1 - - t~ I

(v'. -

vg)

ra

( t P ~ kB/'kB+ 1)-1
-

(118)

3'

Zo = 2/{4%vcv~ + (% + 2vceI~) (V~ - ~ ) (eB0P~ -- ~P~)/C1)°'s} •
(119)
Now, only one unknown, ~p~, remains, and Eq. (117) has to be solved for ~pn
numerically. However, Eqs. (111)- (113) must not be applied in the case of vanishing
polydispersity, i.e. e~ = 0. In this case, ~p~ is obtained by the condition C1 = 0.
Finally, the unknown Zo may be calculated by Eq. (115) or (116). For "pure"
molten copolymers (~p~ = ~ = 1) the phase separation temperature is given by
Eqs. (120) if Eqs. (78c), (80) and (119) are applied.
T = 2eBz Au~/k.

(120)

For "pure" liquid copolymers (typically, eB = 0.25 and z = 10 may be assumed)
phase separation may be expected to occur in the usual temperature range if the
interaction energy Au~ multiplied by the Avogadro constant reaches values of
the order of 500 Jmol- 1. The conditions for the spinodal and the criticalpoint can
be derived from Eqs. (115) or (116) according to Eqs. (92) and (93). The spinodal
condition reads
1

1
kB
1
+ rA
1--tpB
rB k a + 1 ~B

2Zo(1 + Vbega + V~(~'B)2)}

× (1 -- 2eBZ0V~B) -- enZ2o(Vb+ 2v~efB)2 ~B -- 0.

(121)
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A single critical point has to obey the additional relation

1

1

1 kB(kB + 2)

rA ( 1 - - V B ) z

?~

( k B + 1)2

~2}

(1-

2aB;(oV~VB)2

-- 32B?~o2(% + 2vcg/B)z = 0.

(122)

A double critical point (heterogeneous double plait point) obeys, in addition to
Eqs. (115) and (t16), the condition

{1.

1

1 kB(kB+2)(2kB+3)1_~}

(1 - tpn)3 + 2--£'

2(k B + 1)3

x (1 - 2S~XoV~VB)3 - 12SBZ;(o3(Vb+ 2v~Yn)2 v~ = 0.

(123)

The double critical point is formed if stable and unstable critical points merge.
Studying the relation between critical concentration and chemical polydispersity
by model calculations yield results similar to those outlined in Sect. 3.3.1 [42].
Generally, chemical polydispersity increases the critical segment-mole fraction.
The additional term in (~E facilitates a description of more complicated types of
phase diagrams, particularly with parameters v c exceeding a certain positive value.
This leads to the prediction of phase separation of the "pure" copolymer ensemble
B [42].
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ii/1//I
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.
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0.6
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Fig. 4. Phase diagram calculated with Eq. (78) for ~E in the case v¢ = 1.1 ; r A = 1; ~8 = 100;
~g = 0.5; kB = 1; eB = 0.25; Vb = --0.5 -- V~: cloud-point curve (
), shadow curve
(---),
spinodal ( . . . . . ), critical point (O), three phase point (T), cusp point (C),
intersection points of the spinodal with a branch of the cloud-point curve ($1, $2, $3)
(reprinted from M, T. R/itzsch, D. Browarzik, H. Kehlen, Ref. [42], by courtesy of Marcel
Dekker, Inc.)
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We will illustrate this behavior by specifying the model parameters as follows:
rA = 1;

~ = 20;

AUA~ > 0;

~/~ = 0.5;

eB = 0.25;

kB = 1;

AUA~ = 0-5AUAI~ (i.e. vb = --0.5 -- v~).

The resulting phase diagram for v¢ = 1.1 is plotted in Fig. 4. The quantity 1/%o
may be considered as proportional to temperature if the energies of all occurring
interactions are assumed to be independent of temperature. There are two stable
critical points (CP1 and CP3) and one unstable critical point (CP2). The
cloud-point curve I is stable for ~B < tPB,T, metastable for ~B,T < tPB < tpB,sl and
unstable for tpB > tPB,Sl. The cloud-point c u r v e 2 is unstable in the whole
concentration range. The cloud-point curve 3, belonging to the critical point of
the "pure" copolymer, is stable for ~Pa > tPa, r, metastable for tPB,s3 < tP8 < ~PB,T
and unstable for tpB < k%.sa- The unstable branch of the cloud-point curve I and
the could-point curve 2 form a cusp point not shown in Fig. 4. Simultaneously,
the shadow curves 2 and 3 as well as the shadow curves I and 2 (not shown in
Fig. 4) merge. If one measured the cloud-point curve of this copolymer solution,
one would find for tPa < ~PB.T the curve I and for ~PB ~ tPB,T the curve 3. The
cloud-point curve appears to be broken at the three-phase point T. Here, for a
given phase I, two coexisting shadow phases exist being situated at the shadow
curves I and 3 at the three-phase point T. Such a result is well-known from
calculations by Solc [48, 50, 51], which were made for solutions of homopolymers
with a logarithmic normal distribution function of molar mass. F o r the phase
diagram in Fig. 5 the interaction energy A u ~ is greater than the value used in the
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Fig. 5. Phase diagram in the case v~ = 1.3 (all other legends see Fig. 4)
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Fig. 6. Phase diagram in the case v~ = 1.4364: double critical point (©) (all other legends
see Fig. 4)
last example. Therefore, the "pure" copolymer will show phase separation already
at higher temperatures. Now the cloud-point curve 1 is metastable for tpB < VB,sl
and unstable otherwise. The cloud-point curve 2 is metastable for ~PB ~ Va,s2 and
unstable otherwise. The cloud-point curves form the cusp point C and another
cusp point which is not shown in Fig. 5. In each case, the s h a d o w curves 1 and 2
merge at the temperature for this cusp point. The only stable cloud-point curve
correspond to the critical point of the copolymer. There is no longer a three-phase
point.
With further increase of the parameter v c the distance between the critical points
CP1 and CP2 diminishes and finally vanishes for v c = 1.4364, Fig. 6. Then, the
stable critical point CP1 and the unstable critical point CP2 merge, forming a
double critical point. The cloud-point curves 1 and 2 and the s h a d o w curves 1 and
2 reduce to a double critical point. If vo increases further, there appear only the
critical point CP3 as well as the stable cloud-point curve 3 and the s h a d o w curve 3.
The phase diagrams presented in Figs. 4 - 6 show that a very simple theory can
explain at a very small numerical expense difficult phase behavior including the
occurrence of three-phase equilibria in copolymer solutions.

3.4 Influence of Broad Distributions
In the preceding chapters, chemical polydispersity and its influence on the demixing
equilibrium were discussed by applying the generalized Stockmayer distribution
function only. With respect to chemical composition of the copolymer this function
leads to a symmetric and rather narrow distribution. However, many synthetic
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copolymers show a broader and more asymmetric distribution of YB" Calculations
with such distribution functions do not result in simple analytical expressions
[52-54].
To obtain an insight how the breadth and asymmetry of a distribution function
influence the phase equilibrium, we applied [55] a distribution function, which
depends only on chemical composition YB as follows:

WB(YB) ----

F(×I + ×2 + 2)
F(xl + 1)F(N 2 + 1)

Y~(1 -- YB)~2 .

(124)

Symmetric distribution functions with different standard deviations occur if
×2 = xl, Fig. 7. The case ×2 4" ×1 corresponds to an asymmetric distribution
function, Fig. 8. To calculate the cloud-point and shadow curves, Eqs. (66a), (67)
and (68 b) are transformed to
1 -- ~p~ = (1 - ~ ) e x p

(rA~OA),

~P~ = ~ ~)~W~(YB)exp (rBOB(YB))dYB,

(125a)

(125b)

YB

1DII~'711
B'B

~ YB~IW~(YB) exp (rBon(YB)) dYB.

(125c)

YB

I

3

2

I

Fig. 7. Symmetrical distribution functions of
type Eq. (124) with (/): ×l = ×2 = 10; ( I I ) x l
= x 2 = 4 ; ( I l I ) xl = x 2 = 1

o

o5

YB
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0.'5

0

Fig. 8. Distribution functions possessing the same
standard deviation ~ - (¢gs)2) and differing in
asymmetry. (H-): xl = 1.2944, ×2 = 4.7506; (H):
×1 = ×2 = 4; (H+): ×1 = 4.7506, ×2 = 1.2944
Ys

For the sake of simplicity, ~jE is assumed to be given by Eq. (81) with vc = 0.
Then, according to Eqs. (38), (39), the auxiliary quantities OA and 0B(YB) are given
by
OA

~I
12
(tpn -- tp~) (rff ~ -- r~ 1) + %o(p ' T) {(1 + vbYB)
tPB

-

(1 + v b Y ~ ) ~ 2 } ,

0B(Ys) = AB + BBYB,
1

AB = - - l n
r,,

- -

\1 - VU

(126)
(127a)

+Xo(P,T){2(V ~-v~)

I
II - + v~,(y~I~B
r(~p~)},

B, = %o(P, T) v b ( ~ - tp~).

(127b)
(127c)

By combining Eqs. (125b) and (125c), ~/~ may be expressed as
Y~ = I2/Ii,

(128a)

I1 = S W~(YB) exp (rBBBYB) dYB,

(128b)

YB

12 = S YBW~(Ys) exp (rBBBYB) dYB.
YB

(128c)
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Assuming Bn to be calculated within an iteration procedure, we may reduce the
calculation of cloud-point and shadow curves to solving the following expression
for the unknown quantity X:
11
rB

1
rB

Zo(P, T) vb(1 - X) - BRX in X 2Bn
+ -+ -go(P, T) Vb(1 -- X) -- BR
rA
vB

-- ---ln

+ Zo(P, T)v b

( I ~ )
-- WB

Bu ( X I 2
1 -- X
IV

~)=0.

(129)

Solving for Zo(P, T) yields
)~o(P, T) = - p / 2 _+ (p2/4 - q)O.S,

(130a)

P = t !nX+
2BB
I. rA
vb(1 - X)

q .

xIl+

v b y I - X (1 + vb i ~ ) l } / I v b ( ~ -

.

.

.

~/'1)t,

(130b)

+
vb

v2(1 - X) 2
(13oc)

Finally, the quantities ~p~ and ~pn read
tp~ = 1 - Bs/(Zo(P, T) vb(1 -- X)),

(131a)

tp~ = 1 - BBX/(Xo(P, T) vb(1 - X)).

(131b)

For WB(YB) defined by Eq. (124), 11 and 12 are expressed by
I1 =

Y,

i=O

%;

¢to = 1;

0{i

=

0{i

-

1

×1+i
rBBB~.
×1 + ×2 + i + 1
iJ'

I

i = 1 , 2 .... ,
I2 =

~

131;

(132)
13o = Y~;

i=o

i = 1,2 .....
These expansions converge rapidly.

13~ = 13~-1

×1 + i + 1

×, + ×2 + i + 2

(133)
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Fig. 9. Calculated cloud-point curves corresponding to the distribution functions in Fig. 7 and 8 for
rA = 1, r~ = 100, % = 1: I, I I , I I I
- symmetric cases; I I - , I I + asymmetric cases; I V - monodisperse case
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By applying the model outlined above, the influence of the breadth and
asymmetry of the distribution function on the cloud-point curve can be discussed
[55]. As examples we present results obtained with three symmetric distribution
functions. Fig. 7 refers to the case differing in their standard deviations
(y"~ _ (~B)2),
and Fig. 8 to the case possessing the same standard deviation but differing in their
asymmetry. The tremendeous effects are demonstrated by the calculated cloudpoint curves (see Fig. 9). With the assumption 1/~ o ,-~ T at constant pressure P,
the cloud-point curves for the symmetric distribution functions show that the
demixing temperature becomes higher if the breadth of the chemical distribution
increases. The comparison of c u r v e s H - , I I , and I I + illustrates how the asymmetry
influences the distribution cloud-point curves. The asymmetry may increase or
decrease the effect arising from the breadth of the distribution function. Generally,
both breadth and asymmetry lead to an increase of the demixing temperature in
comparison to the monodisperse case.

3.5 High Pressure Phase Equilibrium in the System
Ethene + Vinylacetate + Copoly(Ethene Vinylacetate)
In the industrial production of copoly(ethene vinylacetate) a high pressure process
is used to synthesize random copolymers with vinylacetate contents up to about
45%. The demixing equilibrium (at system conditions where the monomers are
in a dense supercritical state) determines the conditions in the high pressure
separator. The homogeneous mixture is separated by a certain pressure decrease
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solved separately. The functionals ~ii, ¢{~,~ , etc. can be considered to be additional
unknown scalars and the relations

1;;1

~n

rB

rB

@h~,n,_
BWB liB, YB) dYB drB

YB

+ f

Yc) dYc drc,
f --1 ~pcWc(rc,
n n

(141)

rc
rc Yc
B1B=I
11971•71

f
rB YB

Fill
Ya~BWB(rB,
YB) dYB drB,

(142)

clc=
1DI1•":77

I ~
rc YC

I1 17
YOPcWc(rc,
Yc) dYc drc,

(143)

are additional scalar equations resulting from application of Eqs. (138a, b) to
Eq. (34).
Finally, a system of N scalar equations has to be solved numerically, where N
is the number of the unknown scalars T or P, tp~, r"H, Y~, ~n, etc. In many cases,
it is possible to reduce this set of equations to two equations, i.e. Eqs. (140a) and
(t41), depending on the numerical stability and convergence behavior during the
numerical process in computer programs.
When blends are considered under conditions of T, P, and ~PB where phase
separation occurs, the resulting demixed product consists of two phases containing
copolymer ensembles with distribution functions which are different from their
initial forms because of fractionation effects. This can be a desired effect which
influences the properties of the final product. The exact knowledge of this behavior
can be directly used to construct materials with certain properties as the
fractionation effect depends on the depth inside the two-phase region.
To calculate coexistence curves the mass balance has to be introduced. As in
Sect. 3, Eqs. (44) and (45) hold true and lead to
~VWV(rn, YB) =

(1

-

dO) tPBWB(ra,
i
i
YB)

ii 71
+ dOtPBWB(rB,
YB),

(144a)

~pcWc(rc,
i i
11 n
V V Yc) = (1 -- do)tPcWc(rc,
Yc) + dotPcWc(rc,
Yc),
(144b)
Again Eqs. (138a, b) are valid and the application of the phase equilibrium
condition, Eq. (137), leads to
aeIKW ~
K~:r K, Y~) = ~pFWV(rK,YK)/[(1 -- do) + qb exp (rKQK(rK,YK))]
(145a)
Wn,~aT,_
K VVK~IK~ YK) ---- IpFW~(rK, YK)/[do + (1 -- dO) exp (--rKQK(rK, YK))]
(145b)
with K = B, C.

94

M.T. R/itzsch and Chr. Wohlfarth

The superscript F denotes the initial homogeneous system (feed). The function
equations, Eqs. (t45a, b), are valid over the definition ranges of r K and YK"
According to the normalization condition, Eq. (9), the double integrals result in
scalar equations, Eqs. (146a, b).
=

tPKWK(rK,
YK) dYK drK,

(146a)

rK YK

lplK = S I VKAI'~trnvvKt'K,:-Y K )

dYK drK

(146b)

rK YK

with K = B, C.
If the conditions of the initial system are assumed to be completely known, only
one set of equations needs to be considered. Phase II is chosen as the unknown
in the calculating process. All unknowns of phase I can be eliminated by means
of the balance equations, Eqs. (144a, b). The unknowns of the equations set,
Eqs. (145), (146), are W~(r~, YB), W~(c, Yc), tp~, and ~ (or T, or P). As in the
discussion of cloud-point and shadow curves, further treatment depends again on
the influence of the distribution functions on ~E, ~B and ~c. If t~ E depends only
on WK(rK, YK) (k = B, C)"through functionals, it is possible to use f.1, ~ , ~ as
scalar unknowns which are given by the scalar equations

:.-;f
rB YB

+

F F
~PBWB(rB,
YB) dYB dr~

rB[qb + (1 -- qb)exp (--rB~B(rn, YB))]

ff
rc

Yc

WcWc(rc, Yc) dYc drc
rc[~ + (1 - 9) exp ( - rcQc(rc, Yc))] '
F F

. n~n
lt)B1B =

(147)

YB~PBWB(ra,YB) dYB drB
I~) + (1 -- ~))exp (--rBQa(rB, YB))'

(148)

YOPcWc(ro Yc) dYc drc
qb + (1 - 9)exp (-rcQc(rc, Yc))"

(149)

r13 YB

.

IIc-n

vcic =

ff
rc

Yc

The numerical process is reduced to solving N scalar equations, where N is the
number of the unknown scalars d~ (or T, or P), ~p~,fu, ~n, ~ , etc. Again a reduction
to fewer equations may be possible as far as the numerical process converge. The
coexistence curve problem reduces to the problem of cloud-point and shadow
curves for dp set equal to 0 (or dp = 1).
Practical calculations depend a great deal on the ~JE-model chosen. Recent
approaches use free-volume concepts [67-68] or lattice models [40, 69-73]. The
pioneering paper by Scott [74] applies the solubility parameter concept.
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For certain reasons the lattice model will be chosen here to give some examples.
Following Koningsveld et at. [71], we extend the random mixing assumption and
the surface contact statistics to a system consisting of two random polydisperse
copolymer, each built up by two different units, B(~, 13) + C(yS). Applying the
principles of continuous thermodynamics in calculating the contact probabilities
in such mixtures [34, 40], we obtain for ~E [66]
~ E / R T = (L(vB)/Q) Zo(T) g
with
L(tpB) = lPB(1 -- lpB)(1 + ClPB + d ~ ) ,

(151)

Q = rhtPB + TI2~c,

(152)

r h = s=¢/n + s~(1 - YB);

q2 = svYc + %(1 -- "~c),

(t53)
(154)

•0(T) = a + b / T ,
g = --S~S~YB(1 -- YB) (rlz/rh) g~ + s~s~'BYcg~
+ s~saYB(1 -- ¢{c)g~ + s~sv(1 -- YB)~'cg~v
+ s~sa(1 -- ~(B) (1 -- ~/c) g~ -- svs~g/c( 1 -- Yc)

(nlln2) gr~ .(155)

The quantities s . . . . . . s~ are surface contact numbers, and YB is related to the
a-units, and ¢/c to the 7-units according to Eq. (31). The functionals YB, Yc are
defined by Eq. (34). The parameters g~, g,v . . . . . gv~ are considered to be independent
of temperature. Their pressure dependence is neglected here but m a y be included
in Z0 = ;(0(T, P) as in Sect. 3.5. The empirical temperature function )~o(T) is
assumed to be the same for all contact interactions. The function )Co(T) further
includes the weigth factors accounting for the choices of the standard segment
size and the standard surface area. If specialized to the case B(~[3) + C(a[3) with
YB 4= Yc and c = d = 0, Eq. (150) for ~jE reduces to the relation given by
Koningsveld et al. [71]. With the additional condition s, = s~ = 1, it agrees with
the relation discussed by Scott [74]. Neglecting polydispersity and using four
m o n o m e r units with s= = s~ = sv = s~ = 1 and c = d = 0, we find that Eq. (150)
reduces to the relation given recently by different authors [72, 73]. If B or C is
monodisperse, we obtain agreement with the treatment of copolymer solutions in
Sect. 3 of this paper (using s~ = s~ = 1). In Eqs. (150)-(155) ~ depends on the
distribution functions only through the two functionals, YB and ~'c- Consequently,
the partial segment-molar quantities of ~ / R T , i.e. In ~B and In re, depend on YB
or Yo respectively, as discussed in Sect. 2 and 3.
In fB(Ys) = -~-z + ~ c8~E/RT
+ 1 ~(~E/RT (YB - ~'B),
RT
~tPB
~PB ~YB

(156a)

In ?c(Yc) = -~E + tpB -8~E/RT
+ 1 a(~E/RT (Yc - Yc)
RT
OtPB
~4~C ~Yc
'

(156b)
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~GE/RT
- - [g(QL~ -- LQx)/Q 2] Zo(T),

(157)

Lx = (dL/dtpB) = 1 + 2(c - 1)tp B + 3(d - c)tp 2 - 4 d ~ ,

(158a)

Qx = (dQ/daPB) = ql -- 112,

(158b)

00JRT L[(0g)
~Yc

~g

Q

~c

(s~ -- s~)~pBl )Co(T),

(159a)

(sv - s~)~c] Zo(T),

(159b)

-

- s~s~(vh/q 2) g~a(s~Y2 - s~(1 - C/B)2) + s,sv~'cg~v
+ s~s~(1 - Yc)g~ - sasvC/cg~v - sash(1 - ~'c)g~
(160a)

-- S~S~'~C)(S~ -- St~) gv~/rl2 ,
~g

a~c

s~s~e/'B(1 - C/B) (sv - s~) g,~/r h + S,Sr~'Bg,r
+ S~Sv(1 -- ~B)g~r -- S~SsC/Bg,~ -- S~S~(1 -- g/B)g~
+ s,ts~(rll/rl22) gv~(svYc2 - s~(1

-- ~7/rC)2 ) .

