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ABSTRACT: Time-resolved measurements of FT-IR and Raman spectra and X-ray diffraction have been
performed to trace the structural changes in the solvent-induced crystallization of syndiotactic polystyrene
glass sample. After the exposure of the glassy sample into the atmosphere of such organic solvent as
toluene, benzene, or chloroform, the IR and Raman bands characteristic of the regular helical conformation
of (T2G2)2 type were found to increase the intensities with time. Some time delay was found for the
appearance of the bands with different critical sequence lengths, leading to the concrete description of
the growth of regular helical chain from the random coil. The X-ray scattering intensity began to increase
largely at the timing of the appearance of the IR and Raman bands of long helical sequences, indicating
that the crystal lattice starts to be formed at the timing when the long segments of regular helical form
are gathered together. The rate of this crystallization process depends on the kind of the used solvent.
The factors governing this difference have been discussed.

Introduction
Syndiotactic polystyrene (sPS) is one important spe-

cies of the polystyrene family including atactic (aPS) and
isotactic (iPS) polystyrene. sPS has two types of molec-
ular chain conformations in its crystalline region,1-26

as shown in Figure 1. Roughly speaking, random coils
of the glassy state regularize to the planar zigzag form
in the R and â crystalline forms by annealing the glass
sample above the glass transition temperature and to
a complex of (T2G2)2 form with solvent by absorption of
organic solvents (δ form). By heating the δ form above
130 °C, it is transformed to the γ form with keeping the
chain conformations of (T2G2)2 form. This γ form trans-
fers to the planar zigzag form (R and â forms) by heat
treatment at higher temperature. In this way sPS shows
a very complicated polymorphism. These changes re-
markably depend on such various conditions as the
thermal history of the samples, the kind of solvent, etc.
The crystal structures of these modifications were
analyzed by many researchers, but the evolution mech-
anism of the structural change in these phase transition
phenomena has not yet been understood enough clearly.

In the present paper, we focus our attention on the
solvent-induced crystallization process of the sPS glass.
Although several papers were published so far about
the formation of complex between polymer and sol-
vent,27-29 the microscopically viewed crystal formation
process was quite limited, and the details have not yet
been clarified at all. For this purpose we combined the
various types of apparatuses such as FT-IR, Raman, and
wide-angle X-ray scattering (WAXS) and carried out the
time-resolved measurements during the solvent-induced
crystallization phenomenon. On the basis of these
experimental data, the concrete structural evolution will
be described from the viewpoints of molecular chain
conformation and the crystal lattice.

Experimental Section
Samples. The sPS powder (Mw 272 000, Mw/Mn 2.28) was

kindly supplied by Idemitsu Petrochemical Co., Ltd. The glassy

samples were prepared by quenching the molten sPS films into
liquid nitrogen. A check of the amorphous content was made
by measuring the FT-IR and X-ray diffraction pattern at room
temperature. The thickness of the samples used for the time-
resolved IR measurements was 50 µm and about 100 µm for
Raman and WAXS measurements.

Measurements. In the time-resolved measurements of
X-ray diffraction and IR and Raman spectra for the samples
subjected to the solvent atmosphere, the homemade cells were
used as shown in Figure 2. The measurement was started at
the same time with the solvent injection, and the data were
saved at a constant time interval. In these experiments the
solvent vapor might be 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-1 at a time interval of
16 s by using a Bio-Rad FTS-60A FT-IR spectrometer equipped

Figure 1. Molecular chain conformations of the crystalline
phases of sPS.

310 Macromolecules 2001, 34, 310-315

10.1021/ma001659s CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/14/2000



with an MCT detector. The WAXS patterns were obtained at
a time interval of 1 min with graphite-monochromatized Cu
KR radiation (40 kV and 200 mA) by using DIP1000 of MAC
Science Co., Ltd. The CCD detector (C 4880-20, Hamamatsu
Photonics Co., Ltd., Japan) was used, and the reflection profile
was calculated by integrating the 2-D pattern over a proper
angle range. The Raman spectra were taken by a JASCO
(Japan Spectroscopic Co., Ltd.) NR1800 Raman spectrometer
equipped with a 514.5 nm Ar+ ion laser as an excitation light
source. The 90° scattering light was collected at 2 cm-1

resolution at a time interval of 90 s. All the spectral profiles
obtained by the above-mentioned experiments were separated
into components by a deconvolution technique in order to make
the quantitative analyses as will be mentioned in later
sections. The used solvents were chloroform, benzene, and
toluene.

