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ABSTRACT: When treated with compressed CO,, syndiotactic polystyrene (sPS) undergoes a number of
solid—solid transitions that do not occur on treatment with liquid solvents. For example, planar mesophase
— B, aa— 5, and y —  transitions can be brought about under appropriate conditions of temperature and
CO, pressure. In addition, the transitions of glassy sPS to the planar mesomorphic and to the a form,
and the y — a transition occur at temperatures lower than when the same transitions are effected under
ambient pressure. The dissolved CO; lowers the glass transition and the cold crystallization temperatures
of sPS at the rate of —0.92 and —0.58 °C/atm, respectively. Crystallization kinetics from the sPS—CO;
solution follow the Avrami equation, but the value of the exponent n is lower than when crystallization

is conducted under ambient pressure.

Introduction

Syndiotactic polystyrene (sPS) is a semicrystalline
polymer, first synthesized in the mid-1980s using a
homogeneous Ziegler—Natta catalyst.»2 It has good
temperature and chemical resistances and is a potential
engineering thermoplastic due to favorable crystalliza-
tion kinetics and a wide processing window.34 The
crystallization rate of sPS from the melt is about 2
orders of magnitude higher than that of isotactic
polystyrene under similar supercooling conditions® and
it can attain crystallinity levels up to 70% with a
melting point close to 270 °C.57 There are four types
of crystalline form, o, g, ¥, and d, and two types of
mesomorphic form. Forms o and § have T4 conforma-
tion (zigzag chains) with an identity period of 5.1 A,1.89
y and 6 have T,G; conformation (s(2/1)2 helical chains)
with an identity period of 7.7 A,10-12 while the meso-
morphic form can have T, or T,G, conformation depend-
ing on the morphology of the starting material used.

On heating, sPS undergoes a glass transition at about
95 °C and a cold crystallization at about 135 °C to give
the planar mesomorphic phase, which serves as a
template for growth of the o form.8 The latter form can
also be obtained by rapid cooling from the melt state8
or on heating the helical mesomorphic, 6, or y form.13.14
The g form can be obtained by slow cooling from the
melt or by casting from a solution in o-dichlorobenzene
at elevated temperatures.’®> Depending on the solvent
type, crystal form ¢ or y is obtained when amorphous
sPS is immersed in liquid solvent and then dried under
vacuum or directly exposed to solvent vapor.16-18 Gen-
erally, the 6 form contains solvent molecules entrapped
in the crystal structure whereas the y form is free of
solvent.”1® The mesophase with the helical conforma-
tion is obtained by removing the solvent molecules from
the o-form,1314 and the mesophase with the zigzag
conformation is obtained by annealing?® or stretching?!
amorphous sPS above its Tg.

Certain transitions exist within the complex polymor-
phism exhibited by sPS. Due to the higher stability of
the T4 conformation than the T,G; conformation,?? y and
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0 forms can undergo transitions to give the o form but
rarely the § form. On heating, the 6 form transforms
to the helical mesophase around 90 °C and then to the
y form around 120 °C, which then transforms to the a
form around 190 °C.®1323-25 yUnder a tensile force of
about 14 MPa, the transition from y to a occurs at a
much reduced temperature of 130 °C.?6 There is also
one report on the direct transition from ¢ to g form
brought about by rapidly heating the 6 form to 160 °C.°
The T4-based mesophase can directly transform to o
form on thermal annealing in the range 120—220 °C,20
whereas the T,G,-based mesophase first transforms to
the y form before giving the o form.1314 All these solid—
solid transitions are irreversible due to the lower energy
state of the T4 conformation. A schematic representa-
tion of the main features of the polymorphism in sPS is
given in Figure 1; a more detailed representation is
reported elsewhere.?’