(160b)

With the generalized Stockmayer distribution, Eq. (84), applied to both copolymers, the double integrals in Eqs. (140)-(143) can be solved analytically. The
results are the same as given in Eq. (90), i.e., the shadow phase is also characterized
by a Stockmayer distribution having the same values of kK and ~K as for the
distribution functions in the initial homogeneous phase [66].
A special problem in the treatment of the demixing equilibrium is the calculation
of spinodal curve and critical point. If the stability theory in the framework of
continuous thermodynamics [45-47] is applied to copolymer blends, it is shown
that the spinodal curve is the solution to the equation
det Qs = 0

(161)

where (det Qs) is the determinant of the matrix Qs defined as
]]qn2~ ~c
q21
Qs = []qC2B qll
cc
[[qC~
cc
q21

Bc]
q22
cc
q12
cc
q22

(162)
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with the elements given by
Be =
q21
CB
qx2

~2~O-E/RT

&PB~~) aWc£~c°)
a2~"/RT

=

02GE/RT
=

--

f~2,"

+

~22,

"vB*Bz'"V.) -vc--cZ'"
V(~)'
a~/RT
q 2c~
2 =

~2~E/RT

BB
q22

CC
q,~

~ 2(~E/RT
-- ~21 ;

a.,.
wo) ~~,,,
"-FCxC
W C xv-~o~
C
cc
q2~ =

+ ??~ + f c

;

O2~jE/RT

(163)

CC
q12 =

+ ?c ;

~2GE/RT

aWc£(eo>a~c£<c.

~Z~E/RT

cc =
q22

aVc£(c, aVc£~c°>

+ ?c 2 ,
+ rC2.

aw£(~ ) a v ~ ( c ,)

All differentiations have to be performed with respect to the four moments of the
non-normalized distribution functions ~KWK (rK, YK)-These moments are defined by
~PK~ ) = ~ ~ WKWK(rK,YK) Y~ dYK drK ;

K = B, C .

(164)

rK YK

,j are the elements of the inverse matrix 1~K, which is obtained
The quantities ~'~
from the matrix R K.
RK =

rKl
~

r~2
r2K2 '

r~l = rK2/det RK;

I~K=

~'~ ?~2
~2~ ~2 '

(165)

rK2 = r~l/det RK,

(166)

r~2 = r2~1 = --r~//det R ~¢ = -rKa/det R K ,
r~ = ~ rK ~ YK
i+j-2 ~PKWK(rK,YK) dYK drK ;
rK

K = B, C .

(167)

YK

It can be shown [34] that the expansion of the phase equilibrium conditions,
Eqs. (140a) or (140b), in powers of ~p~ o r WE, respectively, at the critical point
provides a more convenient way. We have to apply a (~E-madel and have to
calculate the double integrals (see also Sect. e, Eqs. (92)ff). Starting from the special
result of Eq. (140a) given by
F U = V~ -- ~ / ( 1 - (~'~/k,) (AB + BBY~ + eBBS/2))k~+l = 0 (168)
we find that the equation of the spinodal curve is given by
~FU _

1

0AB

~ OBB = 0

(169)

98

M.T. R/itzsch and Chr. Wohlfarth

where AB and B B read [66]

AB

--

1

1

~1I

?I

+

1
©GE*/RT
+ RT ((~jgl -- ~JEI,) -Jr- l p~ ~lt'l

¢(I ~GE~'/RT

¢/I a~E1/RT

vl

vl

1 IiE'/RT

tPn ~ e * ' / R T
~vl

,

(170)

1 IiEn/RT

BB -

All differentiations have to be performed by using the chain rule and keeping the
quantities of phase I constant. The additional equation necessary for the calculation
of the critical point can be derived by use of the stability theory of continuous
thermodynamics [45-47, 73]. The derivation is omitted here because of its
complexity. In accordance with the stability theory, the power series expansion
method is easier to apply and leads to the special case of Eq. (168) to

~2FU

(kB + 2)

~2Aa

atpl 2

-2
2
ruku~pB

8,q)l 2

t'=

-

\evl)

= 0.

(171)

We illustrate the theory with blends of copoly(styrene acrylonitrile) + poly(methyt methacrylate) and those of copoty(styrene acrylonitrile) + copoly(butadiene
acrylonitrile), for which experimental data are available from literature [76, 77].
The quantities s . . . . . . s~ may be estimated from van der Waals surfaces used in
the UNIFAC-tables [78] or from an empirical fit to the available experimental
data. The ~E parameters, a, b, c, d, have to be adjusted to fit experimental
cloud-points or critical point and/or spinodal curve. The g0 parameters in Eq. (155)
m a y be obtained from thermodynamic data sensitive to them or from the
cloud-point curve of subsystems, if available.
SAN + PMMA

The poly(methyl methacrylate) sample chosen is atactic and characterized by [76]
IVlw = 43000 g tool- 1 and 19I= = 25000 g m o l - 1. The chosen sample of copoly
(styrene acrylonitrite) is characterized
by I~ w = 179000 g m o l - ~ and
lVl, = 9 1 0 0 0 g m o l -~ and its acrylonitrile content is 34.4 mass percent. The
copolymer units are defined by ~: C H z - - C H - C 6 H 5 ; ~: C H 2 - C H - C N ;
~:
CH2-C(CH3)-COOCHa.
The surface parameters are taken from Ref. [78],
yielding approximately s~/s~ = 0.5 and sjs~ = 1.15. The interaction parameter
ratios are estimated to be about g=Jg~ = 1/2 and g~v/g,~ = 3/4. Parameters a,
b, c, d, determined by fitting to the experimental cloud-point curve, are a = 0.0067,
b = - 1.7540 K, c = - 0 . 2 1 and d = 0 if the segment size Ms is arbitrarily chosen
as 100 g mol-~. The satisfactory reproduction of the experimental cloud-point
curve Fig. 14, shows the applicability of the model expression, Eq. (150), for ~E.
Improvement of the agreement can be made by varying sl and g~j, see Ref. [66]
for more results.
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the gij parameters to obey g~v/g~ = 0.05 and gor/g~ = 1.45. The parameters a,
b, c, d are fitted to experimental cloud-points and found to be [66] a = 0.2039,
b = -49.346 K, c = 0.55, d = 0 for the case showing lower critical solution
temperature behavior, and a = 0.0396, b = 16.877 K, c = 0.38, d = 0.01 for the
case showing upper critical solution temperature behavior. Figure 15 shows good
agreement between the experimental and calculated cloud-points.
4.2 B l e n d s C o n t a i n i n g S e v e r a l C o p o l y m e r s
with Multivariate Distribution Functions

The liquid-liquid equilibrium of blends containing more than two copolymers
characterized by multivariate distribution functions can be treated by a straightforward extension of the methods discussed in the preceding part of this chapter and
also in Sect. 3.2. Therefore, only a brief account will be presented here. The phase
equilibrium conditions for two coexisting phases read
I]~(rB, Y~, {L~}) = ~(rB, Y,, {L~}),
g~(rc, Yo {Lc}) = ~t~(rc, Yc, {Lc}),
I]](rj, Yj, {Lj})

=

(172)

~t]l(rj,Yj, {Lj}),

where J is the total number of polydisperse copolymers in the blend and {Lj}
is the set of additional identification variables (see Sect. 3.2). Application of the
expressions for the segment-molar chemical potential, Eq. (25), leads to the
following phase equilibrium conditions:
teK
Itxx'lt'~
I |
"" Kt'K, YK, {LK}) = tPKWK(rK,
YK, {LK})exp (r~Q~:(rK,YK, {LK}));
K = B, C ..... J.

(173)

The quantities OK(rK,YK, {LK}) are given by Eq. (138); here the relation applies
to the set of identification variables extended by {Lr:}. According to the normalization condition, Eq. (9), integration of Eq. (173) gives
. . . .

aPKWK(rK,YK, {LK})exp (rKeK(rK,YK, {LK}))drK dYK d{LK}

rK YK

{LK}

K = B, C ..... J ,

(174)

~W~< = t ;

(175)

' = I, II.

K

Eqs. (173)-(175) provide the basis for solving the cloud-point curve/shadow curve
problem.
When the composition of phase I, i.e. ~4~ and the distribution functions
W~:(rK, YK, {LK}), and pressure or temperature are known, the unknowns of the

Continuous Thermodynamics of Copolymer Systems

101

shadow phase II are J + 1 scalars, t¢~ and T or P, and J unknown distribution
functions W~((rK, YK, {LK}). The J + 1 scalar equations are given by Eqs. (174),
(175), and the J functions by Eq. (173). Further treatment vary with how ~E
depends on the functions WK((rK, YK, {LK}). Usually, ~E is assumed to depend
on them only through some functionals M[. In this case, additional scalar
equations of the type

w II •%~n
wK . . I . ..f

YK, {LK})
I MKtPKWK(rK,
°!
'

rK YK

{LK}

x exp (rK~K(rK, YK, {L~:})) drK dVK d{LK} ;
K = B, C ..... J

(176)

are obtained, where M'~ denote any moment of any variable rK, YK, {Ix}. These
scalar equations have to be solved simultaneously with the J + 1 scalar equations
for ~p~ and T (or P). In this way, Eqs. (173) give (after division by ~p~) exact and
explicit relations for calculating the unknown distribution functions W~(r K,
YK, {LK}). The number of unknowns and, hence, that of equations may be
reduced as in the discussions in the preceding chapters. The multivariate integrals
occurring in Eqs. (174)-(176) can usually be evaluated only numerically.
To calculate the c o e x i s t e n c e c u r v e s we have to introduce the mass balance
equations. These, i.e., Eqs. (144), apply also to the more general case considering
here and have simply to be extended to J copolymers. Combining the phase
equilibrium conditions, Eqs. (172), with these balance equations, we obtain
!

!

tp~WK(rK, YK, {LK}) =

F
F
tpKWK(rK,
YK, (LK})
(1 - qb) + "4)exp (rKQK(rK, YK, {LK}))'

(177)

F
F
~KWK(rK,
YK, {LK})
II
II
toKWK(rK,
YK, {LK}) = - + (1 -- qb) exp (--rKQK(rK, YK, {LK}))'

(178)

..... J.

K=B,C

With the normalization condition, Eq. (9), we find
V~ =

~

I

rK YK

= I, II ;

.."

~ tPkWx(rK, YK, {LK})drKdYKd{LK} ;
{LK}

K = B, C ..... J.

(179)

In Eqs. (177)- (179), the composition variables of the other phase may be eliminated
by the balance equations• To obtain a solution to the unknown functions
W~(rK, YK, {LK}), ~E is assumed to depend only on WK(rK, YK, {LK}) through the
functionals ~n, ~ , etc. whose definitions are additional scalar equations which
replace W~(rK, YK, {LK}) by Eq. (178) (compare the extension of Eqs. (147)-(149)
to all necessary moments M'~ and to {LK} + 2 integration variables as discussed
above). Thus, the unknown distribution functions are given exactly and explicitly
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by Eqs. (173). The unknown scalars are ~ (or T or P), q0~, ?n, ¢(~, ..., ~ n. All
integrals may be evaluated only numerically. The number of unknowns may be
reduced as in the problem of cloud-point and shadow curves.

5 Liquid-Liquid Equilibrium in Block Copolymer Solutions
5.1 Introduction
The main subject of this chapter is to describe how to apply continuous
thermodynamics to systems containing block copolymers. Phase equilibria in block
copolymer systems are reviewed in Ref. [65]. Hence, only some important aspects
of the subject are pointed out here.
Regular microstructured melts of block copolymers have been known since the
1960s [80, 81]. The main force for microphase separations in block copolymer
systems is the unfavorable interaction energy between the segments of the different
blocks. However, these interactions cannot be minimized by macrophase separation (as discussed in the previous chapters), because of the chemical bonds
between the blocks. Hence, phase separation is restricted (at least in one direction
of space) to domains which cannot be much larger than the blocks. The
minimization of the interface between the domains (i.e. minimization of unfavorable
interactions) leads to a regular structure. The microphases formed are different in
macroscopic architecture, e.g. lamellae, sphere or cylinders. Thus, the term
mesophase is commonly used to describe them.
Solvents or homopolymers added to block copolymers bring about additional
effects, especially, when the homopolymer is the same as one of the blocks [82-84].
Macroscopic phase separation, micelle formation and/or different mesophases can
occur [65]. Disordered block copolymers, where the blocks are compatible, will
not be considered here.
Early models describing the microphase separation were based on phenomenological ideas [85, 86]. The assumptions involved in them are: (i) a simple interaction
energy between the blocks; (ii) the chemical bonds between the blocks are fixed
in the interface between the microdomains; and (iii) the microdomains are built
up mainly of one kind of blocks.
On the basis of these assumptions the change in free energy was calculated for
the process going from a disordered mixture to the mesophase separated system,
with the contribution of polydispersity neglected. Phenomenologieal models are
widely in use [65, 87]. However, such calculations invoke many premises, which
include the shape of the microdomains, the special nature of the interface, etc.
They were so extensively reviewed in monographs and symposium proceedings
that we will not concerned with them in this paper (see Ref. [65] for primary sources).
A more general approach is given by theories based on statistical mechanics
and thermodynamics, first developed by Helfand [88]. More recent theories
diversify especially in the concept for the interface between the microdomains,
and can be divided into the "strong-segregation limit" [89, 90] and the "weak-
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segregation limit" [91, 92]. Polydispersity was introduced by Hong and Noolandi
[92, 93]. It influences the liquid-liquid equilibrium in block copolymer systems [92]
as well as the mesophase separation [93]. Its quantitative effects on the liquid-liquid
equilibrium, as yet remain unexplored.

5.2 Cloud-point Curve, Shadow Curve, and Mesophase Separation
in Solutions of Polydisperse Block Copolymers
The application of continuous thermodynamics to block copolymer systems
appears to be a difficult task. This is mainly due to the sop__histicatedthermodynamic
models which have to be used, i.e. to the calculation of fA and fB. Since there have
been only first attempts [94], we will restrict ourselves to the case in which one
diblock copolymer ensemble B(~[~) characterized by a divariate distribution
function is dissolved in one solvent A. The phase equilibrium conditions for this
case are analogous to these for random copolymers. Thus, we have
~tk = ~ ,

~(rB, YB) = ~t~(r., YB)-

(180)

The second relation is valid for all values ofrB and YB considered to be continuously
distributed within their total definition ranges. We note that the segment number
rE is defined here as the ratio of the molar volumes of the block copolymer and
the solvent (i.e. rA = 1) and that the chemical composition YB is defined here as
the volume fraction of the m-blocks relative to the total volume of all ~- and
[3-blocks in the copolymer.
If the segment-molar chemical potentials are replaced by Eqs. (22) and (25),
Eqs. (180) give
t - V~ = (1 - V~)exp (rAtA),
= ~PBW~(rB,YB) exp (rBQB(rB,YB)),

(181)
(182)

where QA and QB are given by Eqs. (38) and (39).
By use of the normalization conditions, Eq. (9), integration of Eq. (182) yields

vg = I I
rB

' '
lPBWa(rB,
YB) exp (rsQB(rB,YB)) dYn drB.

(183)

YI3

We note that the integrals have to be evaluated for the entire ranges r o < rB < r °
and 0 < YB < 1 as in a random copolymer. In special cases the range for YB can
be smaller, because diblock copolymers are usually synthesized under conditions
where the polydispersity of the m-blocks (the first block during syntheses) is small
when techniques of anionic polymerization are applied. However, as pointed out
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by Kratochvil et at. [95], polydispersity with respect to chemical composition would
be large even if the homopolymer chains were extracted.
Eqs. (181)-(183) are concerned with the cloud-point curve/shadow curve problem
but may also be applied to the mesophase separation (see resulting curves in
examples below). The composition of phase I ( ~ and tPBWB(ra,
l
YB)) and the
pressure or temperature are considered to be known. The task is then to calculate
the equilibrium temperature or pressure and the composition of phase II (tp~ and
Ilx* rIl *
~BwRtrB,
YB)). The problem overlaps the question whether there is equilibrium
between two homogeneous random phases or between a random phase and a
mesophase. According to the thermodynamic principles, this equilibrium is stable,
corresponding to a lower free energy. To perform the calculations we may follow
the methods outlined in Sect. 3.1. In principle, two scalar equations, Eqs. (t81)
and (183), and one function equation, Eq, (182), are employed. Again the efforts
are directed to separate the problem of the unknown distribution function
W~(rB, YR) from the problem of the unknown scalars T and tp~. The method depends
on the ~E expression used. Expressions for block copolymer systems are not as
simple as for random copolymer solutions. The main task, with continuous
thermodynamics applied to block copolymer systems, is the derivation of the
segment-molar activity coefficients from the GE-model chosen. We refer to the
theory developed by Hong and Noolandi [96, 97], but other similar approaches
may be used for this purpose.
The segment-molar activity coefficients have to be expressed by two terms.
in k = ~PgZ + In ~ s ~ ,

(184a)

in ~B = (1 - tp,) 2 )~ + In ?~sv

(184b)

The first term represents a Huggins-;(-parameter contribution with
Z = YBZA~,+ (1 -- YB)ZA~ -- Ys( 1 -- g/B)Z~,~

(185a)

;( = Zo(T) (1 + VbCf~ + v~(C/B)z)

(185b)

or

as in a random copolymer solution (see Sect. 3.3).
The second term is concerned with the mesophase separation, and the superscript
MST implies that the mesophase separation transition is included. This term is
zero for random mixtures. Hong and Noolandi [96, 97] have derived a configuration
partition function for a system composed of Gaussian chains and single segments.
The free energy was obtained by applying statistical thermodynamics with the
assumptions that (i) the number of segments is constant and (ii) mixing does not
change the volume of the system (i.e. Ar~V = 0). The difference between the free
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energy of mixing in the homogeneous random mixture (Flory-Huggins-mixture
with ~ # 0) and that in the microphase separated system reads [92]
AF MsT
~oVkT

1
- 2V ~k ~mS Zkm(3

-- Y) @k(X)

1
V ~k S ~k(X) (ok(~) d33 -

~)na(Y)d3x d3y
chains

~

k

Ok

V_~kIn - - ,
rk

V

(186)

where Qo is a reference number density, V is the volume of the system, and k is
the Boltzmann constant. The species k and m (chains or blocks) are described by
vectors ~ and y, respectively, and Zkm(2 -- Y) represents the local z-parameter
depending on the difference of the loci y and 3. The residual local volume fraction
t~k of the species k at point 3 is the difference between the local volume fraction
tpk(2) of species k at 3 and the global volume fraction ~k in the system.
~ ( ~ ) = ~pk(3) - ~ k .