Results and Discussion

Formation Process of Helical Chains. Parts a, b,
and c of Figure 3 show the IR spectral changes of sPS
glass samples exposed to a solvent atmosphere, where
chloroform, benzene, and toluene were used as the
solvent, respectively. The bands characteristic of the
solvent and the T2G2 conformation1,4,9,12,19 were observed
to increase their intensities, and the amorphous bands
decreased the intensities with a passage of time after
solvent injection. Deconvolution of the overlapped bands
was made in the frequency region of 600-450 cm-1.
Figures 4 and 5 show the time dependencies of the
integrated intensities of these bands estimated for the
two cases of toluene and benzene solvents, respectively.
The solvent band started to increase the intensity soon
after the injection into the sample cell. From this curve
the diffusion coefficient of the solvent molecule might
be evaluated, but this evaluation was not made here

because the solvent molecules were considered to behave
in a complicated manner, including the diffusion, the
adsorption, and the formation of complex with polymer
chains. It should be noticed in Figures 4 and 5 that the
timing of detection of the band intensity is different
between the bands, although they are commonly the
bands characteristic of the T2G2 conformation. For
example, as shown in Figure 4, the band at 549 cm-1

begins to be observed around 2 min later after the
appearance of the toluene band. The band at 572 cm-1

could be detected about 3 min later. Figure 6 shows the
Raman spectral changes of the sPS glass sample ex-
posed to a toluene atmosphere. Similar to the case of

Figure 2. Sample cells used for the time-resolved measure-
ments for the samples subjected to the solvent atmosphere:
(a) for IR, (b) for Raman, and (c) for X-ray scattering.

Figure 3. Time dependence of the infrared spectra of sPS
glass sample exposed to solvent atmosphere at room temper-
ature: (a) chloroform, (b) benzene, and (c) toluene.

Figure 4. Time dependence of the integrated intensities of
the infrared bands estimated for the sPS glass exposed to
toluene atmosphere.
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the IR spectral change, the bands characteristic of
toluene and T2G2 form increased the intensities with
time while the amorphous bands decreased in intensity.
In this case of Raman spectra also, the timing of the
appearance was different among the bands (Figure 7).
These phenomena could be observed for all the cases of
toluene, benzene, and chloroform.

Kobayashi et al. proposed the concept of critical
sequence length m as a measure of the different
sensitivity of the various bands.30 By utilizing this
concept, the concrete reason may be deduced for the
above-mentioned difference in the timing of the appear-
ance of the different bands, from which the structural
evolution in the amorphous state may be described. The

critical sequence length m could be evaluated by the
method reported by Kobayashi et al.30 In this evaluation
a series of random copolymers between the hydroge-
neous and deuterated styrene monomers were synthe-
sized and were used for the infrared and Raman
measurements. One example of the infrared spectra of
these samples taken at room temperature is given in
Figure 8. The intensity of the band of the H species at
572 cm-1 decreased systematically with a decrement of
the H content in the copolymers. Figure 9 shows the
relation between the reduced intensity R(X)/R(1.0) and
the molar fraction of the H species X, where R(1.0) is
the integrated intensity of the pure H polymer. On the
basis of the Markov statistics, the R(X)/R(1.0) is ex-

Figure 5. Time dependence of the integrated intensities of
the infrared bands estimated for the sPS glass exposed to
benzene atmosphere.

Figure 6. Time dependence of the Raman spectra measured
for sPS glass sample exposed to toluene atmosphere at room
temperature.

Figure 7. Time dependence of the integrated intensities of
the Raman bands estimated for the sPS glass exposed to
toluene atmosphere. The X-ray scattering intensity evaluated
from the data of Figure 10 is also plotted.

Figure 8. Infrared spectra measured for a series of sPS
copolymers with various H/D contents, where the samples were
of the δ form. Xh is the molar fraction of the H component in
the copolymer.
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pressed by the following equation:

By comparing the observed data with the theoretical
curve predicted by eq 1, the critical sequence length m
can be determined. For the 572 cm-1 band, m is 20-
30. The similar process was made for many bands of
both the IR and Raman spectra. The thus determined
m values are listed in Table 1. The details will be
reported elsewhere.

