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ABSTRACT: Syndiotactic polystyrene (sPS) glassy sample crystallizes into the polymer—solvent complex
of 0 form with T,G; helical conformation when it is exposed to the atmosphere of organic solvent. This
solvent-induced crystallization is observed at room temperature, much lower than the glass transition
temperature of sPS. This experimental fact implied that the molecular motion of the amorphous chains
should be enhanced more or less by absorption of solvent even below the glass transition temperature.
This prediction could be confirmed experimentally by measuring the time-dependent change in the half-
width and peak position of the infrared bands of the amorphous chains on the basis of such an idea that
the half-width is larger and the vibrational frequency is lower as the molecular motion is accelerated to
higher extent. In fact, the half-width was found to increase largely, and the peak position shifted toward
lower frequency side when the solvent was supplied to the glassy sPS sample, indicating an enhancement
of the amorphous chain motion by which the random coils were regularized to form short helical segments.
As the time passed furthermore, the helical length was found to increase, and these long helices gathered
together to form the crystalline lattice, as being observed in the remarkable increment of the crystalline
peaks of the infrared and Raman bands as well as the X-ray diffraction intensity. The accelerating rate
of molecular motion of the amorphous chain and the formation rate of regular helical chains were found
to be dependent on the kind of solvent used in the experiment: chloroform, benzene, and toluene.

Introduction

Syndiotactic polystyrene (sPS) exhibits the various
crystalline modifications depending on the sample
preparation conditions.? Roughly speaking, random coils
of the glassy state regularize to the planar zigzag
conformation in the o (trigonal packing of chains) and
f (orthorhombic packing of chains) crystalline forms by
annealing the glass sample above the glass transition
temperature (Tg)? or to the 6 form by absorption of
organic solvent where the polymer chains of (T2G>),
helical conformation form a complex with solvent mol-
ecules.® By heating the ¢ form above 120 °C, it trans-
forms to the y form with keeping the chain conformation
of (T2Gy), type.* This y form transfers to the o or 5 form
by heat treatment at higher temperature.

In the previous papers,®>~’ we carried out the time-
resolved measurements of infrared, Raman, and X-ray
diffraction, from which the details of the structural
regularization process could be described successfully
from the viewpoints of molecular conformation and
aggregation structure of the chains. At that time it was
simply considered without any deep insight that the
amorphous chains can regularize spontaneously into the
helices by absorbing solvent. But the glass transition
temperature (Tg) of SPS is about 100 °C, much higher
than room temperature where the experiment was
performed. In general, the crystallization of the amor-
phous chains is processed with heating the glassy
sample above Ty so that the amorphous chains become
more mobile. But, the solvent-induced crystallization of
sPS sample can be induced at room temperature much
lower than Tg. Therefore, we may speculate reasonably
that the motion of the molecular chains in the amor-
phous region is accelerated when the chains interact
with the solvent molecules. In other words, the solvent
is speculated to play a role as a plasticizer to induce
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the crystallization of the amorphous phase. To prove
this speculation experimentally, the molecular motion
must be detected directly by any physicochemical method.
This experimental proof of the chain motion in the
amorphous region is quite important to understand the
crystallization process of this polymer from the molec-
ular level.

The purpose of the present paper is to collect the
experimental data to support the above-mentioned
hypothesis of the molecular motion of the amorphous
chains in this solvent-induced crystallization phenom-
enon. We might have various methods for this purpose.
The solid-state NMR method might be one of the
possible candidates. But the induction period in the
crystallization process is too short to be detected by this
method. Besides, it is difficult to introduce the solvent
into the rapidly spinning NMR sample tube. The
measurement of dielectric dispersion spectra might be
another candidate: the dielectric loss peak correspond-
ing to the chain motion in the amorphous phase should
be observed when the solvent is introduced into the
sample. In this experiment the film surface must be
contacted directly to the metal electrode, making an
invasion of solvent vapor into the sample film difficult.
This direct contact of the electrode is needed because
of such a reason that the exact evaluation of the
dielectric constant of the sample itself becomes very
difficult when any small gap is present between the
sample surface and the metal electrode, since the
dielectric constant of solvent (and air) might be over-
whelmingly larger than that of the sample. The dynamic
viscoelastic measurement can be used, but the full filling
of the solvent vapor in the large sample box is experi-
mentally awful.