(187)

Integration of the first term in Eq. (186) is performed over all coordinates 2 and
~. In passing, this term is related to the change of interaction energy due to
microphase separation. The residual local volume fraction ~k(2) is the deviation
from the mean (random) part which is taken into consideration by the FloryHuggins mixture contribution. The second term in Eq. (186) is due to the mean
field contribution, and COk(3)denotes the mean field potential acting on a segment
of species k at point 3. The third term in Eq. (186) represents entropic contributions
from the hindrance of local mobility due to the chemical bonds between the blocks.
The notation "chains" above the sum sign means that this summation is to be
performed for all chains. On the other hand, all other sums are taken over all
different species and/or different blocks. The quantities Qk are functionals of the
configuration partition function Qk(2, t; 2o) describing the probability density for
the case that a Gaussian chain of type k (with the parameter t) starts at .% and
ends at ~. Applying the result by Helfand [98], one obtains a diffusion equation
for Qk. Hong and Noolandi solved it by the method of Fourier transformation
to find AF MsT in powers of o~ T (i.e. the Fourier transform of (Ok with coefficients
g[j,..) as follows
AF MsT
QoVkT

1
2V ~ ~

1
V

.FT.7: FT.= FT

l~k~
2V
j

k

~r(OF

FT FT

rklPkgij(Oi (Oj

1
lkWkE~ijm~ i t~j

~a.~m

J

24¥ ~ ~ ~ ~ ~ r~vk gi~m~
LoFT~
i tojFT...FT...FT
tUmton +

....

V gi~g~
(188)
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The superscript FT denotes the Fourier transform of the corresponding quantity.
The coefficients g~m, are obtained by solution of the diffusion equation for Qk as
functions of rB, YB and the periodicity of the microdomains. The sums in Eq. (188)
can be analytically evaluated if o FT is assumed to be independent of the chain
length of the individual species. This assumption may be compared to that made
in Sect. 3.3, i.e. the interaction energies per segment do not depend on rB, and
allows the effective potentials ~%(~) for all copolymer species k to become equal.
Then, Eq. (188) may be rewritten [94]:

AFMST

1

1

?

QoVkT
2V

_V

FTFT

}

. (glj) tPR°)i coj + gAA(1 -- tpB) rA(O~) 2

--

lt)Bto i

+ 6V

toj

to m

-t- gAAA(1 -- lt3B)r2(0)FT)3}
~ F T ~ FT ~ F T . FT
1 {i~ j~.• ~m n~< gijmn
B - ~B lgijgmn
a B > . ~Btoi
24v
toj tOm ton

3

1

d- (gAAAAA-- ~ (gAA)2 (l -- lpB) r3(0)FT)4 A- ....

(189)

The symbol ( ) denotes the average for the block copolymer ensemble B.
Introducing the basic idea of continuous thermodynamics into the block copolymer
ensemble, we may calculate this average as
<gBmn>

=

~
~
r13 YB

r~-lWB(rB, YB) gijmn(rB,
B
YB, din) dYB drB,

(190)

where k is the number of indices in gi~mn"The variable d m in gi~mn(rB,YB, din) is
introduced as a measure of distance, because the gi~mn
B depend on the periodicity
of the mesophase and its spherical structure. Finally, the free energy contributing
to the mesophase separation has to be rewritten in powers of q~Rand this equation
is used to calculate the contributions In ~A
usr and In ~ST. The explicit equations of
these activity coefficients are too complicated to be written here; see Ref. [94]. The
above approach allows us to separate the problem of the unknown distribution
function from that of the unknown scalars. Therefore, tp~, ~, Y~ can be calculated
by Eqs. (183) and (41), (42).
Finally, the c o e x i s t e n c e c u r v e s are calculated by the same method as developed
for random copolymer solutions, Eqs. (44)-(52), with In fa and In ~B replaced by
Eqs. (184). The spinodal limit of mesophase separation may be calculated by
solving the condition in which all second-order parameters in AF MsT[94, 99] vanish.
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Fig, 18. Calculated phase
diagram for the solution of
a polydisperse symmetric diblock copolymer (kB = 2):
cloud-point curve (
),
shadow curve ( - - -), three
phase equilibrium ( . . . . ),
spinodat limit of microphase
separation (.............); (parameters see text)

8-

7
6.

H+M

0

011

0.2

013

014
q~s

mesophase region. Its effect on the total phase diagram is illustrated in Figs. 17
and 18. The parameters r A, ~, ¢/~ and Zij are chosen as before. Comparison of
Fig. 17 (kff 1 = 0, i.e. monodisperse block copolymer B) with Fig. 18 (ks = 2) leads
to the following conclusions:
(i) The spinodal between mesophase separation and homogeneous random
mixture shifts with increasing polydispersity to lower tPn and higher temperature (1/Zo may be regarded as proportional to T).
(ii) The threshold temperature (i.e. the maximum of the cloud-point curve) shifts
to lower tpB and higher temperature (in the case of UCST-behavior), and the
shadow curve appears as expected for phase equilibrium between two random
phases (compare Sect. 3).
(iii) The phase equilibrium region between two random phases diminishes and
that between the random phase and the mesophase expands. The three phase
point, where two random phases and the microphase system are in equilibrium,
shifts to lower VB and to higher temperature [94].
Thus, continuous thermodynamics provides a consistent description of polydispersity effects on the demixing behavior between random phases as well as
between random phases and mesophases.

6 Concluding Remarks
This review reports the state-of-art in the development and applications of
continuous thermodynamics to copolymer systems characterized by multivariate
distribution functions. Continuous thermodynamics permits the thermodynamic
treatment of systems containing polydisperse homopolymers, polydisperse copolymers and other "continuous" mixtures by direct use of the continuous distribution
functions as can be obtained experimentally. Thus, the total framework of chemical
thermodynamics is converted to a new basis, the continuous one, and the crude
method of pseudo-component splitting is avoided.
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In continuous thermodynamics, the copolymer species are identified by a set
of continuous variables and exact and explicit equations are derived for the
unknown distribution functions. Furthermore, the integrals that appear in the
cloud-point curve/shadow curve problem may often be calculated analytically.
However, many problems and applications still remain unattacked when this
review is prepared. Further progress will take place when multivariate distribution
functions become available by experiments of higher accuracy than now. More
exact and sophisticated ~E-models have to be developed for the application of
continuous thermodynamics to copolymer systems. New insights into the delicate
phase behavior of copolymer systems would be gained by further development of
the stability theory of continuous thermodynamics [45-47, 75]. The polymer
fractionation theory by continuous thermodynamics should be extended from
homopolymers [100] to copolymers. In short, much remains to be done in the
field of copolymer blends and systems containing block copolymers.
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7 List of Symbols
All necessary and important symbols used in this paper are listed below. The
defining equations for them are also indicated if appropriate.
a; b; c; d;

Fitting parameters in (~E-relations (eqs. (78), (100), (134),

(15o))
As; BB
C1
dm

Abbreviations (Eqs. (127), (170))
Abbreviation (Eq. (1t8))
Periodicity distance between microdomains in block copolymer systems (Eq. (190))
D
Number of polydisperse copolymers (distributions)
D1
Abbreviation (Eq. (97))
fo; fl; f2
Fitting parameters in 2-expression (Eq. (78))
f(M1, M2 . . . . . Mr)
Any continuous function of variables M 1, M 2. . . . . Mt
(Eq. (21))
~A;~B(M1, M2 . . . . . Mt); fB(rB,YB) Segment-molar activity coefficients (Eqs. (22),
(25), (53), (62), (64))
AF MsT
Difference of free energies between a random and a
mesophase (Eq. (186))
Abbreviation (Eqs. (92), (93), (168))
FU
Interaction parameters in CjE-model (Eqs. (150)-(155))
g~,~;g~; .-.
Interaction parameter function (Eqs. (150), (155))
g
Residual part of Gibbs free energy of mixing (Eq. (72))
Agr~
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glk

~E
I
Ii, I2
J
k
k8

k.~; k,~; k~; k~,
{LB}; {LK}
L(tPB)
M~, M2,
M~; M~

...,

n;~
~A

fia
NAy

N*
P,q
P
qBB oCC
I D N[ll~ "'"

Qk(~2, t; Xo)

G
Qs
r

rA

rB
ro, r °
Y8
grab

r~
K ^K
rll, riD...

Mt

Coefficients of a power series of AFMsT (Eq. (188))
Segment-molar Gibbs free energy (Eqs. (29), (30))
Segment-molar excess Gibbs free energy (Eqs. (30), (78), (150))
Number of solvents A (of individual components)
Integrals (Eqs. (128))
Number of polydisperse copotymers in blends
Boltzmann's constant
Parameter of the generalized Stockmayer distribution
(Eq. (85))
Rate constants of the basic propagation reactions of copolymerization (Eq. (86))
Set of additional identification variables (Eqs. (65),
(172)-(179))
Concentration function in GE-expression (Eqs. (101), (102)
and (150), (151))
Variables of the distribution function (Eq. (3))
n-th moments of the distribution functions of B or K with
respect to M B or MK, respectively (Eqs. (68), (176))
Total amount of substance or segments, respectively (Eq. (t))
Amount of segments of solvent A (Eq. (4))
= hA', h A ' , . . . . DA(t) (Eq. (10))
Overatl amount of segments of all species of copolymer B
(Eq. (3))
Avogadro's number
Contact pair number (Eq. (72))
Auxiliary quantities (Eqs. (130))
Pressure
Elements of the matrix Qs (Eq. (163))
Configuration partition function of a Gaussian chain k
Functional of Qk(~, t; Xo) (Eq. (186))
Stability matrix (Eq. (162))
Segment number (Eq. (1))
Number average segment number of the total phase considered (Eq. (27))
Segment number of solvent A (Eq. (1))
Segment number of a copolymer species (Eq. (1))
Lower and upper integration limit with respect to ra
(Eq. (32))
Number average segment number ofcopolymer B (Eq. (28))
Segment number of a certain monomer unit of a copolymer
B (Eq. (24))
n-th moment of the distribution function with respect to ra
(Eq. (34))
Elements of the matrix R K and the inverse matrix l~K,
respectively, (Eqs. (163)-(167))
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Universal gas constant
Matrix and inverse matrix
Surface contact parameters (Eq. (155))
S~, S~, ST, $8
Temperature
T
V
Molar volume
Interaction energies (Eq. (72))
UAct,UAI~,U~13
wn(M1, M2 . . . . . Mt) Extensive distribution function (Eq. (3))
(w.)
= wB,, WB,,, .... WR~o, (Eq. (11))
W~(M1, Mz ..... M,) Intensive segment-molar distribution function (Eq. (7))
Vectors
x, y
Abbreviation solution of Eq. (129)
X
Segment-fractions of s-units or y-units of a molecule of
YB, Yc
copolymers B or C, respectively (Eq. (31))
m-th moment of the distribution function with respect to
YB (Eq. (34))
i-th moment of the non-normalized distribution function
with respect to YB (Eq. (164))
Coordination number (Eqs. (74)-(78))
Z
Extensive property (Eq. (12))
Z
Segment-molar property (Eqs. (15), (16))
~A; ~B(M1, M 2 . . . . . Mt) Partial segment-molar properties (Eqs. (18), (19))

R
R K, ~K

Greek Symbols
Copolymer units (Eqs. (31), (153))
Auxiliary quantities (Eqs. (132), (133))
Gamma-function (Eq. (84))
F
Differential (Eq. (13))
8
Dirac-function of Variable M (Eqs. (20), (21))
8(M' - M)
Difference
A
Parameter of the Stockmayer distribution (Eq. (84))
Parameters of the model distribution function (Eq. (124))
~1~ Z2
Average surface parameters of copotymers B and C, respec%,%
tively, (Eq. (153))
Weight factor (Eq. (134))
~A, fiB(M1, M 2 . . . . , Mt) Segment-molar chemical potentials (Eqs. (22), (25))
t]~, ~*~o(M1, Mz ..... M0 Segment-molar reference chemical potentials (Eqs. (22),
(25), (26))
v b, v c
Fitting parameters in k-relations (Eq. (80))
QA; QB(rB,YB); QK(rK, YK, {LK}) Abbreviations (Eqs. (36)-(39], (138), (173))
Q0
Reference number density (Eq. (186))
qb
Relative amount of segments of phase 11 (Eq. (44))
Z
Huggins' z-parameter (Eqs. (78), (99), (134), (150))
~; [~; Y;
0~i~~i
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~PA

Segment-fraction of solvent A (Eq. (5))
Segment-fraction of all species of copolymer B or K,
respectively (Eqs. (6), (179))
Local and residual local segment (volume)fraction of species
i at point x (Eq. (186))
Mean field potential acting on a segment of species i at point
x (Eq. (186))

~B, ~PK

o~(~)
Subscripts
A
A', ..., A °)
A1, A2
B

B', .... B (°)
B , C , ( .... J)
crit
i ; j ; k ; m ; n ; ...
a; [3; ~,; 5

Solvent
Several solvents (individual components)
Two solvents
Polydisperse copolymer
Several polydisperse copolymers
Two (or more) polydisperse copolymers in blends
Critical property
Indices in sums
Copolymer units

Superscripts
I, II
F
E
FT
MST

Coexisting phases I, II
Feed phase
Excess
Fourier transform
Mesophase separation transition
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Lyotropic Main Chain Liquid Crystal Polymers
M. G. Northolt and D. J. Sikkema
Akzo Research Laboratories, P.O. Box 9300, 6800 SB Arnhem,
The Netherlands

The synthesis, rheology, and spinning,as well as the mechanical and morphological properties
of high-strength/high-modulusfibres made from lyotropic main chain liquid crystal polymers
are reviewed. Emphasis is placed on those polymers that have attained (semi)-commercial
status. Quantitative relations observed between the rheological and the spinning parameters,
and between the structure and the mechanical properties, are extensively discussed. It is
shown that these relations fit theoretical expectations as far as the modulus is concerned.
A complete model for the strength of these fibers needs further development. A first attempt
to provide a theoretical explanation of the long term properties, like creep and stress
relaxation, is presented.
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Abbreviations
Latin symbols:
a
c
c*

°C
DSC
DTA
ee

E
Ea
ED
if,p)
f(~)
go
gn

G
AH *
IR

k
K
L~
Lo
Lp
Lc
L(T)
LC
LCP
m
M
Mw
nl)
n±
na~, nb~ nc
nr
nt

An
An~
NMP
NMR
P
PBO
PBT
P2

exponent Mark-Houwink equation
concentration
critical concentration
degree Celsius
differential scanning calorimetry
differential thermal analysis
chain modulus
tensile modulus
delocalization energy
electron diffraction
orientation distribution
retardation time spectrum
modulus for shear between adjacent chains
lattice distortion parameter of the second kind
filament shear modulus
activation enthalpy
infrared
Boltzmann constant
degree Kelvin
contour length
test length
persistence length
critical Griffith length
contour projection length
liquid crystalline
liquid crystal polymers
Weibull modulus
molecular weight
weight average molecular weight
longitudinal refractive index
lateral refractive index
axes refractive index ellipsoid
radial refractive index
tangential refractive index
birefringence
lateral birefringence
N-methyl pyrrolidone
nuclear magnetic resonance
orientability parameter
poly(p-phenylene benzobisoxazote)
poly(p-phenylene benzobisthiazole)
second order Legendre polynomial

Lyotropic Main Chain Liquid Crystal Polymers
Pz
(P2)

<P2>
P((~)
PmBA
PmPTA
PpBA
PpBAT
PpPTA
PPA
PPD
q
r
S44~ S55

S
AS*
SAXS
t
T
Tg

T=
Tni

TDC
U
V

w/w
WAXS
Z

order parameter of the director field
order parameter inside the domains
overall order parameter
cumulative failure probability
poly (m-benzamide)
poly(m-phenylene isophthalamide)
poly(p-benzamide)
poly (4,4'-benzanilidylene terephthalamide)
poly(p-phenylene terephthalamide)
polyphosphoric acid
p-phenylene diamine
strength orienting potential
intermolecular distance
diagonal elements compliance matrix
compliance
activation entropy
small-angle X-ray scattering
time
temperature
glass transition temperature
melting temperature
clearing point or nematic-isotropic transition temperature
terephthaloyl chloride
anisotropic potential
volume
weight fraction
wide-angle X-ray scattering
partition function

Greek symbols:
~13, y
8
E
Eb
t3c
80
Cr

Ae

[0]