The interactions with solvent molecules play a vital
role in the complex polymorphism exhibited by sPS. It
is well-known that the sorption of low molecular weight
species leads to an acceleration of relaxation times of
the macromolecules. This plasticization effect leads to
lowering of the energy barriers, thereby making solid—
solid and other transitions possible at much reduced
temperatures. Recently, it has been shown that super-
critical fluids or compressed gases, such as CO,, are also
effective plasticizers for polymers.28=31 Consequently,
a polymer can crystallize at a temperature below its
nominal T4 when contacted with supercritical fluids.32-38
Unlike liquid solvents and vapors, the activity of a
supercritical fluid can be changed continuously by
simply changing its pressure. Furthermore, fluids like
CO; are easily removed from the polymer matrix by
depressurizing the system, thus making them better
candidates to change the polymer morphology. In this
context, the treatment of sPS with CO; in the super-
critical or compressed gas state can be expected to
produce morphological changes similar to those induced
by treatments with liquids or vapors. In this paper we
report a systematic investigation on the morphological
modifications induced in sPS after treatment with CO»
at various temperatures and pressures.

Experimental Section

Syndiotactic polystyrene was provided by Prof. Michael
Baird, Queen’s University, Kingston, Ontario. It was purified

© 1997 American Chemical Society
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Figure 1. Schematic representation of the main features of
polymorphism in sPS.

melt

by first dissolving in 1,2,4-trichlorobenzene at 130 °C and then
precipitating it by filtering the hot solution through a fritted
glass funnel into a 1% HCI in methanol solution. The white
precipitate was washed several times with methanol to get
rid of any trace of trichlorobenzene. The sample was then
vacuum dried at 100 °C for 24 h. Any atactic polystyrene was
removed using methyl ethyl ketone in a Soxhlet extractor. sPS
thus obtained was vacuum dried for 5 days. The final sample
had a white cottony appearance. The sample was melt pressed
at 300 °C and subsequently quenched in ice water to obtain
130 um thick films. X-ray analysis revealed the films to be
completely amorphous.

For CO; treatments, a stainless steel VCR fitting with a
volume of about 5 mL was used as the sample cell. It was
connected through flexible tubing to a 150 mL gas reservoir
kept at 35 °C. After the sample was installed in the cell, the
system was evacuated for 15 min and then pressurized with
CO,. When the desired pressure was achieved, the sample
cell was placed in a Thermacraft furnace held at the required
temperature and kept under the constant temperature and
pressure conditions for 1 h. The cell was then taken out of
the furnace and quenched to room temperature, followed by a
slow depressurization of the system. The final samples used
for DSC and X-ray analysis did not contain any CO,.

A SCINTAG diffractometer (Model XDS 2000) equipped
with a graphite monochromator and a Cu Ka radiation source
was used to analyze the semicrystalline samples. The experi-
ments were carried out at room temperature, and a scan rate
of 4°/min was chosen for all measurements. Thermal analysis
was done using a TA Instruments DSC 2910. All samples
were scanned at 10 °C/min in a dry nitrogen environment. In-
situ measurements of CO-induced glass transition and crys-
tallization were carried out using a Setaram DSC 121. Unlike
conventional DSCs, this machine has a rather massive furnace
with two symmetrical cavities containing the reference and
sample vessels. A sample size up to 100 mg can be used, and
the vessels are rated to 100 atm. The experimental details,
calibration of the temperature and energy scales, and the
technique used for making high-pressure calorimetric mea-
surements are described elsewhere.®® Briefly, after installing
the sPS film, the system was evacuated for 1 h, and then both
reference and sample sides were pressurized with CO; to the
desired value and held at 35 °C for 1 h to allow the polymer—
gas system to reach equilibrium. While still in contact with
the gas, the sample was scanned from 20 to 200 °C for
nonisothermal measurements or rapidly brought to 122 °C and
held at this temperature for enough time to record the heat
flow signal associated with isothermal crystallization Kinetics.

