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ABSTRACT: The phase behavior of syndiotactic polystyrene in solvents with different qualities has been
investigated. The concentration dependence of the melting points of the 8- and é-phases has been measured,
and the experimental data have been used to construct the corresponding liquidi. The different solvents can
therefore be classified in order of increasing solvent quality for polystyrene: decalin < 1,2,4-trichlorobenzene
< o-xylene < 1,2-dichlorobenzene < chlorobenzene < chloroform. The stability of the 8-phase increases with
decreasing solvent quality. The opposite influence of this solvent quality is observed for the é-phase. This
solvent quality induced inversion of the phase stability explains the peculiar behavior in good solvents like
chloroform and the formation of thermoreversibie gels in these solvents. The study of the phase behavior
and the analogy with the melting behavior of mixtures of low molecular mass substances reveal the formation
of an incongruent melting polymer—solvent compound. A two-step mechanism composed of a coil to helix
transition followed by an intermolecular association is proposed.

Introduction

Syndiotactic polystyrene (sPS) crystallizes from the melt
or, under the correct crystallization conditions, from
solution, with formation of a crystalline phase in which
the polymer chains adopt an all-trans zigzag conformation.
Different modifications of this crystalline structure have
been reported, and the reader is referred to the literature
for detailed information.-1° Distinction between these
modifications can be made by X-ray scattering analysis.
Calorimetric investigations by differential scanning calo-
rimetry (DSC) cannot distinguish between these different
modifications, and melting experiments show only one
melting domain. The occurrence of different melting
endotherms has been ascribed to recrystallization during
heating.l! We will therefore not distinguish between the
a-and the 8-phases and their modifications, and the phase
in which the polymer chains adopt this zigzag conformation
will be called the 8-phase.

The polymer chains can also adopt a T2G; helix
conformation, and the formation of the corresponding
crystalline structure, called the §-phase, can only take place
in the presence of a solvent. Elimination of the solvent
results in formation of the y-phase.

The addition of a solvent influences in a different way
the stability of the 8- and the -phase.!13 The study of
the phase behavior of the systems sPS~decalin and sPS-
o-xylene reveals that the melting point of the 3-phase
increases with decreasing solvent quality, while the melting
point of the §-phase increases with increasing solvent
quality, The formation of an incongruent melting com-
pound between the polymer and the solvent has been
proposed.!213 This specific role of the solvent has already
been stressed by different authors.1210.14-16 Experimental
evidence obtained from a detailed X-ray analysis of the
system sPS—toluene has been presented recently.!> This
important role of the solvent will be further investigated
in this paper.

Experimental Details

Syndiotactic polystyrene was supplied by Dow Chemical, USA.
The number-average and mass-average molecular masses, de-
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termined by GPC in 1,2,4-trichlorobenzene at 135 °C, are 14.3
X 104 and 42.9 X 104

The thermal behavior was studied by differential scanning
calorimetry (DSC2 and DSC7, Perkin-Elmer). A cooling and
heating rate of 10 °C/min was used. Wide-angle X-rayscattering
(WAXS) patterns were obtained using Cu Ka radiation and
recorded with a Philips PW 1792 flat-film camera. Thermo-
gravimetric analysis (TGA) was carried out with a Setaram
TGDSC 111 instrument.

Solvents were obtained from Baker (chlorobenzene and 1,2-
dichlorobenzene), Janssen Chimica (1,2,4-trichlorobenzene), and
Aldrich Chemie (1,2,4,5-tetrachlorobenzene).

The polymer mass fraction, wy, is used to express the polymer
concentration.

Experimental Results

Investigation of the Phase Behavior. The phase
behavior of the different sPS—solvent systems was inves-
tigated by differential scanning calorimetry. Temperature—
concentration phase diagrams are constructed by plotting
the melting point of the polymer, deduced from a DSC
thermogram recorded on heating, as a function of polymer
concentration. The temperature at the end of the melting
endotherm has to be taken as the melting point when
working with a system composed of two constituents,
polymer and solvent.!” No corrections were made for the
dynamic character of the experimental method and the
nonequilibrium character of the experimental data. There-
fore these phase diagrams can only be used in a qualitative
way. It has nevertheless been shown that the shape of
these nonequilibrium diagrams reflects very well the
equilibrium behavior.1213.17 A detailed discussion based
on a comparison with equilibrium diagrams has been
published recently.18

The conclusions drawn from these temperature-
concentration data are supported by WAXS analysis and
infrared (IR) observations. This combination of experi-
mental techniques allows for the characterization of the
different phases involved. A detailed description of the
experimental method has been given in previous pa-
pers.12.13

Phase Behavior of sPS-Solvent Systems. The
solution behavior of sPS is complex: at room temperature,
this polymer is not soluble in good solvents for atactic
polystyrene. Thermoreversible gels can be formed with
dilute solutions (wy < 0.01) of a polymer with a high
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Figure 1. Schematic drawing of a possible temperature—
concentration diagram of sPS/chloroform: (®) melting of 3-phase;
(¥) melting of é-phase.

molecular mass!? in tetrahydrofuran, chloroform, chlo-
robenzenes, etc. To understand this peculiar behavior,
the temperature~concentration diagrams in some of these
solvents were investigated.