Then we got an idea to measure the change in the
half-width of the infrared band intrinsic of the amor-
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phous structure after the solvent vapor injection. This
is based on such an idea that the half-width of an
infrared band is a measure of the molecular motion, and
it is inversely proportional to the relaxation time of the
motion of the groups associated with this vibrational
band.®2 The band is broader as the motion is more
vigorous or the relaxation time is shorter: Av O 1/z,
where Av is a half-width of an IR band and 7 is a
relaxation time of the molecular motion associated with
this vibrational band. To check the usefulness of this
idea, we measured, as an example, the temperature
dependence of the half-width of the infrared band of the
amorphous atactic polystyrene (aPS) sample. Then we
applied this idea to the solvent-induced crystallization
phenomenon of sPS.

Experimental Section

Samples. sPS powder (My, 272 000, M,/M, 2.28) was kindly
supplied by Idemitsu Petrochemical Co., Ltd. The glassy
samples were prepared by quenching the molten films into ice
water. Check of the amorphous content was made by measur-
ing the FT-IR spectra at room temperature. The thickness of
the samples was about 50 um for the time-resolved IR
measurements and about 100 um for Raman and X-ray
measurements. aPS films were prepared by melting the films
cast from the chloroform solution.

Measurements. In the time-resolved measurements of
infrared spectra for the samples subjected to the solvent
atmosphere, the homemade cell was used, the size of which
was about 4 cm (height) x 2 cm (width) x 1.5 cm (path length).
The measurement was started at the same time with the
solvent injection, and the data were saved at a constant time
interval. Strictly speaking, we need to take into consideration
the diffusion rate of solvent vapor; i.e., the solvent might take
some time to reach the sample position and penetrate into the
sample. But, in this experiment, the solvent vapor was
assumed in a good approximation to fill the small sample cell
quite rapidly after the solvent injection. Therefore, the solvent
injection time was set equal to the starting time of the
measurements. The infrared spectra were taken at a resolution
power 2 cm™ at a time interval of 16 s by using a Bio-Rad
FTS-60A FT-IR spectrometer equipped with an MCT (mercury—
cadmium—telluride) semiconductor detector. The solvents used
were chloroform, benzene, and toluene. When the sample was
exposed to a solvent, the sample was expanded more or less
and the sample thickness changed. But this effect on the
change in the infrared absorbance was checked to be small
from the measurement of the thickness before and after
experiment. The temperature dependence of the infrared
spectra of aPS was measured at a constant time interval in
the heating process from room temperature to 150 °C at the
heating rate of 2 °C/min.

Results and Discussion

IR Bandwidth and Molecular Motion of aPS. To
check an intimate relation between the molecular mo-
tion of the amorphous chain and the infrared band-
width, the infrared spectral change of aPS was meas-
ured in the heating process from room temperature as
shown in Figure 1. It may be needed to notice that an
ideal check of the molecular motion half-width relation-
ship for the amorphous chains is to do the experiment
in which the aPS is exposed to the same kind of solvent
with that used in the sPS experiment and to observe
the change in the half-width of the amorphous band.
But we do not have any clear information about the
solvent-induced enhancement of molecular motion of the
aPS chains. Rather, the motional activation by heating
above the glass transition temperature is considered to
be more direct to check the above-mentioned mobility
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Figure 1. Infrared spectral change of atactic polystyrene
measured in the heating process from room temperature.
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Figure 2. Temperature dependence of half-width and vibra-
tional frequency of the amorphous infrared band of aPS sample
at 907 cm™.

half-width relationship in the amorphous chains. Figure
2 shows the peak position and half-width of the 907
cm~1 amorphous band of aPS as a function of temper-
ature. In the temperature region below Ty the half-width
was almost constant, but it increased steeply above Ty.
At the same time, with increasing temperature, the
peak position of the band shifted to lower frequency side
with a deflection point around Tg4. The similar change
could be seen also for the other bands. Therefore, we
may say that the half-width and the peak position can
become a good measure to indicate the enhancement of
molecular motion in the amorphous region. (In Figure
2 the half-width was observed apparently to show a
minimum in the vicinity of Ty, just like a slowing down
phenomenon observed as the critical phenomenon in the
phase transition of ferroelectric materials.® But it is not
clear to assign the apparent minimum in the half-width
to such a critical phenomenon occurring cooperatively
in the amorphous region.)