Results and Discussion

Plasticization and Crystallization Kinetics. Fig-
ure 2 shows the in-situ DSC scans of the sPS—CO,
system at various pressures of CO,. For neat sPS, a
glass transition at 97 °C and a cold crystallization
temperature around 132 °C were observed. On satura-
tion with CO,, both the glass transition and the crystal-
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Figure 2. DSC traces of sPS scanned under various CO;

pressures. Glassy sPS was first saturated with CO; at 35 °C
and the pressures indicated before scanning.
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Figure 3. Depression in the glass transition temperature (Tg)
and the cold crystallization temperature (T;) of sPS as a
function of CO, pressure.

lization events move to lower temperatures, and the
glass transition becomes sluggish. The plasticization
effect of CO, on sPS is similar to those observed in other
polymer—CO, systems,28-31.3% whereas the depression
in crystallization temperature is similar to that reported
for poly(p-phenylene sulfide)—C0,.3> The depressions
in Ty and the cold crystallization temperature T. for
sPS—CO, are plotted against the CO, pressure p in
Figure 3. Both Tg—p and T.—p curves are linear with
slopes of —0.92 and —0.58 °C/atm, respectively. Thus,
the decrease in crystallization temperature can be
considered to arise primarily from the plasticization
effect of CO,.

The plasticization of sPS by CO, also affects the
isothermal crystallization kinetics. In Figure 4 are
shown results for the fractional crystallinity induced as
a function of time at 122 °C and various pressures. As
seen in the figure, the crystallization of sPS is signifi-
cantly accelerated even at the lowest pressure at which
the polymer was saturated with CO,, and an almost 13-
fold increase is achieved at a pressure of 30 atm. At41
atm, the kinetics were so fast that the complete crystal-
lization peak could not be recorded, as the polymer had
already achieved maximum crystallinity before the
temperature of the DSC could be stabilized. The
crystallization kinetics were analyzed using the Avrami
equation,>40

log[—In(1 — X)] = n log(t — t;) + log K (1)

where X is the extent of crystallinity induced at time t,
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Figure 4. Crystallization isotherms of sPS at 122 °C under
various CO; pressures. Glassy sPS was first saturated with
CO; at 35 °C and the pressures indicated before being brought
to the crystallization temperature. Curves are drawn through
the data points to show the trend.
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Figure 5. Avrami plots for sPS at 122 °C. Each curve is
labeled with the CO, pressure of treatment and the Avrami
exponent n. Lines through the data points are the fits
according to eq 1.

t; is the induction time for nucleation, n is the Avrami
exponent and reflects the mechanism of nucleation and
crystal growth, and K is the kinetic rate constant for
nucleation and growth. Avrami plots for sSPS—CO, are
shown in Figure 5; values of n pertaining to various
treatment conditions are shown on each curve. For neat
SPS, the value 2.7 for n obtained in this work is similar
to the values between 2 and 3 reported in the literature.®
On treatment with CO,, n tends to decrease, suggesting
a possible change in nucleation type or crystal growth
geometry.*0 It should be noted that under the T and p
conditions used for investigating isothermal crystalliza-
tion, the crystalline form of sPS is the same, i.e., the
planar mesophase (see below).

Crystallization from the Glassy State. Figures 6
and 7 show the wide angle X-ray diffraction patterns
and DSC scans, respectively, for sPS annealed at
various temperatures and ambient pressure for 1 h. For
the sample annealed at 90 °C, the diffraction pattern
is that of glassy sPS°14 and the thermal scan shows the
typical enthalpy relaxation peak just after the glass
transition at 97 °C and the cold crystallization and
melting events with peak temperatures at about 132
and 277 °C, respectively. At 130 °C, a temperature
within the cold crystallization region of amorphous sPS,
the diffraction pattern is that of the planar mesomorphic
phase with T4 conformation.1420:31 At 175 and 210 °C,
the pattern is essentially that of the mesophase with a
hint of the evolution of the o phase. The a phase,

CO, Effect on Phase Transitions and Polymorphism in PS 8501

240°C

> o

=

)

c

2

£ meso Ty + o

90°C glassy
L 1 1 |
5 10 15 20 25 30

20 (degree)

Figure 6. X-ray diffraction patterns of glassy sPS annealed
under ambient pressure and the various temperatures for 1
h. Each pattern is also labeled with the phase(s) identified.