At this stage Figures 4 and 5 are seen again. The 549
cm-1 band with m ) 7-12 monomeric units is found to
increase the intensity after the growth of solvent band.
The band at 572 cm-1 with larger m values of 20-30
increases the intensity with further longer delay. There-
fore, it may be said that the short helical segments
consisting of 7-12 monomeric units are formed with
some induction period after the injection of the solvent.
Since the bands with large m values take longer time
to be observed in the spectra, it can be said that these
short helices grow to longer helices with passage of time.
This is a quite natural description about the growth of
regular helical chain segment but could be experimen-
tally proved for the first time by carrying out the time-
resolved measurements of the vibrational spectra.

As one of the important questions concerning the
solvent-induced crystallization, we need to clarify the
question whether the crystallization phenomenon is
limited by solvent diffusion or not. In association with
this question, it may be important to clarify the relation
between the solvent diffusion behavior and the helix
formation process of the polymer chains. But, because
the quantitative analysis of the diffusion behavior of the
solvent was difficult at the present stage, this significant
question is still unsettled as a future work.

Figure 10 shows the result of the time-resolved X-ray
scattering measurement by using the CCD camera
system. With the passage of time, the reflection peaks
originated from the crystalline region could be detected
relatively clearly. As for the X-ray reflection profiles
shown in this figure, we may notice that the profile is
not as sharp as that observed usually for the sample

once dipped to the solvent and dried up at room
temperature. This can be said even after the long time
passed in the present experiment. The reason may come
from the effect of newly coming solvent which dissolves
the parts of crystalline regions more or less after the
crystallization, because the solvent works as a good
solvent for sPS. The case of chloroform was more
remarkable, though the data are not given here. From
Figure 10, the intensity of the crystalline peaks was
evaluated and was plotted against time in comparison
with the Raman spectral data as shown in Figure 7. In
this experiment the sample thickness and the experi-
mental conditions were essentially the same with those
of the Raman experiment shown in Figures 6 and 7,
allowing us a comparison between the Raman and X-ray
diffraction data. The X-ray scattering from the crystal-
line region starts to be detected in the time region where
the Raman bands with long critical sequence length m
of 18-22 monomeric units start to increase their

Figure 9. A plot of the reduced intensity of the 572 cm-1

infrared band against the molar fraction of the H component
of sPS copolymer. The data are compared with the theoretical
curves calculated for the various critical sequence length m.

R(X)/R(1.0) ) Xm[1 + (m - 1)X] (1)

Figure 10. Time dependence of the X-ray scattering profile
measured for the sPS glass sample exposed to toluene atmo-
sphere at room temperature.

Table 1. Critical Sequence Lengths m Evaluated for the
Various IR/Raman Bands of All-Trans and T2G2

Conformations of sPS Crystalline Forms

all-trans conformation m

infrared band 1222 cm-1 30-50
1333 cm-1 10-15
1375 cm-1 20-30

Raman band 230 cm-1 2-5
526 cm-1 10-15
773 cm-1 10-12
857 cm-1 >50
1320 cm-1 5-10

T2G2 conformation m

infrared band 502 cm-1 12-20
549 cm-1 7-12
572 cm-1 20-30
1168 cm-1 20-30
1277 cm-1 12-15
1353 cm-1 12-15

Raman band 243 cm-1 2-5
422 cm-1 18-22
536 cm-1 5-10
802 cm-1 8-16
1252 cm-1 8-12
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intensities. It may be considered that the short helical
segments grow to longer helices and gather together to
form an aggregation structure which can be detected
as the X-ray scattering from the crystal lattice. The
concrete illustration of this structural change is shown
in Figure 11. It must be emphasized again that the
structural evolution shown in this figure is quite natural
but could be found for the first time by carrying out the
combination of the various kinds of measurements.
Another important point is that the X-ray data told us
the formation of the crystal lattice in the time region
where the long helical segments are developed from the
short helices. But, even at the initial stage of formation
of such short helical segments, they might form the
domains of some finite size which cannot be detected
by the present X-ray measurements. These domains are
speculated to play a role as a nucleus for the formation
of the crystallite of longer size.