This technique was actually applied to the solvent-
induced crystallization phenomenon of sPS sample.
Figure 3 shows, as an example, the infrared spectral
change of sPS glass sample exposed to toluene atmo-
sphere at room temperature. The amorphous bands are
observed in the frequency region of 500—600 cm~. The
spectral profile was separated into several components
by using the software WIN-IR, and the peak position,
half-width, and integrated intensity of each component
were evaluated. The time dependence of the half-width,
peak frequency, and integrated intensity of the band
component at 568 cm™! is shown in Figure 4. A similar
plot is made also for the case of benzene as shown in
Figure 5. In these figures the time evolution of the
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Figure 3. Infrared spectral change of the sPS glass sample
exposed to toluene atmosphere at room temperature.
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Figure 4. Time dependence of the half-width, peak frequency,
and integrated intensity evaluated for the 568 cm~* amorphous
band in comparison with the intensity change of the crystalline
bands (572 and 549 cm™?) of sPS sample exposed to toluene
vapor. In region A, the half-width of the amorphous band
increased and the peak position shifted to lower frequency side
as the toluene band increased in intensity. In this time region
there occurred no crystallization as seen from the flat curves
of the crystalline bands. In region B the crystallization started,
and the crystalline bands increased in intensity. The band at
549 cm~! with shorter critical sequence length m increased in
intensity at first, and then the 572 cm~! band with longer m
value increased the intensity. Correspondingly, the amorphous
band decreased the half-width and shifted toward the higher
frequency side due to the constraint from the generated
crystalline lamellae surrounding the amorphous chains.

integrated intensity of the crystalline bands is also
shown. As already discussed in detail in the previous
paper,” the values of critical sequence length m are
given for these crystalline bands: the infrared band can
be detected for the first time when the length of regular
helical segment is beyond m.1%11 Figures 4 and 5 may
be divided into two time regions.

Time Region A. Immediately after the injection of
solvent into the glassy sPS film, the intensity of solvent
bands started to increase, and at the same time the half-
width of the amorphous band at 568 cm~! began to
increase. The peak position of this band was found to

Macromolecules, Vol. 35, No. 2, 2002

A B
i L half-width —40 T
g 574 . a:.W| amorphous —40 5
L ) B
35
S 570 =
= ey S 05
o] Oror 55 -~
a eak position o
x 566 proinig P 3
& Intensity ~ 10 -
1.6 g
-1 o’..
0.8 T2G2 (572 cm™) e
4
2
B 2
=
8
£ 0
°
&
o
=
g o
EOO (il T TN ) 0 SO NG OO 58 B EV O

0 2 4 6 8 10 12 14
Time / min

Figure 5. Time dependence of the half-width, peak frequency,
and integrated intensity evaluated for the 568 cm~* amorphous
band in comparison with that of the intensity change of the
crystalline bands of sPS sample exposed to benzene vapor.
Each infrared band is found to behave in the same way with
that explained in Figure 4.

shift to lower frequency side. These phenomena may be
interpreted in terms of the enhancement of the molec-
ular motion in the amorphous region. A slight increase
in intensity of the amorphous band might be caused by
dissolution of the locally regular domain in the glassy
state into more irregular structure.

Time Region B. Around 2 min after the solvent
injection (the case of toluene), the half-width of the
amorphous band started to decrease, and the corre-
sponding peak position shifted to higher frequency side.
The intensity decreased largely with time. In parallel
to these phenomena, the crystalline bands with short
m (m = 7—12 monomeric units for the band at 549 cm™1)
started to increase their intensities. The intensity of the
crystalline bands with long m (m = 20—30 for the band
at 572 cm™1) increased a little later than the bands with
shorter m.

From these experimental data the following scheme
may be deduced for the two time regions. After the
injection of solvent, the amorphous chain interacts with
the solvent and accelerates the mobility even below Ty,
as seen in the change of half-width and peak position
of the amorphous bands in the time region A. This chain
motion plays as a trigger to cause the conformational
ordering to generate the short helical segments in the
time region B. Once these short helices are created, they
work as a nucleus and longer helical segments are
grown, as seen in Figure 6a—c. When the crystallization
started to progress in this way, the half-width of the
amorphous bands began to decrease, and the peak
position shifted toward higher frequency side. These
phenomena are considered to come from the reduction
of the mobility of the amorphous chains which are
constrained more or less in between the developed
crystalline parts.

In parallel to these infrared spectral measurements,
the time-resolved X-ray diffraction measurement was
made in the course of solvent-induced crystallization.
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Figure 6. Schematic illustration of structural change in the
process of solvent-induced crystallization of sPS. Random coil
in the amorphous part (a) is activated to make a micro-
Brownian motion (b) by absorbing solvent molecules, and then
the short regular helical segments are generated (c), which
grow to longer helices and form the crystalline lattice (d).