240°C

175°C

Il 1
50 150 250 350
Temperature (°C)

Figure 7. DSC traces of glassy sPS annealed under ambient
pressure and the various temperatures for 1 h.

endo «<—Heat Flow

however, is fully formed at 240 °C; the crystals obtained
under such conditions generally show broad reflections
and have a low degree of perfection, and the crystalline
phase is termed o'.24! For the samples annealed at 130
and 175 °C, the DSC scans show small endotherms at
temperatures slightly higher than the annealing tem-
peratures. These endotherms are associated with re-
organization within the mesophase. For the sample
annealed at 210 °C, again an endotherm for the reor-
ganization of the mesophase is seen at 218 °C followed
immediately by another endotherm associated with
perfection of the a crystals thus formed. The latter
phenomenon is also seen for the sample annealed at 240
°C where the double melting behavior is due to melting
of the less ordered crystals (o' crystals), followed im-
mediately by the melting of the o phase. The results
shown in Figures 6 and 7 are in agreement with
previous studies?%:3141 which showed that on annealing
sPS in the range 120—220 °C, the planar mesophase is
nucleated first, which then converts into the poorly
ordered o' form. The extent of conversion depends on
the annealing temperature and time. The complete
conversion takes place at temperatures above 220 °C.
Thus, during a DSC scan, the mesophase is gradually
converted into the a form, and no distinct thermal event
pertaining to such a transformation is observed.
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Figure 8. X-ray diffraction patterns of glassy sPS treated
with 57 atm CO; at the various temperatures shown. Each
pattern is also labeled with the phase(s) identified.

When the same thermal treatments as those de-
scribed in Figures 6 and 7 are carried out in the
presence of CO, at 57 atm, we obtain dramatically
different results. The X-ray diffraction patterns for
various such treatments are shown in Figure 8. For the
annealing temperatures of 90 and 175 °C, the structure
obtained is that of the y form.%141° It should be noted
that the y form has usually been obtained by first
crystallizing sPS into the ¢ form using an appropriate
liquid solvent and then transforming it into the y form
via the mesophase, (Figure 1). The y form can also be
obtained directly by treating the glassy sPS with acetone
and then removing the solvent by thermal/vacuum
techniques.’? With CO,, glassy sPS is directly trans-
formed into the v form. Furthermore, on depressuriza-
tion, CO; escapes from the polymer matrix and, thus,
no desorption step is required.

On heating, the y form transforms to the a form at
about 190 °C.%1314.23-25 Consequently, as seen in Figure
8, the sample treated at 210 °C and 57 atm gives a
pattern typical of the a form. However, there is still a
peak at 20 = 28.2°, reflecting the presence of a small
amount of the y form. At the higher treatment tem-
perature of 240 °C, the structure obtained is that of the
o form with no trace of the y form, but this time the
pattern is quite different from that shown in Figure 6
and corresponds to that of the o' form characterized
by sharper reflections and a higher degree of crystal
perfection.®4l The formation of more perfect crystals
with CO, treatment is also reflected by comparing the
240 °C labeled DSC scans in Figures 7 and 9; the CO,-
treated crystals (Figure 9) melt with a single, sharper
peak, whereas the thermally treated crystals (Figure
7) melt with a broad, double peak. For the other scans
shown in Figure 9, again the small endotherms observed
at temperatures slightly higher than the annealing
temperatures are due to reorganization within the y
form, and the small exotherms that follow are due to
the y — a transition.’®'4 The latter transition moves
to higher temperatures as the annealing temperature
is raised. Consequently, this transition is not observed
in the sample annealed at 210 °C as at this temperature
only a small amount of the y form is present and the
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Figure 9. DSC traces of glassy sPS treated with 57 atm CO;
at the various temperatures shown. After treatment, the
samples were cooled to room temperature, degassed, and then
scanned under ambient pressure.

delayed y — a transition is smeared out by the main
melting peak.