"max

)~o
~t
0¢

mechanical relaxation peaks
loss factor
strain
elongation at break
chain stretching contribution to the strain
imposed strain during stress relaxation
rotational contribution to the strain
anisotropy of polarizability
intrinsic viscosity
draw ratio
draw ratio in the air gap
maximum draw ratio
predraw ratio
relaxation constant
crystalline density
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stress
tensile strength or tenacity
compressive strength
normal stress
imposed stress during creep
shear stress
retardation time
orientation angle with respect to director
torsion angle
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1 Introduction and Synthetic Aspects
Lyotropic main chain LCPs - forming liquid crystalline solutions due to the
conformation of the polymer main chain rather than due to mesogenic character
of substituents on the main chain - were first recognised in the case of
poly(y-benzyl-L-glutamate) [1].
A useful review of LCPs listing, inter alia, the array of extended chain type
(co)polymers that have been found to exhibit lyotropic behaviour, appeared
recently [2, 3]. However, classes overlooked are polyethers; a review of LC
polyethers [4], and of poly(diacetylenes) [51 is available. Lyotropic LC polymers
are used mainly for fiber spinning. Polymers that have gained technical importance
are the para-aromatic polyamides or aramids poly(p-phenylene terephthalamide),
PpPTA, poly-p-benzamide, PpBA, the heterocyclic rigid rod polymers PBT and
PBO (see below), and the aromatic polyamide-hydrazides. The 50/50 (molar)
copolyamide from p-phenylene diamine and 4,4'-diaminodiphenyl ether with
terephthalic acid is spun into a high performance yarn from an isotropic solution.
We propose to limit the discussion to these technically interesting polymers which
naturally have been studied more thoroughly than the wide variety of (co)polymers
that have not (yet) been carried through (semi)commercial development. Cellulose
and its derivatives might be a further candidate for high performance yarn
preparation [6, 7]. However, there is not yet semicommercial development of
cellulose fibers processed via mesomorphic solutions. The theory of lyotropic LCPs
has recently been dealt with in Ref. 8.
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1.1 Aromatic Polyamides
A recent in-depth review dealing with PpPTA and PpBA and a review covering a
wide range of aromatic (co)polyamides are available [9, 10]. Synthesis of PpBA
requires the synthesis of the hydrochloride salt of 4-aminobenzoyl chloride; this
is achieved by careful treatment of C 1 - C O - C 6 H 4 - N =
S = O with HC1 [11].
The sulfinylaminobenzoyl chloride is prepared by treating 4-aminobenzoic acid
with excess thionyl chloride. Polymerization results by simply dissolving the
monomer hydrochloride salt in an amide solvent. The molecular weights achieved
remained relatively modest. Alternative methods of preparation did not lead to
improvements [9]. Much more work has been carried out with respect to the
preparation of PpPTA. The monomers 1,4-phenylene diamine and therephthaloyl
chloride are commerciaally available. The commercially successful polymerization
employs these monomers in a complex solvent consisting of N-methyl pyrrolidone
and calcium chloride; the discovery that more CaC12 should be used than the
6 wt.% that can dissolve in N M P at room temperature (the polyamide formed
dissolves further CaCI2; the temperature of the mixture rises upon the start of the
exothermic polymerization) was crucial in arriving at the optimum process [12].
The historical development (an earlier process for PpPTA used a mixture of N M P
and the carcinogenic hexamethyl phosphoric triamide) has been described in
detail [9].
When aiming at a final polymer concentration of 10wt.%, and l l w t . %
of CaC12 relative to NMP, the CaC12 is first slurried with dry N M P ; the
p-phenylene diamine is dissolved in this slurry by heating to about 80 °C - or
by adding molten P P D without further external heating; this mixture is cooled
to 0 °C. Then the terephthaloyl chloride is added quickly (either as flakes
or as a melt) to the PPD-NMP-CaCI~ slurry which is stirred at a high rate.
Immediately the viscosity of the reaction mixture rises to a very high level;
stirring/kneading is continued forcefully: soon the stirrer torque decreases as
the mixture breaks up into crumbs; kneading is continued for another 10 min
before the product is dumped into excess water to wash out NMP, HCt and salt.
It may be desirable (corrosion) to supply Ca(OH)2 to the water. The molecular
weight of the PpPTA can be controlled by deviating from the exact stoichiometry
of P P D vs TDC, or by allowing the presence of a small amount of water. In the
exactly similar preparation of PpBAT (from 4,4'-diaminobenzanilide and TDC)
the presence of traces of water has a much smaller influence on the final degree
of polymerization. The polymerization kinetics were investigated in model systems
[13] and re-investigated [14]. This very fast process has - in the absence
of limitations by the rapidly rising viscosity - a rate constant of about
10001 tool-1 s-1, an activation enthalpy zXH* about 30 kJ/mol and an activation
entropy AS* about - 80 J/mol K.
Alternative processes for PpPTA have received wide attention but usually
fail to lead to polymer of sufficiently high molecular weight. A few reports
on useful DP PpPTA via unconventional routes exist: the Yamazaki phosphitepyridine condensation agent was coaxed to produce [~] = 4.5 dl/g [15] and
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even 6.2 dl/g [16, 17]. A vapour phase reaction of PPD and TDC gave inherent
viscosities as high as 5.3 dl/g [18]. N-silylated PPD was polymerized with TDC
to high DP PpTA [19]. Finally, PpPTA almost of sufficient molecular weight was
reported by reacting P P D . 2 HC1 with terephthalic acid in NMP-CaC12 with
SOCI 2 [20].
Aromatic copolyamides, including the 50/50 (molar) copolymer of 3,4'-diaminodiphenyl ether with terephthaloyl chloride, are synthesized in a similar manner
using amide solvent-salt combinations, in practice NMP-CaC12. This 50/50
copolymer is in fact not processed via lyotropic solution, but rather directly as
the (relatively dilute) polymerization reaction mixture; the impressive yarn
properties are realized only after hot drawing. Concentrated LC solutions in
sulfuric acid are inaccessible due to degradation of the polymer in that medium.
Aromatic hydrazides and amide-hydrazides can similarly be prepared by
condensation of diacid chlorides and hydrazine or preformed aromatic hydrazides
in amide solvents, usually with salt added. Most attention in this field has been
centered on the adduct from 4-aminobenzohydrazide and terephthaloyl chloride;
this product was not processed via a liquid crystalline solution, although lyotropic
behaviour under special circumstances was reported: processing was carried out
using the amide solution resulting from the polymerization; LC behaviour was
observed in sulfuric acid solution [2, 3].

1.2 Rigid Rod Heterocyclic (Ladder) Polymers
Among the wide variety of ladder- or ladderlike polymers described in the literature,
which are aimed at enhancing the thermal stability rather than at superior fiber
mechanical properties [21, 22, 35], the benzazole polymers of the so-called "PBZ"
family have attained a semicommercial status as high performance fibers processed
via a liquid crystalline solution. A series of papers describing various aspects of
these polymers appeared some time ago [23-30] and an excellent and comprehensive review appeared recently [31].

"~/'~0'

X ~ / ~ cis-PBO

N~'~

PBT

The benzoxazole and the benzothiazole polymers which received most attention
are the "cis" and "trans" isomers, respectively. PBT, which has been the object
of most of the work, is prepared by first synthesizing 2,5-dimercapto-l,4phenylenediamine: PPD is converted into the bis-thiourea with ammonium
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thiocyanate. This is cyclized with bromine, hydrolysed to the oxidatively exceedingly fragile monomer potassium salt, which is isolated under reducing conditions
with HC1 [24].
s
II
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The bis-HC1 salt is easily oxidized, too, but can be handled. The tetrafunctional
monomer for PBO is prepared from resorcinol diacetate by nitration and
hydrogenation. Care must be taken in view of explosive side products. A detailed
description appeared recently [32]. Diaminohydroquinone, the precursor for
trans-PBO, can be prepared from chloranil by ammonolysis followed by hydrogenation [33]. Polymerization is brought about by dissolving the tetrafunctional
monomer in polyphosphoric acid (PPA), by slowly heating to about 100 °C and
evacuating in order to eliminate the hydrochloric acid. This must be done in PPA
of limited strength to avoid problems with foaming due to too high a viscosity
of the PPA. After the HC1 has been removed, micronized terephthalic acid is
added and sufficient P205 to bind the water of polycondensation and ring
closure, resulting in a solution containing between 82 and 84 wt.% of P20 5
in the PPA. The mixture is stirred and slowly heated to 180 °C over several
hours. The rate of polymerization appears to increase after the mixture becomes
liquid crystalline [34]. The resulting polymer solution can be spun as such [24, 31]
An alternative route to polybenzazoles was devised, by polymerizing dinitro
difunctional nucleophilic monomers with terephthaloyl chloride, followed by
reduction of the nitro groups and cyctization [35]. This approach has the advantage
of oxidative stability of the dinitro monomers; complete conversion in reduction
and cyclization are unlikely to be easily achieved.

2 Order in Lyotropic Polymer Solutions
The development of liquid crystalline phases and the rheological properties of the
lyotropic polymers are discussed in so far as they are related to the formation of
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fibers and films. The mechanical properties of fibers and films are governed by
the orientation distribution of the polymer chains (see Sect. 4.1). Hence the
discussion is focused on the development of the orientation of the chains in the
polymer solution and on the formation of orientation during spinning of fibers.
Good surveys of current theories on the formation of liquid crystalline phases
have been given by Odijk [8] and Ciferri and Marsano [36]. Later in this chapter
we will present a modified Maier-Saupe theory recently developed by Picken of
our laboratory [37, 38].
In order to form liquid crystals, the polymer chain should have sufficient intrinsic
rigidity. Stiff chain polymers are defined as polymers with a Mark-Houwink
exponent ([11] = K • M a) greater than one, over some range in molecular weight.
Because rigid polymer chains are almost insoluble, strong solvents are needed to
dissolve these polymers. The theological behaviour of the lyotropic solutions of
the technologically important aromatic polyamides has been studied extensively,
but is still not well understood [11, 39-47].
Poly(1,4-benzamide), abbreviated here as PpBA, was the first nonpeptide,
synthetic condensation polymer reported to form liquid crystalline phases [11,
39, 42, 48-50]. Technologically important is poly(1,4-phenylene terephthalamide),
abbreviated here as PpPTA. In both polymers the non-flexibility or semi-rigid
chain structure is caused by the paralinked benzene rings and the partial double
bond character of the carbon-nitrogen bond in the predominantly trans amide
linkages.
PpBA and PpPTA can form liquid crystalline solutions in selected N,N'dialkylamides with or without added lithium or calcium chloride, or in strong
acids, such as sulfuric acid and chlorosulfonic acid [11]. The nematic phase in a
quiescent solution of these polymers starts to develop at a critical concentration,
c*. This phase consists of domains with more or less parallel oriented chains and
the amount extends rapidly with increasing concentration. In general, the critical
concentration is a function of the temperature, molecular weight and molecular
weight distribution, chain rigidity and the solvent applied. The liquid crystalline
solutions of aromatic polyamides in the quiescent state are turbid in appearance
and optically birefringent, but become opalescent due to shearing and stirring.
In the range below the critical concentration the viscosity of the solution increases
with increasing concentration, but at the critical concentration this viscosity reaches
a maximum and with the onset of mesophase formation it drops rapidly to a
minimum. As the concentration is further increased, the viscosity rises again until
the point of solidification. From experiments on a series of PpBA solutions of
different molecular weight Papkov derived general concentration dependences of
the viscosity by reducing the concentration to c* and the viscosity to the maximum
viscosity at the phase transition [39]. A theoretical treatise of the behaviour of the
viscosity near the critical concentration has been given by Kawai [51] and Doi
[52]. The anisotropic phase has a higher polymer concentration than the coexisting
isotropic phase and is composed of the higher molecular weight chains [1t].
Furthermore, the critical concentration increases as the molecular weight of the
polymer decreases. A hypothesis for the solution structure of the aromatic
polyamide chain, in particular the specificity for fully substituted amides as effective
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solvents and the function of salts in mixed solvents of this type, has been given
by Panar and Beste [42].
Characterization of dilute solutions of PpPTA and PpBA by determining the
persistence length, Lp, and the molecular weight distribution has been carried out
by Arpin and Strazielle [41], Ying and Chu [53], and Ying et al. [54, 55]. The results
depend on the experimental method, such as the determination of the radius of
gyration, the rotary diffusion constant from flow birefringence or the optical
anisotropy from depolarized light scattering. Furthermore, the solvent affects the
rigidity of the chain, and thus Lp. For PpBA the reported Lp values are higher
than for PpPTA, viz. about 50 against 30 nm. A satisfactory explanation for this
difference has not yet been given. The relation between viscosity and molecular
weight of PpBA and PpPTA in solutions of N,N-dimethylacetamide - 4 wt.%
LiC1 and chlorosulfonic acid has been studied by Schaefgen et al. using light
scattering [56]. For both polymers they found that the exponent a in the
Mark-Houwink relation is 1.1 for Mw > 12000 and 1.7 for M w < 12000. The
latter value for the exponent was also found by Tsvetkov et al. for PpBA dissolved
in N,N-dimethylacetamide, but in the range Mw < 17000 [57]. Other studies using
gel permeation chromatography [41] and laser light scattering [54] yielded both
for M w < 25000that a = 1.2, while for Mw > 25000 the exponent became smaller.
The decrease of the Mark-Houwink exponent for ranges with larger molecular
weights is typical of wormlike chains.
Viscosity measurements of solutions of low-molecular weight PBO in chlorosulfonic acid and other solvents yielded a Mark-Houwink exponent of 1.85, which
is very close to the value expected for a rodlike polymer [45]. Depolarized dynamic
light scattering of PBT solutions in chlorosulfonic acid resulted in a persistence
length of 64 nm, which is one of the highest persistence lengths known when
compared with those of other rigid-rod polymers [58].
The role of electrostatic interactions and molecular association on the rheological
properties of PpPTA and PBO solutions has been studied extensively by Berry
and co-workers [45, 46, 59]. For dilute solutions in a low ionic strength acid an
extremely small translational diffusion coefficient and a high viscosity has been
observed, which they attributed to a pseudo ordering of the polymer solvent system
caused by electrostatic repulsions between the protonated polymer chains.
Extrapolation of the data at infinite dilution gave an Lp of 45 nm for PpPTA,
which is larger than previous results. Failure to recognise the effect of electrostatic
repulsion can lead to erroneously low estimates of the persistence length.
A measure of the average orientation in a domain of a nematic liquid is the
order parameter (P2). It is the average of the second order Legendre polynomial
of (cos q~), where q0 is the desorientation angle between the chain axis and the
director. It can range from 0 for random orientation to 1 for perfect parallel
orientation. Order parameters for nematic solutions of PpBA in N,N-dimethylacetamide + 3% (w/w) LiCI were determined in the composition range extending
from the lower limit for stability of the pure mesophase, which is just below the
critical concentration, to the solubility limit of the polymer [60]. The experimental
values of the order parameter, ranging from 0.76 to 0.83, were found to lie between
the theoretical predictions by Doi [52] and those by Flora and Ronca [61].
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The structure of the solid state of nematic aramid solutions will be discussed
in Sect. 3.4.

2.1 The Modified Maier-Saupe Mean Field Theory
Two mechanisms can lead to the formation of a nematic phase in a liquid solution.
The first is based on the traditional Onsager or Flory type of approach [62, 63].
This treatment predicts that at a certain concentration the molecular asymmetry
alone is sufficient to create an ordered phase without any attractive interactions.
The second approach shows that a stable mesophase is formed by an anisotropic
potential.
The excluded volume theories of Onsager and Flory show that depending on
the axial ratio of the rod-like particles, there is a critical concentration above
which a nematic phase is formed. This concentration does not depend on the
temperature of the system as these theories are essentially athermal, i.e. the part
of the free energy leading to the anisotropy is an entropy term.
A later version of the Flory theory describes a system of semiflexible particles.
The persistence length is used to determine an effective axial ratio for the particles
[64]. A temperature-dependent persistence length thus leads to a "thermotropic"
type of behaviour where the phase transition is governed by temperature and
concentration.
The second or alternative mechanism is used by the Maier-Saupe mean field
theory in which the stability of the nematic phase is derived from an anisotropic
potential. Picken has developed a theory for the nematic phase formation of liquid
crystalline polymers, which is based on t h e Maier-Saupe mean field theory [37,
38]. A molecule in a nematic domain, with its axis at an angle q~ with respect to
the director or average orientation axis of the domain, is assumed to feel the
influence of the surrounding medium only in terms of an anisotropy potential

(1)

U = - q ( P 2 ) P2( c°s (P),

where q is a constant describing the strength of the orienting potential and
( P 2 ) is the value of the second order Legendre polynomial, P2(cosq~)
= 1/2(3 cos 2 q~ - 1), averaged over the orientation distribution function f(q~) of the
molecular axes. Using this potential we obtain for the orientation distribution
f(~p) = Z - 1 exp I ~q ( P z ) P2( c°s

q~)l

where k is the Boltzmann constant and Z is the partition function
1

-1

(2)
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and ( P 2 ) is found from the equation
1

(4)
-1

By equating the free energy in the isotropic and anisotropic phase this equation
leads to a first-order transition at kT/q = 0.22. The order parameter ( P 2 ) at this
transition is 0.43. Given kT/q, ( P 2 ) can be derived from Eq. (4) and f(q~) is found
from Eqs. (2 and 3).
Picken has shown that the model of a wormlike chain seems to be the best to
describe the properties of aromatic polyamides dissolved in a good solvent, like
sulfuric acid, in particular the temperature dependence of the persistence length.
Hence, for an adaption of the Maier-Saupe theory to lyotropic polymer solutions
the influence of the concentration and of the flexibility, i.e. the deviation from
rigidity, has to be taken into account. The latter is demonstrated by the fact that
the persistence length of PpPTA in a sulfuric acid solution is 29 + 5 nm [53],
whereas the contour length for a characteristic molecular weight, Mw, of 30000
is 170 nm, which implies that the molecules are far from being completely rigid.
The Maier-Saupe theory is now adapted to take concentration and flexibility
into account via the strength of the anisotropic potential. This is done by power-law
relations. First the "contour projection length" L(T) is introduced. It is defined
as the projection of a polymer chain along the direction of the first segment. Next
it is assumed that the strength of the potential is given by
q = q*c2LZ(T),

(5)

where q* is a scaling constant and c the concentration. The dependence on the
factor c 2 is based on the fact that the attractive part of the Lennard-Jones potential
is proportional to r -6, where r is the distance between the molecules. This
dependence is proportional to V -2 or c 2, where V is the volume. The Maier-Saupe
potential is a generalized two-particle interaction for which an L z dependence may
be expected. Using a wormlike chain the following form for the contour projection
length can be derived

1 - exp
L(T) = Lp

- LpTpA

T

,

(6)

To
where Lp is the persistence length determined at an arbitrary temperature T v and
Lo is the contour length.
At the nematic-isotropic transition temperature Tni, also called the clearing
point, L ( T J is determined by Eq. (6). Thus by measuring Tni as a function of the
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The anisotropy of the polarizability, Ae, is a good estimate of the order parameter
in a nematic solution
(9)

Ae = n~ - n~ = A % ( P z ) .