As already reported,” the intensity change of the
crystalline peaks or the relative crystallinity was evalu-
ated and compared with the infrared and Raman
spectral data. It was found that the crystallinity evalu-
ated from the X-ray diffraction intensity started to
increase in the time region of appearance of helical
bands with long critical sequence length. This indicates
the formation of a crystalline lattice, having a finite size
detectable by a coherent X-ray diffraction, can be
realized for the first time when the long helical seg-
ments are formed in the glassy sample. A concrete
image is shown in Figure 6d. In this way, by combining
the various kinds of experimental data of infrared,
Raman, and X-ray diffraction, we could deduce quite
concretely the structural evolution from the amorphous
phase of random coils to the crystalline lattice of regular
helices through an occurrence of micro-Brownian motion
of the chains by absorption of organic solvent.

Effect of Solvent Species on Crystallization
Process. Using the samples of the same film thickness,
a similar measurement was made for the various types
of solvent: chloroform, benzene, and toluene. Figure 7
shows the time evolution of the crystalline fraction
evaluated from the infrared spectra. The T,G, helical
bands begin to appear after some induction time, the
length of which depends remarkably on the kind of the
solvent. The induction period is in the order of chloro-
form < benzene < toluene. The slope of the curve or
the crystallization rate is also different: chloroform >
benzene > toluene. A similar tendency is observed also
for the occurrence of micro-Brownian motion of the
amorphous chains. Figure 8a—c shows the time de-
pendence of the half-width and peak position of the
infrared amorphous band measured for the sPS glasses
exposed to chloroform, benzene, and toluene, respec-
tively. As mentioned above, the time to reach the
maximum in the half-width and the minimum in the
vibrational frequency correspond to the starting time
of the formation of regular T,G, helical segments. The
induction period observed in Figure 7 is a little longer
than the time showing the maximum in the half-width
and minimum in the peak frequency for all these cases,
indicating that the induction period consists, at least,
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Figure 7. Comparison of the time dependence of the infrared
intensity of the crystalline bands estimated for the sPS glass
samples subjected to the various kinds of solvent atmosphere
(room temperature).
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Figure 8. Time dependence of the half-width and peak
position of the amorphous band measured for the sPS glass
sample exposed to (a) chloroform, (b) benzene, and (c) toluene.

of the time of diffusion of solvent molecules into the
amorphous chain matrix and the starting of the micro-
Brownian motion of the amorphous chains. Chloroform
induces the molecular motion of the amorphous chains
quite rapidly compared with the cases of benzene and
toluene. In the case of toluene, the motion occurs
gradually in a wider time range. Chloroform molecules
interact strongly with the sPS chains and activate the
molecular motion of the chains in relatively short time,
which can be speculated reasonably from the experi-
mental fact that chloroform is a good solvent for sPS,
as discussed in the previous paper.” The inversed
tendency is seen for the case of toluene, which is a poor
solvent for sPS, and the activation of molecular motion
and the formation of the regular helix occur in a
relatively slow timing.

For the discussion of the diffusion process of solvent
molecules in the sample!?-16 and the mechanism how
the solvent molecules interact with the chains!’—2! and
cause the chain motion, we need to study the crystal-
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lization phenomenon in more detail at higher time
resolution.

Conclusion

In the present paper we have shown the infrared
spectral data to confirm the prediction that the amor-
phous sPS chains must be activated by solvent mol-
ecules before the crystallization phenomenon occurs
even at room temperature much lower than T, By
combining all the experimental data of infrared, Raman,
and X-ray diffraction collected during the solvent-
induced crystallization phenomenon of sPS glassy sample,
a plausible scheme has been obtained to describe the
detailed and concrete structural evolution of the random
coil into the regular helical chain and the formation of
crystalline lattice constructed by a packing of these
regular helical segments. Interaction between random
coil and organic solvent induces the micro-Brownian
motion of the amorphous chain, which accelerates the
regularization of the random coil into a helical confor-
mation. The thus created short helical segments grow
longer and gather together to generate the crystalline
domains. The difference in strength of interaction
between polymer and solvent is dependent on the type
of the solvent. The chloroform interacts more strongly
with sPS chain, while toluene interacts with sPS chain
relatively mildly, reflecting on slower and broader
activation of molecular motion, longer induction period,
and slower crystallization rate.

It might be a natural image for the amorphous chain
to start to activate in the course of crystallization
through the interaction with the injected solvent mol-
ecules. But we wish to emphasize here that such
information on molecular motion followed by regulariza-
tion to helical segments could be obtained for the first
time when many kinds of experimental data including
infrared, Raman, and X-ray diffraction were collected
and interpreted systematically and consistently.
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