It should be noted that the o' form has previously
been obtained only through melt-crystallization®4!
whereas the results in Figure 8 show that it can be
obtained directly from the glassy state. This indicates
that the plasticization by CO, provides the macromol-
ecules with relaxation times essentially similar to those
available in the melt state. The results shown in
Figures 8 and 9 were obtained when sPS was treated
with 57 atm CO,. However, a treatment with 40 atm
CO; in the temperature range 90—130 °C produced only
the planar mesophase similar to that obtained by
annealing at 130 °C under ambient pressure (Figure 6).
Thus, the extent of plasticization plays an important
role in determining the resulting morphology. For
example, when amorphous sPS was treated at a lower
pressure of 29 atm and at 210 and 240 °C, the o' form
with diffraction patterns similar to that shown for 240
°C in Figure 6 was obtained due to the insufficient
plasticization effect. The DSC scans on these samples
gave small endotherms before the main melting peak,
these endotherms occurring at temperatures higher
than those for the similar endotherms in the 210 and
240 °C treated samples in Figure 7. This indicates that
the o form contained crystallites larger than those
obtained without using CO, but smaller than those
obtained on treatment at a higher pressure of CO..

On the other hand, when CO, at a pressure of 122
atm was used during the thermal annealing at 210 and
240 °C, amorphous sPS transformed directly into the g
form instead of into the o form. The results are shown
in Figure 10. At 240 °C, the diffraction pattern obtained
is similar to that when the g form is crystallized from
the melt.%15 A small peak at 260 = 28.2° is present in
the sample treated at 210 °C but absent in that treated
at 240 °C and, based on the results shown in Figure 8,
can be attributed to the presence of a small amount of
the y form. In going from 210 to 240 °C, the fine
structure of the g form develops, as indicated by the
appearance of a peak at 20 = 21.3°,15 and its crystal-
linity also increases, as indicated by the increase in
diffraction intensity. However, the  form obtained still
corresponds to the low-order phase §'; the more ordered
phase " is characterized by additional peaks at 260 =
13.6 and 15.8°.1> The DSC scans on these samples
showed small endotherms before the main melting peak.
These are reminiscent of the structural reorganization
process similar to the ones discussed above for the
mesomorphic, y, and a phases.
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Figure 10. X-ray diffraction patterns of glassy sPS treated

with 122 atm CO; at the various temperatures shown. Each
pattern is also labeled with the phase(s) identified.

It should be noted that previously the g form has
never been obtained from the glassy state but only by
either slow cooling from the melt or casting at elevated
temperatures from a solution in o-dichlorobenzene or
rapidly heating the ¢ form to 160 °C.%15 Obviously, CO,
is responsible for the direct transformation of glassy sPS
into the g form. However, since the compressed gas also
exerts hydrostatic pressure on the polymer, it is desir-
able to establish whether the CO,-induced transforma-
tion of glassy sPS into its 5 form is mainly due to the
plasticization effect. The solubility of N, in polymers
is generally quite low, and thus, compressed N is
expected only to exert hydrostatic pressure on the
polymer. Consequently, amorphous sPS was treated at
240 °C with Ny at 122 and 180 atm. In both cases, the
crystalline structure obtained was the a form, which as
noted above, will form under ambient pressure as well.
The hydrostatic pressure effect can, therefore, be con-
sidered to have a negligible effect in the transition from
amorphous sPS to the 5 form, and the plasticization
effect of CO, can be taken as the primary reason for
the direct transformation to the § form. The crystal-
lization rate constant for sPS increases rapidly with
temperature, reaches a maximum value at about 190
°C and then drops sharply at higher temperatures.* In
terms of the CO»-induced plasticization effect on Ty and
T reported here in Figure 3 and on the melting
temperature reported elsewhere,*® such a concave curve
will be expected to shift to lower temperatures when
sPS is crystallized in the presence of CO,. Conse-
quently, at temperatures above 200 °C, a lower crystal-
lization rate will be expected, favoring, thus, the for-
mation of the § form.

The results presented above show that the crystalline
structure obtained from glassy sPS depends on the
treatment conditions of temperature and pressure.
Both parameters, T and p, affect the polymer in the
same way—bhy accelerating the relaxation time or help-
ing overcome the energy barrier to a given transition.
As shown above, with increasing pressure, and thus
with increasing CO; solubility, a given energy barrier
can be overcome at a lower temperature. Nevertheless,
there are limits to the extent the dissolved CO, can
compensate for elevated temperature requirements. For
example, the y form cannot be obtained at low CO,
pressure by just raising the temperature, while the a
form cannot be obtained at a temperature below the y
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Figure 11. X-ray diffraction patterns of sPS treated at the
various temperatures and CO, pressures shown. Each pattern
is also labeled with structure of the starting and the resulting
phase.