Details of the experimental method are given in Ref. 65. Figure 2 shows the
anisotropy of the polarizability (at optical frequencies) as a function of the
temperature measured for an anisotropic PpBAT solution. The continous curves
results from Picken's theory, whereas the dot-dashed curves comes from the
standard Maier-Saupe model.
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Fig. 2. Anisotropy of the dielectric constant and (P2), as a function of the relative
temperature (T-Tnl) for M,,, = 8000. The continous curve is from Picken's theory. The
dot-dashed curve is from the traditional Maier-Saupe model

Although the influence of the excluded volume is not taken into account, Picken's
theory provides a satisfactory interpretation of the experimental results. The
combination of a wormlike chain model and the Maier-Saupe approach has
also been suggested by Jfihnig [66], and is developed further by ten Bosch, Maissa
and Sixou [67], as well as by Warner et al. [68].
These theoretical considerations have led to the following view on a nematic
solution, in particular of a solution of a para-aromatic polyamide in sulfuric acid
[38]. In a quiescent solution of a lyotropic polymer the chains are more or tess
aligned parallel inside domains of microscopic size, see Fig. 3. The degree of
orientation inside the domain, as represented by the order parameter (P2), is
determined by the concentration and temperature. The excluded volume entropy
term leads to the formation of "oriented blobs" with a size of the order of Lp, the
persistence length. These blobs line up due to their anisotropic polarizability,
which implies that the formation of the anisotropic phase is governed by a
dipole-dipole type of interaction, immediately leading to the Maier-Saupe meanfield potential. The entropy or excluded volume interaction merely tells us

Blank page

130

M.G. Northolt and D. J. Sikkema

behaviour. At high shear rates the maximum in the viscosity versus concentration
curve disappears as is shown in Fig. 4. This phenomenon may be explained
assuming that at high shear rates very little difference exists between the anisotropic
and isotropic phases [39, 47, 69, 70], as illustrated by birefringence measurements
by Picken presented Fig. 5.
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Fig. 5. Shear-flow induced
birefringenceas a function of
temperature and shear-rate
for an isotropic PpPTA 9%
(w/w) solution in sulfuric
acid

Rheological properties under steady state and oscillatory shear flow of isotropic
and nematic solutions of PpPTA, PBT and PBO were studied by Baird [70] and
Berry et al. [46]. Baird observed shear thinning for a series of PpPTA solutions
in sulfuric acid (4-15%). These results also suggest that at higher shear rates very
little difference exists between the anisotropic and isotropic phases. Steady-state
viscosities as a function of the temperature observed for solutions of PBO in
methane sulfonic acid showed a sharp increase near T,i, a behavior which has
also been reported for PpPTA and PpBA solutions [46].
An interpretation of the theology of liquid crystalline polymers based on the
three-region curve for shear flow has been given by Onogi and Asada [71] and
Wissbrun [72]. Detailed rheo-optical studies on PpPTA solutions in sulphuric acid
were carried out by Onogi, White and Fellers [73, 74]. In the biphasic region
(9-9.5 wt.%) the PpPTA solutions at equilibrium display small globular structures
with sizes of at least 5 gm. They have a negative birefringence indicating a
tangential orientation of the chains in these spherulite-like structures. At slightly
higher concentrations aggregates of the globules of about 50 ~tm form, which are
separated by disclination lines. Under shear flow the isotropic solutions show a
steady-state birefringence that increases linearly with the shear rate, and near the
isotropic to nematic state transition there is a large increase in birefringence [75].
Panar et al. describe the effects of a strong magnetic field on a nematic solution
of low molecular weight PpBA. A transparent state is created in which the domains
have grown to a size that is too large for light scattering. A slight stirring will
cause the solution to break up into domains in the micrometer range. Shear of a
thin layer of a nematic solution of PpBA in an amide solvent produced a pattern
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of parallel bands of approximately 1 jam width, in which the molecules are arranged
alternately in two directions at 45 ° to the shear direction [42]. This banded texture
appears to be a characteristic phenomenon of tyotropic and thermotropic polymers.
Marrucci [76] has attempted to explain this texture and proposed that it is a
manifestation of ordered tumbling of the domains. See Sect. 3.4 for a discussion of
the banded texture.
Shear flow-induced birefringence measurements of an isotropic solution of
PpPTA in concentrated sulfuric acid with a clearing point of 45 °C were also
performed by Picken [77]. As shown in Fig. 5 the flow-induced birefringence
increases strongly when the isotropic-nematic transition is approached. The results
demonstrate that the application of a relatively small shear rate already leads to
a degree of orientational order, in the initially isotropic solution, that is comparable
with the order in the nematic phase. This points to a strong coupling between
the orientation and the external flow field, and to the occurrence of a shear-induced
phase transition.
The texture during flow shows a rather grainy structure giving the impression
of small domains tumbling over each other. The apparent size of the domains
decreases with increasing shear rate. After cessation of flow a banded texture is
formed with the bands oriented normal to the shear direction.
In a molecular theory describing the dynamics of rodlike polymers in concentrated solutions Doi predicted an increase of the order parameter with a shear
flow gradient [52]. There have been several theoretical studies which predict that
an elongational flow gradient also increases the order parameter substantially.
Marucci and Ciferri found, however, that the largest contribution to the order
parameter should arise from an increase of the polymer concentration, but that
the effect of an elongational flow field should be more pronounced for less
concentrated solutions and for less rigid polymers [78].
Results of transient shear-stress measurements on a 20% (w/w) nematic PpPTA
solution in sulfuric acid are shown in Fig. 6, where the transient shear stress
normalized to the steady state value is given versus the total amount of applied
shear [79]. A power law relation was observed between the steady-state shear
stress and the shear rate. For the range of the applied shear rate the transient
behaviour, i.e. the positions and heights of the minima and maxima, is only related
to the total shear strain that is applied. An explanation is that in the beginning
of the shear flow there are relatively few disclinations per unit volume, leading to
relatively large domains in the nematic solution. At the same time a high degree
of orientation is obtained leading to a viscosity in the first minimum. Applying
further shear leads to the grinding of large domains into smaller ones implying
an increase of the disclination density. Finally the orientation induced by the shear
flow and the disclination density reach an equilibrium corresponding to a steady
state value of the shear stress. This qualitative model also explains the observation
that the relaxation time required to restore the initial structure depends on the
total shear strain that is applied [79].
The effect of an elongational flow field on a nematic solution is according to
Panar rather similar to the observed effects of a magnetic field [42]. Calculations
by Khokhlov and Semenov, and Maissa et al. show that an external field does
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Fig. 6. Transient shear-stress measurements presented in dimensionless variables for a
PpPTA 20% (w/w) solution in sulfuric acid

shift the isotropic-nematic transition to lower polymer concentrations and that
the biphasic gap disappears at sufficiently high strain rates [80, 81]. According to
calculations by Bahar and Erman the effect of an elongational flow on a system
of rodlike particles is pronounced when the system is close to or in the biphasic
state, but the effect is of minor importance when the quiescent solution is wholly
nematic [82]. However, no experimental proof of these predictions is yet available.

2.3 Spinning of Lyotropic Solutions
In this section the development of the orientation in the spinning process is
discussed, mainly based on the results of experiments performed in our laboratory
(see Fig. 7, 8, 9 and 10). The actual fiber formation by coagulation will be given
attention in Sect. 3.4. A useful survey of the various factors involved in the solution
spinning of rigid and semi-rigid polymers has been given by Ciferri and Valenti [83].
During spinning an external force is applied, which in the spinneret has the
effect of an elongationat flow in conjunction with a shear flow, but causes an
elongational flow in the spin-stretch phase of the spinning process.
This elongational flow field will orient the directors of the domains in the
nematic solution along the direction of the spinline, whereby increasing draw
ratios yield a higher degree of director orientation. Hence the draw ratio,
in conjunction with the polymer concentration of the solution, determines the
final orientation distribution in the spinning dope before removal of the solvent,
as is clearly demonstrated by experiments of Weyland [69]. If the relaxation time
of the oriented spinning solution is long enough, the order parameter at the end
of the spin-stretch stage can be preserved by solidification and/or coagulation in
the spinning bath.
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coagulation bath; b) Modulus of the fibers spun according to the conditions of Fig. 7a

After spinning the removal of the solvent in the solutions of lyotropic polymers
is carried out either by evaporation of the solvent (dry spinning) or by coagulation
in a non-solvent (wet spinning). In the case of spinning PpPTA solutions it was
found that when the spinneret was placed in a coagulation bath of water, draw
ratios (X) not larger than 2 could be obtained for the whole concentration range,
as is shown in Fig. 7. This is caused by rapid coagulation of the solution [69].
Higher draw ratios are usually obtained either by a non-coagulating first spinning
bath or by placing the spinneret just above the bath, which is then called "air-gap"
spinning [84]. The air gap has previously been applied in the spinning of solutions
of cuproammonium cellulose [85].
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a series of PpPTA solutions in sulfuric acid at 0.025 Hz and 35 °C

Figure 7 also shows the large effect of the nematic phase formation on the
"spinnability" of the polymer solution. Below the critical concentration, c*, the
maximum draw ratio, X ~ , increases rapidly with decreasing concentration of the
solution. Above c* a rapid increase of Xm,x is observed for increasing concentration.
For a spinneret size of 60 gm diameter, a draw ratio of 4 and a spinning speed
of 100 m/min, the elongation rate is of the order of t00 s - i, which is much lower
than the shear rates in the spinneret. Therefore the decrease of the maximum in
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Fig. 9. Modulus of PpPTA fibers versus draw ratio in the air gap for a polymer viscosity
of rh.h. = 4.5 and a concentration of the sulfuric acid solution of 19.3%. Estimated upper
limit of the winding tension is 5 mN/tex [230]
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the shear viscosity at the critical concentration observed for increasing shear rates
as shown in Fig. 4 is presumably of no significance to the air-gap spinning process
of lyotropic polymers. Results of dynamic Shear measurements at low frequencies,
however, provide an explanation of the spinning results with solutions having a
concentration near c*. Figure 8 shows data obtained at 0.025 Hz and 35 °C of a
series of PpPTA solutions in sulphuric acid. At the critical concentration the
behaviour of the solution is highly elastic (tan 8--. 0) and the shear viscosity
reaches a maximum. Apparently it is this elastic behaviour of the solution that
limits the draw ratio in air-gap spinning at concentrations near this maximum.
Conio et al. studied the fiber formation of PpBA from an organic solvent, viz.
N,N'-dimethylacetamide containing 3% LiC1, but in these experiments an air gap
was hardly used [86]. This may be the reason that they arrived at somewhat
different conclusions concerning the spinning of para-aromatic polyamide solutions.
The effect of the draw ratio on the orientation development during spinning
has not yet been extensively reported. Using the simplifying assumption that the
alignment of the domains in the solution from elongational flow is similar to the
case of dilute suspensions of rigid rod particles, Kenig arrived at the equation
tan q~ = X-P tan Cpo,

(10)

where Cpo is the angle of the rod with respect to the direction of the spinline
immediately after the spinneret, q~ the angle at the end of the air gap, X the draw
ratio and p the so-called the "orientability" parameter. Four thermotropic systems
and one lyotropic system (PpPTA in concentrated sulfuric acid) were studied. The
values found for p ranged from 0.2 to 0.6, the latter being observed for the PpPTA
solution [87].
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Fig. 9 presents the modulus of PpPTA fibers as a function of the applied draw
ratio for air-gap spinning at a very low winding tension. This figure demonstrates
the importance of the spin-stretch stage in the spinning process. It will be shown
here that these results are in agreement with the affine deformation model [230].
For the affine deformation, which describes the orientation of a rod-like particle
embedded in an elastic matrix, the parameter p in Eq. (10) equals 3/2. Kuhn and
Grun [88], as well as Ward [89], derived a relation between the birefringence and
the draw ratio, which, in fact, is the relation between the order parameter (P2)
and the draw ratio [90]
113
(P2) =~- 1--K 2

3K arccos K
( l - K 2 ) 3/2

1
1 ,

(11)

where K = )~-3/2 and ( P 2 ) = 1 - 3/2(sin 2 q~).
It is easily shown that at least for L > 5 Eq. (11) yields
(sin z q~) ~, ½7~ -3/2 .

(12)

The overall order parameter, ( P z ) , for an oriented nematic solution may be
expressed in terms of the order parameter of the director field of the domains, P2,
and of the molecular order parameter, (Pz), characterizing the degree of order
inside the domains, according to
( P 2 ) = P2 " ( P c ) •

(13)

It is now postulated that the affine deformation acts only upon the director field,
P2, of the solution, according to Eq. (11). On the assumption that coagulation does
not effect the orientation distribution of the chain axes, the overall order parameter
( P 2 ) can be obtained from the modulus of the fibre (see Eq. (15) in Sect. 4.1).
Knowing the polymer concentration of the spinning solution, the molecular weight
of the polymer, the persistence length and the coagulation temperature, one can
calculate the molecular order parameter (P2) using Picken's modified MaierSaupe theory. The order parameter of the directors of the domains created by the
spinning process is now derived with Eq. (13).
Before entering the air gap, the spinning solution is subjected to a so-called
predraw, ~.o, due to the spinneret. Hence, the effective draw ratio pertaining to
the affine model, )~, is given by
)~ = ~-o ")~a,

(14)

where )~a is the draw ratio in the air gap.
Figure 10 presents the curve for the affine deformation model calculated with
Eq. (tt) in terms of log (sin 2 q~) versus log ~ for the range 8 < )~ < 80. The
experimental values for the overall order parameter ( P z ) were derived from from
the modulus values presented in Fig. 9. Division of these values by the molecular
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order parameter ( P 2 ) = 0.925, corresponding to E = 6 0 G N m -2, yielded the
values for the order parameter of the director field P2, and so the corresponding
experimental values of (sin 2 q~) shown in Fig. 10. By assuming a predraw ratio
)-0 = 8 the observed data plotted against the effective draw ratio were found to
coincide with the theoretical curve of the affine deformation. This predraw value
is in agreement with the one derived from the dimensions of the entrance cone of
the spinneret used ih these experiments. Note that an incorrect value for ( P 2 )
has a considerable effect on the experimental (sin 2 q0) values derived for large
draw ratios, thereby causing a change of slope of the curve determined by the
experimental data in Fig. 10. The curve for the affine deformation has also been
drawn in Fig. 9.
The final degree of orientation attained during the elongational flow stage in
the spinning process of a nematic solution cannot be more perfect than the
molecular alignment inside the individual domains, which is given by ( P 2 ) and
determined by the thermal fluctuation and the concentration of the solution. This
explains the levelling of the modulus in Fig. 9 at high draw ratios.

3 Morphology of Fibres and Films
The structure and morphology of fibers and films can be described at various
levels of structural dimensions, depending on the resolution of the diffraction
equipment and of the microscopes used in the investigation. First of all the chain
conformation in the solid state is discussed, then the packing modes of the chains
in the crystallites determined by X-ray diffraction are reviewed, next the structural
characteristics of the fibrils observed by X-ray and electron diffraction are
examined, and finally the morphological features as seen by electron and optical
microscopy are dealt with. After this survey of the structure and morphology, the
formation of the fiber and film by coagulation from a lyotropic solution is
discussed.
Fibers are identified here by their chemical names. In this respect it is useful to
know that Twaron and Kevlar are the trade names for PpPTA fibers, and that
PRD-49 is a fiber made from PpBA. The para-aromatic polyamide fibers PpPTA,
PpBAT and PpBA are often called "aramid" fibers.

3.1 Chain Conformation
The relative importance of the various factors determining the persistence length
in solution and the conformation in the solid state of aromatic polyamides are
well illustrated by the differences between the p a r a and the m e t a form of
polyphenylene terephthalamide. Both chains consist of the same planar elements,
viz. the phenyl and amide groups. The latter group adopts only the trans
conformation in these polymers, whereby the chance of a transition to the cis
conformation is extremely small due to a barrier of about 60-80 kJ/mol. Although
in both para- and m e t a - l i n k e d chains the same intermolecular interactions exist
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between phenyl and amide segments, the way in which these segments are joined
is of primary importance for the conformation of the chain in solution. Thus in
the para-linked aromatic polyamides the directions of the rotation axes C ( a r ) - CO
and C ( a r ) - N H are for a number of successive units almost parallel. (In crystals
of low molecular weight amide compounds the valence angles at the carbonyl and
the nitrogen are close to 116 and 122 °, respectively). Hence, irrespective of the
degree of hindrance to rotation, the length of the chain increases progressively
with the degree of polymerization as a result of which appreciable values (20 rim)
for the persistence length are obtained. This is not the case in the meta
conformation where, as has been pointed out by Tsvetkov, the directions of
rotating bonds can change by 60 ° in going from one monomer unit to the other
[91]. This results in a persistence length of about 2.5 nm, which is typical of flexible
chain polymers [92].
Apart from the inherently extended nature of the chain conformation of PpPTA,
PpBA and PpBAT, other aspects of the conformation in the solid state are
determined by competitive intramolecular interactions between the phenyl and
amide segments. These are the resonance effect tending to stabilize the coplanarity
of these segments and the counteracting steric repulsion between the oxygen and
an ortho-hydrogen, and between the amide hydrogen and an ortho-hydrogen.
This results for PpPTA in an angle of - 3 0 ° between the amide plane and the
terephthalic segment and an angle of 38 ° between the amide plane and the
phenylene plane of the p-phenylenediamine segment [93, 94]. These values for the
internal rotation angles are close to those observed for the corresponding angles
in benzamide [95], acetanilide [96], terephthalamide [97], N,N'-(p-phenylene)dibenzamide [98], N,N'-diphenyl-terephthalamide [99], as well as in PmPTA [100, 101].
In the 4:1 sulfuric acid complex of N,N'-(p-phenylene)dibenzamide the three
phenyl rings are coplanar, but the amide groups are rotated out of this plane with
torsion angles of 37 and - 4 2 ° [102].
Investigation of the conformational energies may provide more information on
these interactions. However, different approaches do not yet give the same results:
Lauprfitre and Monnerie found for the torsion angle co of the N H - C O group
around the C ( a r ) - N bond in acetanilide a minimum of the conformational energy
for co = 0 °, indicating that steric repulsions are not evident in these calculations
[103, 104]. By introducing the delocalization energy, Ed = --Bcos2co with
B = 29 k J/mot, as well as steric repulsions and London dispersion attractions
between nonbonded atoms, Hummel and Flory, however, calculated on equilibrium angle of 30 ° with a rather low value for the barrier height of about 11 kJ/mol
[105]. Using the same contributions to the molecular energy, Tashiro et al. arrived
also at an angle of about 30 °, but with a barrier height of 25-50 kJ/mol [106]. This
height seems reasonable compared with values estimated by N M R measurements
for various model compounds.
In the PBT chain there is steric hindrance between a sulfur atom and a phenyl
hydrogen atom, as well as between a nitrogen atom and a phenyl hydrogen atom.
Conformational energy calculations by Welsh et al. yielded a rotation angle of
55 ° between the phenylene ring and the benzobisthiazote moiety [30, 107]. Taking
also into account the intermolecular interactions, these authors arrived at a rotation
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angle in the range of 0 to 25 °, which agrees with the value of 23 ° observed
in a model compound [28]. Calculations by Odell et al. gave a barrier height of
10 k J/tool in the planar conformation, which should normally ensure a non-planar
conformation. However, a characteristic change in colour from yellow to blue has
been observed after heat treatment of films, which has often been associated with
an increase in the degree of conjugation and thus of the planarity of the molecule
[108].
The conformational energy calculations for the PBO chain by Welsh et al.
resulted in a planar molecule, which appears to be consistent with experimental
results [30].