Solvent Effect: Crystallization and Gelation. It
may be naturally expected that the crystallization
behavior is affected more or less by the type of the used
organic solvent. We measured the time dependence of
the FT-IR spectra for the organic solvents of chloroform,
benzene, and toluene and compared the crystallization
rate among them. To carry out this comparison quan-
titatively, the film thickness was adjusted to almost the
same value. Figure 12 shows the time evolution of the
crystalline fraction evaluated from the IR spectra. The
T2G2 bands begin to appear after the observation of
some induction time, which depends remarkably on the
kind of the used solvent. The slope of the curve, i.e., the
crystallization rate, is also different. The induction
period and the crystallization rate are changed in the
order of CHCl3 . C6H6 g C6H5CH3.

Kobayashi et al. evaluated the gelation rate of sPS
dilute solution by the time-resolved FT-IR measurement
for such various kinds of solvent as benzene, chloroform,
and carbon tetrachloride.31-34 The chloroform causes
quite slow gelation compared with benzene or carbon
tetrachloride. This difference in the gelation rate be-
tween chloroform and benzene is quite in contrast to
the difference in the solvent-induced crystallization rate
as mentioned above. As a result, we have the following

relation:

Why is such a quite contrast tendency observed between
the gelation and crystallization phenomena? It may be
possible to interpret this difference qualitatively in
terms of (i) the easiness of invasion and migration of
the solvent molecules into the sPS sample, (ii) the
stabilization energy in the formation of the sPS-solvent
complex, and so on.35-39 Factor (i) is associated with the
bulkiness of the solvent molecule and the solubility of
sPS in the solvent or the interaction between the solvent
and sPS. As already mentioned,40 the solvent induces
the molecular motion of the amorphous polymer chains,
indicating that the solvent dissolves the polymer chains
even partly in the glassy state and plays as a kind of
plasticizer. This activated chain motion causes the
generation of the crystalline nuclei. Therefore, the
solvent giving higher solubility of sPS is considered to
give the higher nucleation rate and higher crystalliza-
tion rate. The solvent molecules are needed, of course,
to invade into the polymer sample prior to the diffusion
in the sample. This motion is related also with the
bulkiness of the molecule: the smaller molecule is easier
to penetrate into the sample and pass through the voids
of the polymer network. Factor (ii) is the thermodynamic
effect: the complex formation is accelerated if the sPS-
solvent complex system is energetically stabilized. The
gelation, on the other hand, causes the formation of
cross-linkages which are considered to be essentially
equivalent to the crystalline state of the sPS-solvent
complex. In the dilute solution the random coils are
dipped in the sea of solvent and are surrounded by many
solvent molecules. But, to form the cross-linkages or the
stoichiometric polymer-solvent complex, the surplus
solvent molecules must be purged out of the random
coils. That is to say, the solvent with lower solubility
tends to give more easily the cross-linkage parts. In
other words, the solvent system with the higher solubil-
ity may give the slower gelation process.

In this way the difference in the solubility and
bulkiness of solvents can allow us to interpret qualita-
tively the difference in the complex formation rate
between the gelation and the crystallization. At room
temperature the sPS is quite easily dissolved in chlo-
roform than in benzene. Therefore, we may expect the

Figure 11. An illustration of the structural evolution in the
process of solvent-induced crystallization of sPS glass.

Figure 12. 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).

gelation: CHCl3 , C6H6

crystallization: CHCl3 . C6H6 g C6H5CH3
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following tendency, which corresponds well to the actu-
ally observed results.

In other words, the interactions between sPS and
organic solvent molecules seem to play a quite impor-
tant role in the formation process of gel and crystal,
although they work oppositely in these two transition
phenomena.

Conclusions

In this paper we described the structural evolution
in the solvent-induced crystallization process of the
glassy sPS. The time-resolved measurements were made
successfully for the infrared, Raman, and X-ray diffrac-
tion, from whose data the details of the structural
regularization process could be clarified for the first time
from the points of molecular conformation as well as
the chain aggregation structure. The rate of this order-
ing process was found to be dependent on the kind of
the used solvent. By comparing with the case of gelation
from the solution, several key factors governing these
ordering processes (crystallization and gelation) were
extracted.

The reader may notice here that this solvent-induced
crystallization process occurs at room temperature. The
glass transition temperature of sPS is above 100 °C.
Therefore, it might be difficult to speculate the reasons
why the crystallization occurs so fast even below the
glass transition temperature where the chain motions
are frozen. Of course, we might be able to say that this
crystallization is caused by the solvent working as a
plasticizer. But we must demonstrate concretely an
occurrence of the chain motion induced by the solvent.
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 detailed results will be reported soon
elsewhere.40
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