— o transition temperature of around 190 °C by
increasing the CO, pressure to even over 250 atm.

Transitions between Various Crystalline Forms.
There exist certain transitions between the various
crystalline forms of sPS. In the presence of CO,, these
solid—solid transitions can be induced at lower temper-
atures, and some new transitions, never observed
before, can also be brought about. These results are
shown in Figure 11 where each diffraction pattern is
labeled with the temperature and pressure conditions
of treatment and the starting phase and the arrow
points to the resulting phase. As before, structural
assignments were made on the basis of previous stud-
ies.%15 When crystallized samples are thermally an-
nealed at ambient pressure, the y — a transition occurs
at about 190 °C,%13.14.23-25 gnd the planar-mesomorphic
— o transition occurs in the range 120—220 °C.20.31.41
The mesomorphic — o transition temperature, however,
is reduced when the sample is treated with CO, at
relatively low pressures. As shown in Figure 11, a
sample that was in the mesomorphic form (Figure 6,
130 °C) exhibits a typical a form pattern after treatment
at 210 °C and 29 atm CO,. When the same mesophase
is treated at 240 °C and 57 atm CO,, a diffraction
pattern for the 5 form is obtained. Again, as shown in
Figure 11, a sample in the y form (Figure 8, 175 °C)
transformed to the 8 form on treatment at 240 °C and
57 atm. In fact, both the mesomorphic — g and y —
transitions also occurred at a lower temperature of 210
°C. Surprisingly, an o — g transition was observed
when a sample in the a form (Figure 6, 240 °C) was
treated at 240 °C and 57 atm (Figure 11, top pattern).
This g form has an extra peak at 260 = 6.8°, which is
characteristic of the o form, possibly due to the residual
o phase in the sample. In Figure 12, the various
transitions induced by CO, are summarized, where the
arrows show the transition direction, the dashed lines
represent transitions that occur under both ambient
pressures and in the presence of compressed CO, but
at reduced temperatures, and the solid lines show
transitions that are brought about only by compressed
CO..
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Figure 12. Various transitions made possible by treating sPS
with compressed CO,. The arrows show the direction of the
transition: solid arrows indicate transitions that only occur
in the presence of CO,, and broken arrows indicate transitions
that can occur under ambient pressure but also occur at
reduced temperatures in the presence of compressed CO..

A comparison of the results in Figures 8, 10, and 11,
shows that the temperatures required for producing a
phase from mesomorphic or y phase and for producing
f phase from mesomorphic, v, or o phase are similar to
those for producing o and B phases directly from
amorphous sPS. However, the treatment with com-
pressed CO; allows formation of the o and  phases
through crystallization from the glassy state or through
transition from a less stable form. The o — f transition,
however, is quite intriguing considering that the tem-
perature required for obtaining the original a form is
identical to that used for converting it to the g form on
treatment with CO,. We have observed that, for sem-
icrystalline polymers, CO; dissolved in the amorphous
part lowers the melting temperature of the polymer
crystals.*® It is possible then that the 8 form grows out
of the sPS—CO, solution in a manner similar to its
growth from the pure melt on slow cooling. Whatever
the mechanism, the CO; treatment provides new path-
ways to make the  form, which is the desirable of the
two planar forms (o and pB) because of its better
mechanical properties and solvent resistance.84445

The o form transforms to the 6 form on exposure to
dichloromethane.l145> This transition along with the
possibility of obtaining the y form from the o form or
the planar mesophase was also investigated by treating
the samples at temperatures to 175 °C and pressures
to 204 atm, but without success. The 6 form is stable
only in the presence of enclathrated solvent molecules
like CH,CI,.91314 CO,, due to its higher diffusivity or
the inability to complex with sPS, is not able to stabilize
the 6 form. Both the o and the mesomorphic forms have
T4 conformation and are in a lower energy state than
the T,G; conformation based y form.?> Consequently,
even with the plasticizing effect of CO,, it is not possible
to overcome the energy barrier to go from the T4 to T,G>
conformation.
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