3.2 Results of X-ray and Electron Diffraction Studies
When a PpPTA fiber is obtained by air-gap spinning from a highly concentrated
(20%) solution in sulfuric acid, the crystal structure formed after coagulation has a
monoclinic unit cell (modification I) with pseudo-orthorhombic symmetry and
two chains per cell (a: 0.773-0.784 nm, b: 0.515-0.522 nm, c (repeat distance):
1.28-1.29 nm, y -- 90 °, space group P21/n, crystalline density Qc:
1518-1542 kg m-3) [93, 94, 109]. This structure is depicted in Fig. 11. Along the
direction of the b-axis the chains are laterally bonded by hydrogen bonds, while
weaker interactions exist in the other directions normal to the chain axis. Spinning
from sulfuric acid solutions with a concentration less than 9% yields another
crystal modification (II) identified by Haraguchi et al. [110, 111]. It has almost
the same unit cell dimensions but the hydrogen-bonded plane through the center
of the unit cell is shifted along the b-axis over a distance b/2. Spinning from
solutions of 9-15 % concentration yields fibres in which both crystal modifications
coexist [112].
PpBA crystallizes in an orthorhombic unit cell (a: 0.771 nm, b: 0.514nm, c
(repeat distance): 1.28 nm, space group P212t2~, ~c = 1540 kg m-3). There are
two monomeric units in the repeat distance and the phenyl groups are coplanar
subtending an angle of 40 ° with the amide groups. The polar chains are laterally
bonded by hydrogen bonds along the b-axis, see Fig. 11. The unit cell contains
two chains, one up and the other down [113].
The length of the repeat unit of PpBAT is about 1.5 times that of PpPTA, but
the X-ray diffraction patterns are very similar, yielding the same unit cell dimensions
(a: 0.797, b: 0.519, c: 1.29 nm). Due to the polarity of the 4A'-diaminobenzanilide
molecule, its amide group can take two orientations in the chains leading to disorder
in the crystal structure, which is the cause of the apparent repeat unit of 1.29 nm.
The disorder also affects the lateral packing. Not more than 5 out of 6 possible
hydrogen bonds per two monomeric units can be formed between the chains,
which has been confirmed by IR spectroscopy [114].
From the width of the reflections of the wide-angle X-ray scattering (WAXS)
fibre pattern the apparent size and the degree of perfection of the crystalline
domains can be determined. In PpPTA the size and disorder parameters are
strongly anisotropic. Normal to the chain axis the dimensions of the domains are
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Fig. 11. Crystal structures of PpPTA (left) and PpBA (right) [93, 113]
4 - 6 n m [115]. Analysis of the meridional reflections shows that these fibers
apparently have a paracrystalline structure with a longitudinal crystallite size of
at least 25 nm and a lattice distortion parameter gn of 2 - 3 % [116]. Annealing at
temperatures up to 600 °C increases the lateral size to about 10 nm and the
longitudinal size to about 80 nm, while gn decreases to about 1% [ 117, 118,119].
An interesting correlation between the lattice distortion parameter and the
modulus of P p P T A fibres was observed by Barton [120]. Extrapolation of the
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data to g~ = 0% leads to a modulus of about 218 G Nm -2, which is close to the
value of the theoretical modulus of the PpPTA chain (see Sect. 4.1). Because the
fiber compliance is linearly dependent on the second moment of the orientation
distribution of the chains (see Sect. 4.1) Barton's observation indicates that the
distortion parameter is probably related to the orientation distribution, i.e. an
increasing disorientation of the chains will apparently result in a larger distortion
parameter.
Krenzer and Ruland applied a Fourier analysis to the meridional reflections of
PpPTA [121]. They concluded that an interpretation of the line broadening by
lattice defects in terms of a one-dimensional paracrystattine disorder along the
c-axis is not justified, but that the disorder is the result of local defects such as
chain ends incorporated in the crystalline lattice.
In the WAXS patterns of aromatic polyamides often at least ten layer lines can
be seen, which points to a high degree of order along the fiber axis direction. The
overall appearance of the patterns is remarkably similar to the theoretically
predicted patterns from curvilinear crystals discussed by Vainshtein [122].
The small-angle X-ray scattering (SAXS) pattern of para-aromatic polyamide
fibers is characterized by an intense but diffuse equatorial scattering. This pattern
has been interpreted on the basis of elongated microvoids oriented parallel to the
fiber axis having an irregular cross section with a dimension of 2-10 nm, whereas
the longitudinal dimension is at least of the order of 25 nm, but may be longer
because of the limited resolution of the camera used in these studies [118, 123].
An interpretation on the basis of a very broad distribution of lateral void sizes is
probably more appropriate, as shown in Fig. 12 a by the SAXS equatorial intensity
curve measured with a linear position sensitive counter up to a resolution of about
200 nm. Figure 12b presents the meridional SAXS curve of a PpPTA fibre also
measured with a linear position sensitive counter up to a resolution of 190 nm.
It shows clearly the absence of a periodicity in the electron density along the fiber
axis having a wavelength smaller than the resolution and confirms the single-phase
nature of the microstructure [124]. This is very different from the SAXS patterns
of fibers made of semi-crystalline polymers, such as polyamide and polyester,
which show two- or four-point diffraction spots originating from a regular
arrangement of amorphous and crystalline domains along the direction of the
fiber axis that is associated with chain folding.
Particular attention deserve the exemplary electron diffraction (ED) studies by
Dobb, Johnson and Saville [115, 125]. Because ED patterns are taken from only
a small volume of the fiber, they provide information about the local order and
orientation distribution of the chains in the fiber. The ED patterns of PpPTA and
PpBA show that within a certain domain size of about 0.5 lam the crystallites are
almost perfectly parallel-oriented. The meridional reflections have associated
streaks along the layer lines, together with weak interference rings, indicating the
presence of two-dimensional lattices, although a large proportion of the material
is in three-dimensional register. These two-dimensional lattices are formed by the
hydrogen-bonded sheets, which have stacking faults along the chain direction.
With regard to the visualization of the microstructure of the fiber it appears
that the imaging of crystal lattice fringes is rather instructive. This was for the
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Visualization of PBT films and fibers by electron micrographs shows microfibrils
of about 10 nm width [149]. As-spun fibers contain a large number of voids of
elongated shape, and scanning and transmission electron microscopy showed that
fibrils and microfibrils are predominantly lath-shaped [150]. In dark field images
a very marked banding transverse to the fiber axis has been observed, which
originates probably from the pleated sheets seen also in fibers of aromatic
polyamides. The periodicity of the banding is about 120 nm [128].
We conclude that there is a great similarity in structure at all levels between
the different polymer fibers spun from lyotropic solutions. Moreover, many features
of this structure have also been found in well-oriented cellulose fibers [151, 152].

3.4 Coagulation and Structure Formation
The actual formation of the fibers and films in a spinning or extrusion process
takes place during coagulation of the lyotropic solution. In this process step a
phase transition to the solid state is induced by a non-solvent. The conditions of
the coagulation process, e.g. the concentration of the polymer solution, the
composition and the temperature of the coagulation medium, determine to a large
extent the morphology, texture and crystal modification of fiber and film.
Complications arise because the spinning dope solidifies just before the coagulation
starts. Hence coagulation is probably the least understood stage in the spinning
process of lyotropic polymers.
In order to understand the coagulation process, the phase diagram of the
p o l y m e r - solvent- nonsolvent system and the solvate structure, being the precursor of the fiber structure, should be known. In a review paper by Iovleva and
Papkov the results of investigations into polymer-solvate crystals, in particular of
aromatic polyamides, are generalized and phase diagrams proposed [153]. Irrespective of the interactions, whereby polymer-solvate crystals are formed (hydrogen
bonds, interaction between the acid and the amide groups with protonation of
the nitrogen), they are relatively unstable at elevated temperatures and the melting
temperatures lie therefore in the range of 50-130 °C. The melting point depends
on the ratio of the polymer to solvent, e.g. for a PpPTA-sulfuric acid solution
it drops from about 80 °C at 20% w/w to about 40 °C at 10% w/w PpPTA.
Papkov et al. observed in the PpBA/sulfuric acid system that the polymer-solvate
crystals having spherulitic morphology coexist with a nematic and an isotropic
liquid phase [154], which illustrates the complex character of the phase diagrams
of solutions of lyotropic polymers. In the phase diagram for low molecular weight
PpPTA in sulfuric acid three regions have been found. At low concentrations the
stable structure is that of an isotropic liquid. At slightly higher concentrations
the solutions are dearly biphasic, with coexisting isotropic and nematic domains.
At still higher concentrations the system becomes homogeneously nematic at high
temperatures and forms an ordered solvate crystals at low temperatures [155].
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Pertinent data on the solvate crystals of PpPTA with sulfuric acid have been
given by Arpin et at. [156]. They found two crystal modifications depending on
the thermal treatment applied to a nematic solution of PpPTA in sulfuric acid.
The lattice spacings observed by Iovleva et al. [153] and Xu et al. [157] for these
solvate crystals are identified as mixtures of the two forms found by Arpin et al.
It is remarkable that the X-ray diffraction patterns of these polymer-solvate crystals
show lines that are in general much sharper than those of the pure polymer,
indicating that the solvate crystals are composed of large and rather perfect
crystallites. This has also been observed for the X-ray diffraction patterns of
filaments prepared by spinning a nematic solution of PpPTA in sulfuric acid into
a non-coagulating bath.
Unit cell dimensions of the PpPTA and PpBA sotvate crystals with sulfuric
acid have been determined by Gardner [155, 158], but do not yield the lattice
spacings observed by Arpin et al. The structures proposed by Gardner are made
up of hydrogen-bonded sheets consisting of polymer chains alternating with
sulfurid acid molecules. In the PpBA solvate the sheets are closely packed, whereas
the PpPTA solvate has additional acid molecules separating the sheets. The crystal
structure determination of the 4 : 1 sulfuric acid - N,N'-(p-phenylene)dibenzamide
complex supports these sotvate models and shows that the amide groups are
protonated [102].
Detailed investigations of the coagulation of PpPTA films from sulfuric acid
solutions in various coagulants have been carried out by Haraguchi et al. [110,
111]. They found that films coagulated in organic liquids showed the crystal
modification I [93] with a uniplanar orientation and the hydrogen bonds directed
parallel (P) to the film surface. On the other hand, films coagulated in water had
modification II, however, with a uniplanar orientation in which the hydrogen
bonds are oriented normal (N) to the film surface. The two kinds of films showed
different mechanical properties (see Sect. 4.3). The formation of these two kinds
of films is explained by the anisotropy in the tendency to aggregation of the
PpPTA chains, due to the difference in interactions between polymer-polymer
and polymer-coagulant during the coagulation process. Upon annealing only the
film with modification II and N-texture will undergo a crystal transformation,
namely into modification I with P-texture. This only happens for films coagulated
in water and prepared from solutions of low polymer concentration. All these
films were prepared by smearing on a glass slide and soaking in a coagulant.
Unpublished results from our laboratory showed that only in films prepared from
anisotropic solutions is the orientation of the PpPTA chains parallel to the shear
direction. Negative PpPTA spherulites were prepared by Takahashi et at. from a
15% sulfuric acid solution [159]. Shearing of the solution produced a banded
texture in the coagulation product, with bands of 43-77 nm width that are oriented
normal to the shear direction with the preferential direction of the chains parallel
to this direction (see also Sect. 2.2). Similar phenomena were observed when PpPTA
was coagulated from a organic solvent [160]. Xu et al. studied PpPTA spherulites
prepared from solvate spherulites that were grown in a 12% sulfuric acid solution
at room temperature and washed afterwards. These were positive spherulites with
the modification II crystal structure [161].
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As already has been mentioned, P p P T A fibers spun with an air gap from a
sulfuric acid solution into a water bath show lateral texture, i.e., the hydrogen
bonds in the fiber cross-section are oriented perpendicular to the circumference
of the filament cross-section. As shown by Van der Zwaag the degree of lateral
texture in as-spun PpPTA fibers can be continuously varied between random and
radial texture by changing the composition of the coagulation bath [162]. Using
the optical interference microscope and a range of immersion fluids, the refractive
index in the radial, nr, and the tangential direction, nt, can be measured on whole
filaments and the difference An~ = nr - nt, called the lateral birefringence, is a
measure of the degree of lateral texture. Figure 17 shows that the solubility
parameter of the coagulation liquid is strongly correlated with the degree of lateral
texture of PpPTA filaments, which varies from An, = 0 for random texture in the
cross section to An~ = 0.045 for a well-developed radial texture.
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Spinning of PpPTA/sulfuric acid solutions in water showed that for a spinning
dope with a low polymer concentration (3-9%) only modification II is formed in
the fiber. For medium concentrations (10-15%) both phases coexist in the fiber,
while for high polymer concentrations ( > 15%) only modification I is formed [112].
This is different from the results obtained with the coagulation of films in water,
whereby always modification II is formed. Air-gap spinning of a 19.5°,4 PpPTA
solution in water, with and without a drawing stress, showed that the external
stress suppresses the formation of modification II during coagulation. Raising the
acid concentration of the coagulation bath increases the amount of modification II
in the fiber at the expense of modification I. The opposite was observed for the
coagulation of films in water. Increase of the acid concentration in the coagulation
bath also raises the void content in the fiber as observed by SAXS and TEM [163].
As discussed previously, sheared lyotropic solutions exhibit banded textures,
while very similar textures are also observed in films and fibers after coagulation.
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Chen et al. concluded that coagulation from isotropic solutions yielded only
spherulites, whereas spherulites, shish kebabs, and banded textures can be grown
in films coagulated from sheared anisotropic solutions [164]. The width of the
bands in the films appeared to depend on the speed of coagulation, varying from
about 600 nm for fast coagulation to about 8 gm for very slow coagulation. Picken
found that banded textures in nematic solutions of aromatic polyamides are only
formed immediately after cessation of the shear flow. These banded textures are
frozen in by coagulation. When relaxation is allowed by slow coagulation no bands
are observed [165]. This has also been observed in mesomorphic hydroxypropyl
cellulose solutions [166].
Horio et al. found that the band spacing in fibres spun from a 20 wt.% PpPTA
solution changed from 300 to 530 nm as the sulfuric acid concentration in the
water bath increases from zero to 60% [167]. Washing and drying did not have
any effect on the patterns. The authors suggest that elastic rebound due to the
velocity gradient of the fiber in the bath and the coagulation rate determine the
spacing of the banded texture. Presumably the increase of the pleat spacing from
skin to the core in the filament, as shown in Fig. 13, may also be caused by a
recoil effect due to drag of the coagulation liquid on the spinline and by a difference
in coagulation rate resulting from the acid concentration gradient along the
filament radius.
A study on the coagulation of PpBA films from solutions in N,N'-dimethylacetamide with LiC1 in a magnetic field was reported by Takase et al. [168, 169].
G o o d uniaxial orientation with the chains aligned parallel to the field was obtained
with fields exceeding 1 Tesla. Two crystal modifications of PpBA were found,
depending on whether the crystal solvate was annealed before or after loss of the
solvent.
In the spinning process the aramid fibers are thoroughly washed after coagulation and subsequently dried. Application of a tension during coagulation affects
the mechanical properties, in particular it increases the modulus of the fiber. This
is also true for the drying stage in the process and for an optional heat-treatment
of the fibers.
The coagulation bath employed in the spinning of PBT fibers and films is
typically a mixture of water and methane sulfonic acid in case the spinning dope
consists of a solution of methane sulfonic acid (MSA) and it is water for spinning
solutions of polyphosphoric acid (PPA). As has been observed with spinning of
aromatic polyamides fibers, lower coagulation rates and/or lower bath temperatures have produced fibers with higher modulus and strength. The mechanical
properties of the fibers spun from MSA dopes were inferior to those obtained
with PPA dopes, due to large voids [31, 170, 171].

4 Mechanical and Thermal Properties
The most prominent physical characteristics of the lyotropic polymers are the
tensile and thermal properties of fibers made from these polymers. Fibers of
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p a r a - a r o m a t i c polyamides, P B O and PBT are characterized by a high tensile
strength (~b > 2 GPa), a low elongation at b r e a k (eb < 6%) and a high-toultrahigh modulus (50 < E < 400 GPa). A survey of these properties is listed in
Table 3.

3. Modulus (E), strength (orb), elongation at break (eb) of filaments and the density
(Q) of para-aromatic polyamide, PBO and PBT fibers

Table

Fiber

0
kg/m- 3

E
orb
Eb
G Nm- z G Nm- 2 %

test length
mm

PpPTA Twaron
PpPTA Twaron HM
PpPTA*)
PpPTA *)
PpBAT as-spun
PpBAT heat-tr.
PBO as-spun
PBT
PBT
PBT
PBT
PBT

1442
1454
1440
1440
1423
1433
1500
1470-1530
1540-1600

91
120
67
140
102
152
80
18
66
159
303
331

250
250
100
100
100
100
250
25
25
25
25
25

-

3.47
3.10
3.50
4.09
2.87
2.75
2.31
2.35
2.28
2.35
3.49
4.19

3.4
2.1
4.7
3.0
3.2
2.0
2.1
7.1
4.8
2.4
1.3
1.4

ref.**)

31
31
31
31
31

*) experimental fibers
**) if no reference is made, results are from Akzo Research Lab., strain rate 5%/min

Fibers and films possess anisotropic mechanical properties. Hence a discussion
of this subject should include tensile and compression properties in at least two
different directions, viz. in longitudinal and transverse direction to the filament
axis. However, in general little is k n o w n of the transverse properties of fibers a n d
films.
The discussion of mechanical properties comprises the various contributions of
elastic, viscoelastic and plastic deformation processes. Often two characteristic
stress levels can be defined in the tensile curve of p o l y m e r fibers: the yield stress,
at which a significant d r o p in slope of the stress-strain curve occurs, a n d the stress
at fracture, usually called the tensile strength or tenacity. I n this section the
relation is discussed between the m o r p h o l o g y of fibers and films, m a d e from
lyotropic polymers, a n d their mechanical properties, such as modulus, tensile
strength, creep, and stress relaxation.
Other properties such as fatigue, k n o t strength and abrasion resistance are
based on a c o m b i n a t i o n of the various anisotropic mechanical and thermal
properties. Their relation to the fiber m o r p h o l o g y is rather complicated and is
still not well understood.
The tensile curves of a series of P p P T A fibers with different initial m o d u l i are
shown in Fig. 18. Two ranges can be distinguished, viz. a short and straight part
up to a kind of yield point at a strain of a b o u t 0.5%, and an extended concave
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Fig. 18. Tensile curves of
PpPTA monofilaments with different initial moduli, drawing
speed 10%/min, test length
t0 cm
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curve up to fracture constituting the major part of the tensile curve. Presumably
up to the yield strain the fibrillar structure is extended without disrupting the
interfibril hydrogen bonds [152]. Approaching the yield point, rupture of these
bonds takes place and a different deformation process is initiated. This is
accentuated by the difference of the various tensile curves in the slope before and
after the yield point which is clearly a strain determined phenomenon [151]. The
transition is well noticeable for the low-modulus fibers in this figure and disappears
with increasing modulus. In the second stage of the deformation process a steady
increase of the dynamic modulus is observed which, as will be shown later, indicates
a progressive contraction of the orientation distribution of the chains [142]. This
process may also be interpreted as a stretching or "straightening" of the fibrils.
An important aspect of the tensile deformation of fibers of semi-crystalline and
crystalline polymers is the recovery after unloading. When the first extension of
an oriented fiber reaches well into the second stage of the tensile curve, i.e. beyond

3"

E 2
z
v

0

1

2/0

Strain(%)

1

2

Fig. 19. Tensile curve of the first (-) and the third (. . . . . . ) cycle of a standard and
high-modulus PpPTA monofilament, drawing speed 5%/min, test length 25 cm
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the yield point, then the recovery is not complete. The permanent extension or
set is approximately equal to the extension at which yielding occurs. The
recoverable extension shows a spontaneous and latent recovery corresponding to
elastic and viscoelastic or delayed elastic contributions. Further repeated extension
of the fiber up to the same maximum extension hardly increases the permanent
deformation but is still accompanied by a little hysteresis, as shown in Fig. 19.
The tensile curves of PBT fibres presented in the literature show a stress at
rupture of only about I G N m - 2, whereas the reported tenacity values (see Table 3)
are much higher [150, 172]. This implies that the tensile curves shown in the
literature do not extend beyond the yield point near 0.7%. Fig. 20 shows the
tensile curves of first and multiple loadings of an experimental PBO fibre. The
yield point near 0.8% is noticed. The great similarity between the tensile curves
of the aramid and PBO fibers (and presumably PBT fiber) indicates the same
deformation process, which with regard to the elastic part is described in Sect. 4.1.
As with the aramid fibers, the Young's modulus increases after first loading only,
due to a slight permanent contraction of the chain orientation distribution. The
effect seems to be much more noticeable in the tensile curves of the PBT fiber,
perhaps owing to a larger void content of these fibers. The empty space of the
voids offers ample room for rotation of fibril segments towards the stress direction.
Therefore the permanent contraction of the orientation distribution after first
loading should be much smaller after heat-treatment of these fibers under tension.
Also typical of fibers made from lyotropic polymers is the fact that the hysteresis
observed during cyclic loading is very small compared with that of fibers of
semi-crystalline polymers. The dissipated energy relative to the stored energy is
7% for PpPTA fibers with moduli up to 140 G N m - 2 and 12% for the experimental
PBO fiber with a modulus of 150 G N m - 2 , while for a weU-oriented poly (ethylene
terephthalate) fiber (tire yarn) with a modulus of 18 G N m -2 this ratio is 47%.
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Fig. 20. Tensile curves of an experimental PBO monofilament, drawing speed 5%/min, test
length 25 cm. Left: curve up to rupture, right: first (
) and third (. . . . . . ) cycle
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4.1 Elastic Behaviour
A theory for the elastic extension of a welt-oriented and crystalline fiber has been
developed by Northolt and Van der Hout [142, 143]. According to this model the
fiber is regarded as being built up of a parallel array of identical fibrils which are
subjected to a uniform stress along the fiber axis. Each fibril consists of a serial
chain of crystallites. A crystallite is composed of rigid-rod polymer chains running
parallel to the symmetry axis, see Fig. 16a. All crystallites are considered to be
transversely isotropic and have identical mechanical properties. The elastic
extension of the fibril is the result of the distortion of the crystallites. The latter
is determined by two mechanisms, viz. the extension of the chain and the shear
between adjacent chains. The orientation angles, g~, of the symmetry axes of the
crystallites relative to the fibril axis follow a distribution f(q~) along the meridian.
For this modified series model of a fibril it can be shown that the compliance, S,
is given by
1
S=--+
e~