Phase Behavior in Chloroform. Semicrystalline sPS
crystallized from the melt in the B-phase swells in
chloroform at room temperature and the 8-phase dissolves.
This solvent treatment however will not lead to the
formation of a homogeneous solution but to the formation
of the é-phase. A thermoreversible gel is obtained at low
polymer concentration. A detailed analysis of the phase
behavior is very difficult because of the low boiling point
of the solvent. Only a few melting points have been
localized experimentally.

Atlow polymer concentration, the melting of the é-phase
takes place around 70 °C. In the high-concentration
region, the vapor pressure of the solvent becomes very low
and the melting behavior could be studied in hermetically
sealed DSC pans. A melting point depression of 25 °C for
the 8-phase is recorded when a mass fraction solvent of
0.09is added. This melting point depression is far superior
tothe one observed under analogous conditions with other
solvents such as chlorobenzene. The corresponding
metastable liquidus of the B-phase will reach room
temperature at relatively high polymer mass fraction. This
explains the swelling behavior in the solvent. During the
swelling at room temperature, the liquidus of the S-phase
is crossed and melting of this phase takes place. Then the
much more stable 6-phase, with its melting far above room
temperature, is formed. Thisresultsin a thermoreversible
gel at moderate polymer concentrations. A schematic
drawing of a possible phase diagram is presented in Figure
1. The formation of the 6-phase is not observed in o-xylene
where the metastable liquidus of the 8-phase reaches the
pure solvent axis above room temperature.

Phase Behavior in Chlorobenzenes. The melting
point depression in different chlorobenzenes is much less
pronounced than in chloroform. The behavior in chlo-
robenzene (Figure 2) is very similar to that observed in
o-xylene. Thesame melting point-polymer concentration
relationship is found for the 8-phase, and the invariant
incongruent melting of the 6-phase takes place at the same
temperature. We refer the reader to ref 13 for a detailed
discussion of such a system.

The introduction of one additional chlorine atom in the
solvent has only a limited influence on the melting
behavior. The melting line of the 8-phase in 1,2-dichlo-
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Figure 2. Temperature-concentration diagram of sPS/chloro-
benzene: (®) melting of 8-phase; (¥) melting of é-phase.
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Figure 3. Temperature-concentration diagram sPS/1,2-di-
chlorobenzene: (@) melting of 8-phase; (¥) melting of 5-phase.

robenzene is shifted to higher temperature by only a few
degrees. The melting of the é-phase is not influenced
(Figure 3).

The shift to higher temperatures in the melting line of
the 8-phase in 1,2,4-trichlorobenzene is more pronounced,
and the intersection with the melting line of the é-phase
is situated at lower polymer mass fraction (Figure 4). The
incongruent melting of this é-phase takes place at lower
temperature. One can therefore conclude that there is an
increase of the stability of the 8-phase and a decrease of
the stability of the é-phase.

The introduction of an additional chlorine atom in the
solvent increases further the stability of the 3-phase. The
melting behavior of this phase in 1,2,4,5-tetrachloroben-
zene approaches that of the system sPS—decalin.? How-
ever, the melting of the é-phase is no longer observed
because of the high melting point of the solvent. The
phase diagram represents the eutectic melting of the
system 1,2,4,5-tetrachlorobenzene—sPS (8-phase) (Figure
5).

Phase Behavior in 0-Xylene. The phase behavior in
this solvent has been discussed in detail in a previous
paper.l® The phase diagram (Figure 4, ref 13) is similar
to the one observed in chlorobenzene and 1,2-dichlo-
robenzene.