(sin 2 q~)
-.--,
2go

(15)

where e~ is the chain modulus, go the modulus for shear between adjacent chains
and (sin 2 cp) the second moment of the distribution defined by
n/2

S f(cp) sin 3 q~ cos q~ dcp
(sin 2 ~p) = o
n/2

(16)

~ f(cp) sin q~ cos (p dg~
0

For the relatively narrow orientation distributions commonly found in polymer
fibres the second moment defined according to Eq. (16) differs hardly from the
one calculated with the standard averaging procedure.
The equation for the elastic tensile curve of the fibril with well-oriented chains is
c
1
g = -- +
(sin 2 qg) [1 - exp ( - o/go) ]
ec

(17)

2-

where (sin 2 fPo) is the initial value of the orientation parameter before loading.
The equation for the compliance shows that the elastic response of a fibril is equal
to that of a serial arrangement of two springs, viz. a "chain spring" with modulus
ec and a "shear spring" with modulus 2g0/(sin 2 cO). The chain spring provides
the chain stretching contribution, ec = cy/ec, while the shear spring imparts the
rotational contribution to the fiber strain
cos ~ -- cos q~o
~r

cos ~Po
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Fig. 21. Schematic presentation of the
mechanical model of an oriented and
crystalline fiber: a chain spring in series
coupling with a shear spring

~¢ = e" (chain) + E (shear)
Simple series model

This mechanical model is depicted in Fig. 21. The Eqs. (15) and (17) have been
confirmed for aromatic polyamide fibers by a variety of experiments. Figure 22
shows the dynamic compliance versus the orientation parameter measured during
extension of medium and high-modulus PpPTA fibers. It confirms the linear
relation (15) and yields e¢ = 240 G Nm -z and go = 2 G Nm -2. It has been shown
that the tensile curves of the second and higher extensions of an aramid fiber are
well described by Eq. (17) [143]. A relation between the strain and the dynamic
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Fig. 22. Dynamic compliance S measured at 10 kHz as a function of the orientation parameter
during extension of a PpPTA fiber [142], open marks for the first extension, filled marks
for the second extension
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modulus has been derived, which agrees welt with the experimental results [151,

152].
A different test of the mechanical model is provided by measuring the resonance
Raman scattering during fiber extension. Raman bands associated with vibrational
modes of atoms in the PpPTA chain are strain dependent as shown by Galiotis
et al. [173]. According to Eq. (17) the ratio of the chain extension to the rotational
strain contribution varies with the initial orientation parameter of the fiber, i.e.
the contribution due to chain extension, ~c, increases with increasing fiber modulus.
Since the shift in the Raman spectra is due to the stretching of the covalent bonds
in the chain, the shift should be proportional to ~--onty and independent of ~.
For four different PpPTA fibers with moduli ranging from 49 to 135 G N m -2 the
shift in frequency of the 1610 c m - t Raman band per percent applied strain was
measured. The increase of this shift with the fiber modulus was found to be in
agreement with the theory [174].
As shown by Eq. (I 5) and (17), the tensile elastic behaviour of fibers made from
lyotropic polymers is determined by the chain modulus % the shear modulus go
and the orientation parameter (sin z q~0). As has been discussed in Sect. 2 and 3,
the latter is determined by the persistence length, the molecular weight, the polymer
concentration and the temperature of the liquid crystalline solution, and furthermore by the spinning and coagulation conditions.
We will now turn our attention to the determination of the intrinsic polymer
properties, ec and go. The first theoretical estimate of the chain modulus of aromatic
polyamides was carried out by Fielding-Russell [175]. Using Treloar's method [176]
he arrived at a value of 200 G N m - 2 for both PpPTA and PpBA, and a value of
t27 G Nm -z for P m P T A and PmBA. Tashiro et al. calculated for the chain
modulus 182 G N m -2 for PpPTA, 163 G N m -2 for PpBA and 90 G Nm -z for
P m P T A [106]. Using molecular mechanics Kooijman et al. found for the PpPTA
chain a value of 204 G N m - 2 [177]. Measuring the lattice strain along the fiber
axis with X-ray diffraction Gaymans et at. found an experimental value for the
PpPTA chain modulus of 200 G Nm -2 [178]. As mentioned previously, Barton
[120] found 218 G Nm -z from an extrapolation of the experimental relation
between the lattice distortion and the fiber modulus, and 240 G N m - z was found
by regression analysis from Fig. 22 [142]. Measurement of the lattice strain as a
function of temperature yielded the relation between the chain modulus and
temperature [179]: for PpBA it was found that ec = 1 8 8 G N m -z at room
temperature and 235 G N m - 2 at 0 K from extrapolation. For PpPTA these values
are 168 and 2 0 0 G N m -z, respectively. The general agreement between the
calculated chain modulus and the observed lattice modulus along the chain
direction (also found for other linearly extended polymers) provides substantial
evidence that interchain cohesion has at the most only a minor effect on the lattice
extensibility in the chain direction.
Kooijman et al. calculated the modulus for shear between adjacent chains in
the hydrogen bonded plane of PpPTA and found s5-51 = 4.1 G N m - 2 [177]. This
value agrees well with the calculated modulus for the shear between adjacent
chains in the hydrogen bonded plane of nylon 6 [180]. The monoclinic (pseudoorthorhombic) PpPTA crystal has two moduli for the shear between adjacent
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chains, viz. s24~ and s;~t. Because of the absence of strong secondary interactions
between the chains in the 010 plane, like hydrogen bonds, s44 will be larger than
s55. Hence, it is not surprising to find for go a value of 2 G N m -2, which agrees
well with the observed shear or torsion modulus of PpPTA single filaments
G = 1.8 G Nm -z [181, 182].
As discussed previously para-aromatic polyamide fibers show a pleated sheet,
which can also be described as a sinusoidal undulation of the fibrils. The effective
orientation parameter determining the modulus of the fiber may then be approximated by
(sin 2 qo) = (sin 2 ¢pp) + (sin 2 (Of),
where (sin z q~p) is determined by the distribution of the pleat angle and (sin 2 ¢0f)
by the orientation distribution of the crystallite axes in the non-undulated fibrils.
Observation of a PpPTA fiber during tensile deformation in the polarization
microscope shows the disappearence of the undulation at higher strains. It has
also been observed that the pleat angle increases for PpPTA fibers with increasing
modulus. The pleated sheet is absent in fibers with a modulus of 179 G N m - z [183].
Determination of the crystal lattice strain along the c-axis by x-ray diffraction
for a PBT fiber yielded a modulus of 395 G Nm - z, and for PBO fiber 460 G N m - z.
Theoretical calculations of the chain moduli resulted in much larger values, viz. 615
and 730 G Nm -2, respectively [184].
As-spun PBT fibers reach static moduli of about 190 G N m -z and a tenacity
of 2.1 G N m -2 [184]. Heat-treatments at temperatures between 630 and 680 °C
with tensions in the range of 0.1 to 0.2 G N m -2 produce fibers with moduli up
to 335 G N m -2 and tenacities up to 3.9 G N m -2 [184, 185]. The largest reported
values for as-spun PBO fibers are 179 G N m -2 and 4 . 6 G N m -2, whereas a
heat-treatment yielded a modulus of 345 G N m - z and a tenacity of 5.8 G N m - 2
[184]. Aramid fibers differ in this respect, since only the modulus can be substantially
increased by a heat-treatment: the maximum tenacity values for both as-spun and
heat-treated filaments, measured for a test length of 25 mm, are close to 5 G N m - z

4.2 Creep and Stress Relaxation
The creep of polymer fibers is composed of the primary creep, which is recoverable
with time, and of the non-recoverable or secondary creep [186-t88]. The secondary
creep is almost negligible if a fiber has been mechanically pre-conditioned, i.e.
when it has first been stretched to a strain larger than the strain that will be
ultimately reached in the subsequent creep experiment. Thus the results of creep
measurements can only be interpreted as true viscoelastic measurements when
performed on mechanically pre-conditioned fibers.
Creep measurements on single P p P T A filaments have been performed by Walton
and Majumdar [189]. They observed creep strains amounting to less than 20%
of the initial elastic strain after several years under stress. The graphs of the creep
plotted against the logarithm of time were not linear but showed an increasing
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slope. Erickson [190] observed logarithmic creep curves and, in addition, found
that the strain after recovery from creep followed also a logarithmic time law.
Furthermore, the creep rate after first loading was higher than the rate observed
if the specimen had crept, was allowed to recover, and then reloaded. Actually
this means that the creep rate of mechanically conditioned fibers is lower than
that of unconditioned fibers.
Creep and stress relaxation rates ofpara-aromatic polyamide fibers are extremely
low compared with those of conventional fibers like nylon and polyester. For
example the creep rate of an unconditioned PpPTA fiber increases from 2.5 x 10 -4
for 0.4 G Nm -2 to 7.5 x 10 -4 per decade for a stress of 2.8 G Nm -2. Presumably
this is caused by the combination of the rigid nature of the chains, the high
crystallinity of the structure and the hydrogen bonding between the chains. By
investigating the structural changes during creep and stress relaxation Northolt
et al. [191, 192] arrived at a model for viscoelastic extension of well-oriented fibers.
In these fibers the dynamic compliance, S, was found to be linearly related to the
orientation parameter (sin 2 q0) according to Eq. (15). Thus by measuring S during
creep and stress relaxation the change of the orientation distribution can be
monitored.
The modified series model shown in Fig. 21 has been extended to include the
viscoelastic behaviour. To this end the simple assumption is made that the
time-dependent part of the creep strain arises solely from the rotation of the chains
towards the direction of the fibre axis as a result of the shear deformation of the
crystallites. This yields for the fiber extension as a function of the time t during
creep caused by a stress Co
~(t) -~ - - +
(( sin2 q~o) -- ( sin2 q~(t))).
~°
2
ee

(18)

At any time the orientation parameter is given by the equation for the dynamic
compliance (15) and we obtain
e(t) -~

G0
--

+ go[So - S(t)].

(19)

ee

A similar relation can be derived for the stress relaxation and we find irrespective
of the functional dependence on the time the following relations
e(t) -- e(to)
S(to) - S(t)

~(to) --

go,

(20)

cy(t)

S(to) - S(t)

-

goes.

(21)

These relations imply a progressive contraction of the orientation distribution in
the fiber during creep and stress relaxation.
Figure 23 demonstrates the coupling that exists between the strain and the
dynamic compliance during creep and recovery of a PpPTA fiber. During creep
a gradual contraction of the orientation distribution of the chains in the fiber
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Fig. 23. Creep and recovery of a PpPTA fiber (Twaron) for ~o = 1.1 GNm-2: creep strain
(0) and dynamic compliance (O) [191]

takes place. A similar result is shown in Fig. 24 for the stress relaxation. All these
experiments have shown a logarithmic dependence on the time. Furthermore, it
was found that for low and medium tensions Eq. (20) and (21) are obeyed, but
for high tensions and imposed strains the observed values of - A e / A S and A~/AS
are larger than the theoretical values. This discrepancy is probably caused by
secondary creep, which becomes significant again as the creep stress approaches
the stress used in the preceding mechanical conditioning procedure. Presumably
its mechanism is a slip movement of adjacent chains during the orientation process
and can well be visualized by a row of books that is slowly falling over.
The logarithmic dependence of the creep and the stress relaxation is characteristic
of the response of a single phase structure having a constant distribution of
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Fig. 24. Stress relaxation of a PpPTA (fiber) (Twaron) for e = 1% : stress (A) and dynamic
compliance (A) [191]
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activation energies. Indeed, a single-phase structure has also been deduced from
the SAXS, WAXS and ED studies of these fibers. It implies that the spectrum of
the logarithmic retardation times L(ln ~) is independent of In z and the loss tangent
is independent of the frequency [193, 194]. According to Ericksen this is caused
by a broad range of intercrystalline bond distances and angles in the boundaries
between crystallites [190].
Assuming that the relaxation process with the constant distribution of activation
energies is confined to the shear deformation, a relaxation function for the
orientation parameter u(t) = @ i l l 2 q~(t)) is introduced having the form

u(t)= uoexpl

GOgo go~tIn (~o) 1 ,

(22)

where u o is the value for {sin 2 q0) before loading and g a relaxation constant
[191]. The logarithmic creep relation is now derived from Eqs. (18) and (22). It
yields for t = to, the relation for the change of (sin 2 q~) due to a true elastic
extension of the fibre. Using Eq. (16) it can be shown that for g/go ~ 1 the creep
rate of the primary creep is given by
dE
d(ln t)

gu0
exp ( - Cyo/go).
2go

(23)

According to this relation, highly oriented fibers should show a smaller creep rate
than low oriented fibers, which has indeed been observed. In addition, the creep
rate of the primary creep should decrease for increasing stress. Actually it has
been observed that for tensions larger than the yield stress the creep rate of
mechanically conditioned fibers is constant and thus independent of the stress.
The discrepancy with the prediction can again be understood by taking into
account the effect of the finite width of the slipping element.
So far the results have shown that the viscoelastic behaviour of para-aromatic
polyamide fibers and of other well-oriented can be described by a serial arrangement of an energy-elastic spring, representing the chain modulus, and a viscoelastic
element. The latter embodies the chain rotations due to shear deformation of the
crystallites with a retardation time spectrum f(~), whose distribution in case of the
aramid fibers is described by the function ~-1 [191]. This viscoelastic element may
be regarded as a parallel configuration of an elastic spring go and a kind of dashpot
having a stress relaxation function d~/d(ln t) = - g . It acts like an elastic spring
go at t o, being the time at which creep or stress relaxation starts.
Dynamic mechanical measurements (DMA) provide information that is complementary to the creep and stress relaxation experiments. Frosini and Butta
studied amorphous wholly aromatic polyamides and found for PpPTA small
relaxation peaks at about 15 °C, 145 °C and above 330 °C [195]. Except for the
peak at 15 °C, the peak heights are much smaller than those measured for aliphatic
and partially aromatic polyamides. The peak at 15 °C is identified as a [3-relaxation
and probably caused by the motions of free amide groups. The s-relaxation or
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glass transition peak was found at 320 °C. Kunugi et al. performed dynamic
mechanical measurements on PpPTA fibers spun from an isotropic solution and
subsequently annealed at various temperatures up to 500 °C [196]. They observed
peaks with very low values for tan ~ (<0.08): an ct dispersion at 460 °C with an
apparent activation energy of 770 kJ/mol identified with the motion of the rigid
backbone, a small 13" peak at 270 °C arising from thermal molecular motion inside
the crystallites, a 13 peak at 60 °C with an activation energy of 206 kJ/mol due to
motions of the amide group and a 7 peak near - 30 °C. The 13peak is very moisture
sensitive and disappears almost completely in fully dried fibers.
Figure 25 shows a dynamic mechanical curve of a PpPTA fiber measured in
our laboratory. The relative flatness of the tan 5 curve is in agreement with the
observation of the logarithmic creep. The low peak between 0 and 50 °C is probably
caused by a very small amount of water. As shown in Sect. 7.4.5, differential
scanning calorimetry (DSC) indicates for a PpPTA polymer sample a glass
transition temperature Tg near 290 °C. Measurements with DSC and D M A on
PpPTA fiber samples do not reveal a Tg, which presumably is caused by the high
degree of order and orientation. The DMA curve of the PBO fiber in Fig. 24
shows that the decrease of the modulus with increasing temperature is smaller
than for PpPTA fiber. This :is consistent with the better thermal stability observed
for PBO and PBT fibers, see Sect. 4.5.
Delayed elasticity is a property that is characteristic of a disorderly molecular
arrangement in amorphous material or of disordered regions in crystalline material
[190]. It is caused by thermally activated processes and may therefore involve
entropy-elastic forces. Two observations suggest that the time-dependent elasticity
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of fibers made of para-aromatic polyamides, PBO and PBT may have an entropic
component. In the first place the linear thermal expansion coefficient of these
fibers is negative [179, 197-199]; measurements in our laboratory on a highmodulus PpPTA fiber in the range of - 4 0 to 110 °C gave a constant value in this
range of - 3.4 x 10- 6 K - 1. Secondly the force on a fiber as a function of the
temperature measured at constant length increases linearly with temperature,
whereas in the case of energy elasticity this force decreases with temperature [197].
As shown in Fig. 23 a broadening of the orientation distribution takes place during
recovery from creep. This implies an increase in entropy, which presumably may
be caused by the entropy-elastic forces arising from the thermal fluctuations of
the chain segments. So it is the viscoelastic "shear spring" describing the chain
rotations which provides the link between the creep strain and the time-dependent
change in orientation.

4.3 Strength of Fibers and Films
If the polymer chains in the fiber were as long as the gauge length of the fiber
test specimen and were oriented perfectly parallel to the fiber axis, the stress
measured at fracture would be the theoretical failure stress. This stress, which is
solely determined by the covalent forces in the chain, is estimated to be 10-15%
of the theoretical chain modulus [200]. The calculation of the strength of real fibers
and yarns is rather complicated due to several factors such as the chain length
distribution, the disorientation of the chains with respect to the fiber axis, the
strong anisotropy of the forces between the atoms (covalent forces in the chain
and secondary forces between the chains), the non-uniformity of the structure and
morphology in the cross section and along the fiber and, last but not least, the
presence of impurities and voids.
The statistical description of the strength was introduced by Weibull [201,202].
In his model the assumption is made that failure is due to sudden catastrophic
growth of pre-existing defects corresponding to local failure stresses. Failure at
the most serious defect, i.e. the defect with the lowest fracture stress, leads to
immediate failure of the fiber. It is further assumed that the defects are uniformly
distributed throughout the fiber. The cumulative failure probability function, P,
which represents the fraction of fibers that fail at or below a stress ~ is according
to Weibull given by
P(cy) = 1 -- exp

[--L0(~/~0)m],

(24)

where Lo is the test length of the fiber, ~r0 a normalization factor and m the
Weibull modulus describing the width of the strength distribution. In practice,
the quantity In ( - In (1 - P)) - In L 0 is plotted versus In g since this yields a
linear relation with slope m
ln[-ln(1-P)]-lnLo

=mind-miner

o.