Phase Behavior in trans-Decalin. The behavior in
this poor solvent has also been discussed in detail in a
previous paper,!2 and the corresponding phase diagram is
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Figure 4. Temperature—concentration diagram sPS/1,2,4-tri-
chlorobenzene: (®) melting of §-phase; (¥) melting of §-phase.
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Figure 5. Temperature-concentration diagram sPS/1,2,4,5-

tetrachlorobenzene: (@) melting of 8-phase; ( ®) eutectic melting;
(¥) melting of the solvent.

presented in Figure 13 of ref 12. The liquidus of the
B-phase is situated at higher temperature than reported
for the system sPS-1,2,4,5-tetrachlorobenzene. The in-
congruent melting of the §-phase in trans-decalin takes
place around the same temperature as the one found in
1,2,4-trichlorobenzene.

Discussion

The phase diagrams of the different sPS—solvent systems
represent only one side of a eutectic melting diagram. An
exception has to be made for the system sPS-1,2,4,5-
tetrachlorobenzene. The high melting point of the solvent
leads to a eutectic behavior and to the absence of the
formation of the é-phase. This diagram will therefore be
left out of the discussion.

The shape of the phase diagrams is characteristic for
the formation of an incongruent melting compound.
However, the change in these diagrams with solvent quality
is not fully in agreement with general thermodynamic
considerations. We will therefore discuss the melting
behavior of the 8- and the §-phases separately.

Melting of the 3-Phase. A schematic representation
of a melting system composed of two components with a
large difference in melting point is shown in Figure 6. In
the absence of a liquid-liquid (L-L) demixing, a negatively
curved liquidus is observed (1). When a metastable L-L
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Figure 6. Schematic representation of the influence of the
position of a L-L demixing (- — -) on the shape of the liquidus
(—) of a polymer-solvent system. The solvent quality decreases
from 1 to 3.

demixing domain approaches the liquidus, this liquidus
starts toshow an inflection point (2). Theliquidus becomes
horizontal where it is touched by the L-L demixing curve
(3).20 Detailed inspection of the experimental data and
theirrelation with Figure 6 leads to two important remarks.

(1) To observe the L-L demixing phenomenon and
explain the liquidus of the 8-phase in sPS—decalin, the
maximum in the L-L demixing curve has to be situated
at we = 0.50. This is not possible in polymer—solvent
systems where the maximum and the critical point are
close to the solvent axis.

We also do not expect this shape of liquidus when the
liquid-liquid demixing domain is situated at temperatures
far below the liquidus, and this is to be expected for the
system sPS—decalin. It was not possible howevertolocalize
experimentally a liquid-liquid demixing for the system
sPS—decalin. We only can estimate its position on the
temperature scale from experimental data reported for
the atactic isomer.2-23 This however is too far below the
liquidus of the B-phase so that it cannot influence this
liquidus in such a way as to originate this specific S-shaped
curve.

(2) The liquidus is curved upward at the high polymer
content side and this results in an S-shaped curve, not
predicted by theory.

This very specific S-shaped curve can also be obtained
under rather different conditions. The investigation of
the eutectic melting of mixtures of water and aliphatic
alcohols leads to very analogous phase diagrams. An
illustration is given in Figure 7 for the systems water—
methanol, water-ethanol, and water—2-propanol.2¢ It is
well known that the increase of the contribution of the
hydrocarbon group in an alcohol will increase the difference
between water and the alcohol and make the alcohol less
hydrophilic. This could then, in view of the discussion in
this paper, be interpreted as a decrease of the solvent
quality of the alcohol for water. This decrease in solvent
quality results in an increase of the melting temperature
at constant composition of the solution. The sigmoidal
shape could then be ascribed to the occurrence of a liquid-
liquid demixing. This demixing however is never observed,
butthe shape of the liquidus of water nevertheless changes
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Figure 7. Liquidi of the systems water-methanol (<), water—
ethanol (0), and water-2-propanol (v).22

from an almost continuous decrease of the melting point
withincreasing alcohol content (methanol-water) toa more
and more pronounced S-shaped liquidus with increasing
hydrophobic character of the alcohol. This shape is
ascribed to the occurrence of specific interactions between
both components, leading, at lower temperature, to the
formation of an incongruent melting compound.

The striking analogy between the phase behavior of the
system water—aliphatic alcohols and the $-phase of sPS
inthe presence of a solvent firmly supports the proposition
of compound formation (3-phase) between the polymer
and the solvent.

An important increase of the melting point at constant
concentration is observed when passing from chloroform,
a very good solvent for polystyrene, to decalin, a solvent
in which liquid-liquid demixing could take place just below
room temperature. We can therefore classify the different
solvents used in this work, in order of decreasing solvent
quality for polystyrene. The melting point at constant
concentration, or the width of the concentration domain
where the 8-phase is formed, can be used as a criterion:
chloroform > chlorobenzene > 1,2-dichlorobenzene >
o-xylene > 1,24-trichlorobenzene > 1,2,4,5-tetrachlo-
robenzene > trans-decalin.