(25)
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Figure 26 shows a Weibull plot of a PpPTA yarn and illustrates the fact that the
strength of fibers is governed by the effect of inhomogeneities and impurities [203,
204]. A large Weibull modulus implies a limited scatter in the fracture stress data,
so weak fibers are absent. If the Weibull modulus for the fracture stress, as well
as for the fracture strain, becomes very large ( ~ 100), the average fracture stress
should approach the theoretical strength.
A theoretical study of the influence of the molecular weight and of the effect
of the anisotropy between intrachain and interchain forces on the fiber tenacity
has been made by Termonia et al. [146-148]. This study considers the case of
ideal fibers made of an ordered array of fully extended and parallel oriented chains,
with no defects other than chain ends resulting from a finite molecular weight. It
is based on the kinetic theory of fracture in which the bond ruptures are simulated
by a Monte Carlo process on a three-dimensional array of nodes. Strong bonds
between the nodes in one dimension account for the covalent bonds in the chain
and weak bonds between nodes in the other two dimensions represent the
secondary forces. The results of this study are quite interesting and in many cases
agree well with general observations on the strength of highly oriented fibers. For
polyethylene fibers with low molecular weight, for example, intermolecular
slippage involving rupture of secondary bonds occurs in preference to chain
fracture, yielding tensile curves that at the end are bell shaped. At high molecular
weight primary as well as secondary bond rupture occurs, yielding tensile curves
with brittle fracture. This gradual change in the failure process from slippage to
chain fracture leads to the absence of a simple relation between fiber tenacity and
chain length. In the case of PpPTA fibers the model shows that the process of
fracture is initiated by the breaking of a small number of primary bonds and not
by hydrogen bond failure, This leads to a rapid build up of stress concentration
due to the high concentration of chain ends resulting from the relatively short
chains, and eventually to a brittle fracture of the fiber.
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Apparently this model in its present form does not predict a fibrillated fracture
morphology caused by shear failure, as has been clearly observed for the PpPTA,
PBO and PBT fibers. Knoff noticed the similarity between the tensile failure
morphology of PpPTA fibers and that of a uniaxially oriented fiber-reinforced
composite. The latter fails in tension via matrix shear failure initiated at the fiber
ends. This made him to conclude that, if the shear forces at a discontinuity exceed
the shear strength of the bond between the fibrils, the fiber tensile strength should
be proportional to the fiber shear strength [182].
Indeed, fracture morphology is probably the key for the understanding of
the factors determining the fiber strength. Disregarding the effect of stress
concentration due to impurities, we may expect that brittle fracture, characterized
by a small fracture surface normal to the filament axis, is likely to be caused
by the normal stress, ~, = cy cos 2 % on the crystallite, and directed along
the c axis, whereas a fibrillated fracture surface is created by the shear stress,
cy~ = cy sin q~ cos % The assumption is now made that primary bonds break at a
stress equal to a specific fraction (10 20%) of the chain modulus, % and that the
secondary bonds break at about the same fraction of the shear modulus, go- This
implies for PpPTA a critical normal stress of about 30 G N m - 2 and a critical
shear stress of about 0.3 G Nm -2. Evidently the latter value is easily attained
during tensile testing of a medium oriented fiber. Since for increasing orientation
it becomes less probable that there will be a considerable fraction of chains oriented
at an angle for which the critical shear stress is reached, this approach leads to
an increase of the strength with increasing modulus. In highly oriented fibers,
having a rather contracted orientation distribution, the overall shear stress will
not reach the critical shear stress. Therefore the observed shear failure in these
fibers is presumably caused by impurities or inhomogeneities causing shear stress
concentrations, since in structures with a strong anisotropy of the modulus (e.g.
primary versus secondary forces) large shear stress concentrations arise near a
crack tip. These shear stresses are parallel to the direction of the largest modulus
value [200]. Thus for highly oriented fibers containing impurities or inhomogeneities the strength will hardly depend on the fiber modulus.
An alternative approach to the fracture process deals with the effects of cracks.
It considers the balance between the stored elastic energy per unit volume that
will be released upon crack propagation and the work of fracture per unit area
of crack surface. Cracks with dimensions smaller than the critical Griffith length,
L~, are stable, whereas cracks larger than L G are self-propagating [205, 206]. As
previously has been shown, para-aromatic polyamide fibers, PBT and PBO fibers
have many elongated voids parallel to the fiber axis. An analysis of their effect
on the strength following the Griffith approach has not yet been given.
A detailed study of the strength and lifetime under constant stress of single
PpPTA filaments using Weibull statistics and an exponentional kinetic breakdown
model was carried out by Wu et al. [207]. They found that filaments failed due
to transverse crack propagation after very short creep times, but that after long
creep times the failure mechanism was splitting and fibrillation. Activation energies
of the failure process amounted to 340 kJ/mol, which seems to indicate rupture
of the C - N bond in the chain backbone.
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As mentioned in Sect. 4.1 a heat-treatment under tension of as-spun PBO and
PBT fibers increases the modulus as well as the strength substantially [184, 185].
As with the aromatic polyamide fibers, the enhancement of the fiber modulus can
be explained solely by the contraction of the chain orientation distribution. But
no clear explanation is given for the improvement of the strength, although it has
been suggested that this is due to the improved lateral order. An alternative
explanation is the following. The heat-treatment at elevated temperatures increases
the conjugation in the PBT chain [108]. This causes a decrease of the rotation
angle between the phenylene and the benzobisthiazole segments, which in turn
yields a smaller cross section of the chain and thus a larger chain modulus. As
shown by Eq. (15) this phenomenon, together with the contraction of the chain
orientation distribution, can have a large effect on the fiber modulus. Assuming
that fracture is only caused by the shear component of the applied stress, the
strength of fibers containing hardly any impurities and structural imperfections
is expected to increase with the fiber modulus, as has been discussed before.
The strength of films is strongly influenced by the kind of texture, as has been
demonstrated by Haraguchi et al. [110]. They made PpPTA films with a (0k0)
uniptanar orientation (hydrogen-bonded planes oriented perpendicular to the film
surface) and with a (h00) uniplanar orientation (hydrogen-bonded planes lying
parallel to the film surface) using water or an organic liquid as coagulant. The
(0k0) oriented films showed a ductile tensile curve with a strength two times
higher and an elongation at break five times larger than the values obtained for
the (h00) oriented films. This difference is explained by assuming that the
hydrogen-bonded planes play a primary role as slip plane during tensile deformation of films.
Film preparation by different techniques, such as extrusion, uniaxiat draw-down
and mandrel processing, has been explored by Aoki et al. [208] and Bodaghi et
al. [209]. The uniaxially oriented PpPTA films obtained by the drawing-process
exhibit highly anisotropic mechanical properties, whereas the mandrel-produced
films show balanced properties. However, they found that the values for modulus
and strength of these films are much lower than those obtained for fibers.
This is also true for PBT, as is shown by the study of as-extruded and heat-treated
films of Feldman et al. [210]. The maximum values obtained for modulus and
strength, 238 G N m - z and 1.51 G Nm-2, respectively, are considerably lower than
the largest fiber values, see Table 3. A study of the temperature and strain rate
dependence of the deformation behavlour of these films revealed the onset of a
structural reorganization near 300 °C, while the stress activation volume characterizing the activated rate process of the yield stress increased considerably above
200 °C [172].

4.4 Compressive Strength of Fibers
For the application as a reinforcing component in composites the fibers should
not only have a high modulus but also a certain level of compressive strength.
Greenwood and Rose were the first to investigate the compressive behaviour of
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high-modulus PpPTA fibers in unidirectional composites and by means of the
elastica loop test [211]. At about 0.8 G N m - 2 compressive yielding accompanied
by the formation of kink bands was observed in the filament. Kink bands, revealed
as dark lines in the polarizing microscope, have also been observed in PpPTA
fibers which had been subjected to a tensile fatigue test [212]. The kink bands are
associated with well defined regions in which there is an abrupt change of the
chain orientation with respect to the fiber axis [213]. These shear bands may extend
across the filament diameter. Application of a tensile stress shows that the induced
kink bands are capable of realigning along the fiber axis.
The kink and slip bands formed at compressive yielding are large-scale
manifestations resulting from the buckling of chains. At locations where buckling
takes place the chains are forced to adopt a very different conformation which
may extend over a larger part of the chain. Large-scale segmental movements are
also associated with the glass transition temperature of a polymer. The apparently
common origin of phenomena such as compressive yielding and the glass transition,
relating to chain flexibility and intermolecular interactions, suggests a correlation
between the compressive strength, ~c, and Tg. Indeed an empirical relation has
been found, viz. crc is proportional to Tg2 for materials composed of mainly first
and second-row atoms [214]. This result can also be derived quantitatively by
assuming that the work for compressive yielding is proportional to the activation
energy of the glass transition.
Deformation band studies of axially compressed PpPTA filaments revealed two
distinct types of kink bands. In filaments that show tangentially splitting bands
at an angle of about 55 ° are observed, whereas in radially split fibers the kink
bands are oriented perpendicular to the fiber axis. Hydrogen-bonded planes acting
as slip planes and intermicrofibril slip play an important role in the deformation
process during axial compression [215].
Tensile tests of axially compressed fibers revealed only a 10% loss in tensile
strength, after application of as much as 3% compressive strain [181]. In this
study the regular spacing of the helical kink bands at 50 to 60 ° to the fiber axis
was noticed.
As shown by Table 4, the compressive strength of aromatic polyamides, PBO
and PBT fibers is considerably higher than that of aromatic polyester or ultra
high-molecular weight (UHMW) polyethylene fibers [216, 217]. The compressive
strength of PpPTA fibers increases with increasing modulus, as is shown in Fig. 27,

Table 4. Compressive strength of some polymer fibers
Fiber

Compressive Strength (M Nm-2)

UHWM PE
Aromatic Polyester
PpPTA Low Modulus
PpPTA High Modulus
PBO
PBT

50
200
500
820
680
680
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and the critical strain for kink band formation decreases continuously from about
1% for a low modulus fiber to about 0.5% for a high modulus fiber. It was also
observed by Van der Zwaag that the kink bands are formed before elastic instability
occurs so that they may therefore be attributed to a plastic deformation process.
Furthermore, a model has been developed that describes the density of kink bands
as a function of the compressive strain [217, 218], see Fig. 28.
The results of a aramid, aromatic polyester and PE fibers reveal that the values
for the compressive strength can differ widely between different polymeric fibers,
notwithstanding comparable tensile properties. This is due to the combined effects
of differences in bending stiffness of the chains and differences in lateral cohesive
binding forces. In the case of the PpPTA fibers intrinsically stiff chains are bonded
by a regular network of hydrogen bonds, whereas in polyethylene fibers the flexible
chains are only weakly bonded by Van der Waals forces. Glass transition
temperature and compressive strength are both determined by this variation in
chain properties and intermolecular forces.
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Fig. 28. Kink band density in a PpPTA
filament versus compressive strain. The
model yields the drawn curve [218]

0
!

0

t

- 0,5

-1.0

E(%)

-1.5

170

M.G. Northolt and D. J. Sikkema

Compared with glass and carbon fibers the compressive strength of fibers made
from lyotropic polymers is rather tow. However, as shown by Van Dreumel, the
negative effect of a low compressive strength on composite properties should not
be overrated [219, 220].

4.5 Thermal Properties
Owing to the rigid molecular chains and the high crystallinity PpPTA and the
other para-aromatic polyamide fibers show a high thermal stability. The differential
thermal analysis (DTA) curves as well as the differential scanning calorimetry
curves (DSC) of the PpPTA polymer and fiber show an endothermic peak between
500 and 600 °C, see Fig. 30. This peak is only observed at high heating rates and
is superimposed on the slope of a large decomposition endotherm (with a maximum
temperature above 600 °C). The peak temperature is independent of the heating
rate, thus confirming the observations of Brown and Ennis and their interpretation
of this phenomenon as a melting transition [221]. The onset of decomposition, on
the contrary, is strongly dependent on heating rate. Depending on the fiber or
kind of polymer the peak temperature varies between 550 and 565 °C. The reversible
nature of the melting process has been confirmed for the polymer samples [222].
The onset of the degradation endotherm corresponds with the onset of weight
loss in the thermogravimetry (TG) curves. At a heating rate of 20 K/rain the TG
curve of a PpPTA (Twaron) fiber shows a weight loss of 2.5% at 550 °C. These
results are in general agreement with earlier investigations [223-227].
As shown in Fig. 29, a DSC curve of dried PpPTA polymer shows a small
endothermic baseline shift, in conjunction with an endothermic peak near 290 °C,
representing probably the glass transition temperature of the polymer. This Tg
value agrees with the one found by Brown and Ennis [221]. It is also in line with

2.4"
2.0"
1.6"
E
o
u..
•

"r-

Tg

1.2"

0.8"

0,40

f

............

250

I..............

I

........

i

I

3£)0
T(°C)

i

I

1

350

Fig. 29. DSC curve of PpPTA polymer at a heating rate of 100 K/min taken in nitrogen
atmosphere showing a glass transition [222]
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the observation found for a wide variety of polymers that T J T m = 0.66. However,
it differs from the values found with dynamic mechanical analysis, see Sect. 4.2.
Prolonged exposure of PpPTA fibers at temperatures up to 250 °C for more
than 100 h results in a relatively small decrease (about 17%) of the strength.
Short-time exposure up to 450 °C can be applied without large strength loss. The
temperature dependence of the strength in the range from about - 4 0 °C and
higher is much smaller than that of conventional synthetic fibers such as P E T P
and the nylons [228],
PBT fibers show a very small strength loss of only 2% after an exposure of
65 h in air at 300 °C. This indicates a thermal stability of the mechanical properties
which is even better than that of the aromatic polyamide fibers [31, 170]..
Figure 31 demonstrates the effect of the temperature on the Young's modulus
of PpPTA fibers with different initial moduli [229]. For decreasing temperatures
a considerable increase of the modulus is observed, which presumably is mainly
due to an increase of the modulus for shear, go, between adjacent chains. As the
temperature drops this increase is caused by the stiffening of the intermolecular
bonds. To a lesser extent the decrease of the orientation parameter, <sin z cp>, may
have some effect, see Eq. (15). Like the negative thermal expansion coefficient
observed for PpPTA fibers (see Sect. 4.2) this expected decrease of the orientation
parameter is of entropic origin.
Creep measurements of PRD 49 (PpBA) fibers at 65 °C and 150 °C exhibit
logarithmic creep, as is also observed for PpPTA and PpBAT fibers at room
temperature, and the creep rate increases with temperature [190]. Wu et al.
determined Weibull parameters of the strength and lifetime distributions of PpPTA
fibers at room and elevated temperatures [207]. They found that the mean filament
strength (and Weibull scale parameter) varies inversely with temperature, while
the strength variability (and Weibull modulus) remains practically constant over
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the range of temperatures used (20-130 °C). Creep-rupture lifetimes showed very
high variability (small values of the Weibull modulus), but at 130 °C the Weibull
modulus increased with decreasing stress. The activation energy derived from the
lifetime measurements amounts to 330 kJ/mol and indicates that chain scission is
the dominant mechanism in creep-rupture experiments.
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- parameter 156, 157, 160-162
Orientational order 122-137
Partial segment-molar quantity 54-56
Partition function 125
Permanent extension 155
Persistence length 124-132, 137, 138
Phase equilibrium condition 59, 62, 65, 91,
100
transition, shear-induced 131
Pleat 143-145, 152
Pleated sheet 144-149, 159
Polarizability 127, 128, 145
Poly (4,4'-benzanilidylene terephthalamide)
120-137, 139
Poly (m-benzamide) 158
Poly (p-benzamide) 119-158
-

-
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Poly (m-phenylene isophthalamide) 137, 138,
158
Poly (p-phenylene benzobisoxazole) 121 to
124, 130, 139, 147, 153, 155, 159, 163 to
168
Poly (p-phenylene benzobisthiazole) 121 to
124, 130, 138, 143, 144, 152, 155, 159,
164-168, 171
Poly (p-phenylene terephthalamide) 119 to
172
Polyamide, aromatic 119-172
Polydisperse ensemble 52
Polydispersity 51
- , chemical 58, 59, 70
Polyethylene 6-8, 19, 21
- , linear low-density 4, 29-34, 42, 44
- , low-density 4, 23-26, 44
Polyisobutylene 42
Polypropylene 7, 19, 22, 34-36, 42
Potential, anisotropic 125-127
- , Lennard-Jones 126
- , Maier-Saupe s e e Anisotropic potential
Precrystalline structure 140-142
Pseudo-component 51
Pseudobinary mixture 51, 58-64
Quiescent state 123, 128, 132
Radius of gyration 124
Raman scattering 158
Reactivity ratio 33
Recovery 154, 155, 160, 164
Refractive index 145
, ellipsoid 145
- , lateral 147
- - , longitudinal 147
, radially lateral 147
- , tangentially lateral 147
Relaxation during coagulation 152
- , peaks 162, 163
- , stress s e e Stress
- , time 132
Repeat distance 139, 143, 144
Rheology 129-137
Rigidity 126
Rotary diffusion constant 124
-

-

SAXS s e e Scattering
Scanning electron microscopy 143~149
Scattering, light 124
- , small-angle X-ray (SAXS) 141-144
- , wide-angle X-ray (WAXS) 139-143
SEM s e e Scanning electron microscopy
Separation, co-crystallization 21
--, column packing 22
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- , comonomer 19
- - size 21
- , effect of crystallinity 4, 8
Series model 156-162
Shadow curve 58-66, 70, 71, 78-93, 100 to
108
Shear flow 129-131
spring 156, 157, 164
thinning 129, 130
Short-chain branching 4, 12, 27, 28, 33, 45
-- - , distribution 14, 23, 29, 44
Size, apparent 139, 140
- , crystalline 139, 140
- , exclusion chromatography 4, 5, 12, 13,
15, 31, 44
- , lateral 140, 141, 144
- , longitudinal 140, 141, 144
Skin-core 145, 152
Slip 161, 165, 167, 168
Solidification 132
Solubility 4
limit 124
Solution 122-137
- , concentrated 131
- , dilute 124
- , spinning 132
- , sulfuric acid 123-137
Solvate structure 149, 150
- , melting point 149
Solvent, ~-chloronaphthalene 15
- , kerosene 7
- , o-dichlorobenzene 15
--, trichlorobenzene 13, 18
- xylene 7, 21
S ~herulite 130, 149-152
S ~inline 132
S ~inning 139, 152
- air-gap 133-137
-- dope 132, 149, 151
- dry 133
- process 132-137, 144
solution 132
wet 133
S ~inodal 71, 72, 77-82, 85, 96-98, 106 to
108
Standard segment 58
Stereoregularity s e e Isotacticity
Steric repulsion s e e Conformation
Strength 164-169
- , compressive 167, 168
- , tensile 153, 164-167, 171
Stress, normal 166
-

-

-

-

-

-

-

-

Subject Index
- , relaxation 159-162
- , shear 166
Structural model 145-148
Structure s e e Morphology
TEM s e e Transmission electron microscopy
Temperature, glass transition 163, 168-170
- , melting 170, 171
- , nematic-isotropic 126, 127
- , programming 7-9, 14
- , rising elution fractionation, analytical
5, 9, 10, 12-18, 41
, preparative 4-12, 23-26,
31, 32, 42
- , separation 9, 12
Tenacity s e e Strength, tensile
Tensile curve 153-157
strength 153, 164-167, 171
Texture, banded 131, 144-152
- , f i l m 150, 151
--, lateral 144, 145, 151
TG s e e Thermogravimetry
Thermal expansion 164, 171
- stability 163, 170-172
Thermogravimetry (TG) 170
Thermotropy 125, 135, 144
Torsion angle s e e Conformation
Transient behaviour 131
Transition, first-order 126
- , nematic to isotropic 130-132
- , shear-induced 131
- , temperature s e e Clearing temperature
Transmission electron microscopy 143-149
T R E F s e e Temperature rising elution fractionation Twaron 137
-

Viscoelasticity 155, 160, 162-164
Viscosity 123, 124, 129, 130
Voids 151
WAXS s e e Scattering
Weibull modulus 164, 171, 172
- plot 165
statistics 164-166, 171
Wormlike chain 124, 126, 128
-

X-ray diffraction

see

Scattering

Yield, compressive 168
- , p o i n t 145, 153, 155
- , strain 154
- , stress 153, 167