Melting of the 3-Phase. The experimental evidence
brought in this paper and the experimental data found in
the literature on low molecular mass compounds clearly
support the proposed formation of an incongruent melting
compound. The shape of the corresponding melting line
and the interference with the melting line of the 8-phase
are strong arguments in favor of this proposition. The
stability of this compound increases with increasing solvent
quality. Thisresultsin a phase stability inversion, induced
by the quality of the solvent. In decalin the 3-phase is the
most stable phase over the whole concentration range.
This 3-phase dissolves easily in chloroform by swelling at
room temperature and represents the stable phase at high
polymer concentrations. At lower polymer content, the
B-phase becomes metastable and the §-phase becomes
stable. The peculiar swelling behavior in chloroform and
the impossibility of preparing solutions of sPS in any good
solvent for polystyrene have to be explained by this phase
stability inversion, induced by a change in solvent quality.

Composition of the Compound. From the phase
behavior it was not possible up to now to obtain the exact
composition of the compound. Literature data on the
system sPS—toluene propose the formation of a compound
that contains 17% solvent. This solvent content was
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proposed because it was difficult to eliminate it from
samples dried at room temperature. The conclusion looks
attractive but could lead to erroneous conclusions. Drying
of a sample at room temperature brings the system, by a
horizontal shift through the phase diagram, into the high-
concentration region where the sample is in its glassy state.
Complete elimination of the solvent from this glassy state
is very difficult, even when atactic polystyrene is involved.1?
Therefore the composition of the compound has been
arbitrarily put equal to a (styrene repeating unit)/ (solvent
molecule) ratio of 1/1.

Mechanism of Compound Formation. A two-step
mechanism for the formation of the polymer—solvent
compound (5-phase) has been proposed. In a first step
the polymer chain changes its conformation from a random
coilto a helix. These helices agglomerate in a second step
to form the é-phase. The role of the solvent is presently
unclear. Its presence is necessary and evidence has been
found for its participation in the compound formation.
The absence of any specificity suggests that the solvent
does not bind in a stable manner to the polymer chains
but acts as a solvating agent which makes the formation
of the helix and its stabilization possible.

Up to now no direct experimental evidence has been
obtained, and the proposed mechanism is deduced from
indirect experimental evidence. The best illustration is
found with the system sPS-decalin for which the 8-phase
is stable and the é-phase is metastable at any concentration.
In the low-concentration region, the formation of the
8-phase competes with the formation of the -phase. An
increase of the cooling rate promotes the formation of the
metastable 5-phase at the expense of the stable 3-phase.1213
This stable 8-phase cannot be formed below a certain
temperature limit, and this inhibition can only be explained
by a change in the molecular conformation in solution.
This makes the crystallization of the random coil into the
zigzag conformation impossible. We therefore propose
that, below a certain temperature limit, a change from a
random coil conformation into a solvated helix takes place.
This coil to helix transformation is characterized by a
temperature-dependent equilibrium constant. A decrease
of temperature will shift the equilibrium toward the helix
side. Once alarge enough helix content has been realized,
intermolecular association betweeen the helices takes
place, resulting in the formation of the 6-phase. Therefore
only the é-phase is formed when the solutions are cooled
quickly. Slow cooling or isothermal annealing at high
enough temperature will allow the 5-phase to be formed.
Both phases can be formed at not too high cooling rates.

Conclusions

The complex phase behavior of sPS~—solvent systems is
explained by the formation of two different phases.

The 8-phase can be considered as a “classical” crystalline
phase whose stability increases with decreasing solvent
quality. This phase represents the stable phase in poor
solvents for polystyrene such as decalin. The é-phase is
characterized as a polymer-solvent compound with a
stability that shows an opposite solvent quality dependence
and represents the stable phase in good solvents for
polystyrene such as chloroform. Therefore, a change in
solvent quality results in an inversion of the stability of
these two phases. Phase diagrams characteristic for the
formation of an incongruent melting compound, are
obtained in solvents with intermediate quality. This
complex phase behavior also explains the difficulties
encountered in the formation of homogeneous solutions.

A two-step mechanism for the formation of the é-phase
is proposed. The random coils transform into a helix and
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the solvent acts as a stabilizing element in this transition.
Solvent molecules are taking part in the formation of this
supramolecular organization of this compound.

This é-phase is responsible for the formation of ther-
moreversible, almost transparent gels in moderately
concentrated solutions.
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