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ABSTRACT: Aiming to clarify the mechanism of crystal nucleation of polymers, we have made a
quantitative investigation about the conformational change of syndiotactic polystyrene (sPS) during the
induction period (ca. 30 min) when crystallized at 120 °C, 25 K above the glass transition temperature
Tg ) 95 °C, from the glassy state, i.e., for the so-called glass crystallization by time-resolved Fourier
transform infrared (FT-IR) spectroscopy. It was found that even in the induction period, the absorbance
of trans conformation bands begins to increase and it continues to increase not only through the induction
period but also after crystallization. This suggests that the length of rodlike segments consisting of trans
sequences starts to increase in the induction period. In this connection, Doi’s theory on the isotropic-to-
nematic transition of polymer liquid crystals has predicted that the extension of these segments triggers
the orientation fluctuations of the rod segments because the increase of their excluded volumes makes
the system unstable. To confirm such orientation fluctuations directly, we have also carried out time-
resolved depolarized-light-scattering (DPLS) measurements. With the temperature jump to 120 °C from
the glass, orientation fluctuations actually begin to occur and increase exponentially with time in the
induction period. These results also support a previous proposal that a spinodal-decomposition-type
microphase separation due to orientation fluctuations occurs in the induction period.

Introduction
A great number of studies on polymer crystallization

have been reported,1-6 but most of them have been done
mainly focusing on the crystal nucleation and growth;
the structural formation during the induction period
before crystal nucleation has hardly been studied. What
happens in such preparatory processes is one of the most
important unsolved problems in polymer physics. In this
connection, an experimental finding has recently drawn
attention that a small-angle X-ray scattering (SAXS)
peak, the so-called long period peak, emerges before
crystalline wide-angle X-ray scattering (WAXS) peaks.
This was first discovered in the case of crystallization
from oriented melts by Katayama and co-workers,7,8 i.e.,
the crystallization during melt spinning process,7 and
from the stretched state of cross-linked melt,8 and
subsequently it was reconfirmed in the crystallization
from the oriented glassy state by Strobl and co-work-
ers.9,10 Cakmak and co-workers11 and Ryan and co-
workers12 confirmed it from the on-time SAXS and
WAXS studies on melt-spinning and extrusion, respec-
tively, using synchrotron radiation. Further, Ryan and
co-workers12 showed that such a phenomenon occurs
even in the case of crystallization from quiescent melts.
Although this finding is important to understand the
polymer crystallization, we discovered a much more
important phenomenon that a new peak, different from
the long period peak, appears at lower q in SAXS from
the very beginning of the induction period and grows
with time.13

For the last 10 years, we have been studying this
completely new phenomenon using poly(ethylene tereph-
thalate) (PET) by SAXS,13,14 small-angle neutron scat-

tering (SANS),15,16 and depolarized light scattering
(DPLS)15,17 techniques. Surprisingly, the SAXS stud-
ies13,14 revealed that the newly discovered SAXS peak
is due to spinodal decomposition (SD). Probably a
similar result was also obtained for poly(ether ketone
ketone) (PEKK) by Ezquerra et al.18 Although the long
period peak appearing before crystallization is as well
discussed in terms of SD, it should be noted that these
two SD’s are completely different. The first SD occurs
due to orientation fluctuations in the whole system, and
the second SD, giving the long period, may occur in the
ordered domains formed in the first SD. Hence, the
characteristic wavelength of the first SD is always
larger than that of the second SD, and furthermore, the
former largely depends on crystallization temperature19

but the latter does not change so much with crystal-
lization temperature. The DPLS studies15,17 showed that
orientation fluctuations or partial parallel ordering of
polymer rigid segments actually occur during the induc-
tion period of crystallization which could be understood
in analogy with the isotropic-to-nematic transition of
liquid crystals. Using a novel technique of magnetic
orientation, Kimura et al.20 also confirmed that such
orientation fluctuations do occur prior to crystallization.
Moreover, Fukao and Miyamoto21 found the existence
of a dynamical transition of amorphous phase from the
so-called R process to another relaxation process, called
the R′ process, prior to crystallization.

According to a theory by Doi et al.,22-25 the isotropic-
to-nematic transition, i.e., the parallel ordering of rod
molecules, is triggered by extension of the rods when
their length exceeds a critical value. In fact, it was
confirmed from the SANS measurements of a deuterium-
labeled sample of PET16,17 that the rigid segments
slightly extend in the very early stage of induction
period to such an extent that their length exceeds a
critical value for parallel ordering. A completely new
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approach for the SD in polymer crystallization was
made by Olmsted et al.,26 which we think is a promising
theory for the first SD. They pointed out an important
role of the conformational free energy of polymer chains,
which does not contradict with the Doi’s theory and is
essential to understand our experimental results.

This study aims at confirming whether such confor-
mational change and orientation fluctuations in the
induction period are actually observed. For this purpose,
time-resolved FT-IR and DPLS measurements in the
induction period have been performed on syndiotactic
polystyrene (sPS) when it is crystallized by jumping the
temperature to 120 °C, 25 K above the glass transition
temperature Tg ) 95 °C, from the melt-quenched glassy
state. To follow the conformational change by FT-IR
measurements, it is absolutely necessary that the IR
bands concerning the chain conformations must be well
characterized. Fortunately, the IR bands of sPS have
well been assigned by Kobayashi et al.27,28 The results
will be discussed based on the theory by Doi et al.22-25

for the isotropic-to-nematic transition of liquid polymer
crystals.

Experimental Section
Sample and Characterization. The sample which was

kindly supplied from Idemitsu Petrochemical Co. Ltd. was a
syndiotactic polystyrene (sPS) with a number-average molec-
ular weight, Mn ) 2.93 × 105 and a polydispersity, Mw/Mn )
2.08. The syndiotacticity measured by 13C NMR is more than
96% racemic pentad configuration. An amorphous thin film
50 µm thick was obtained by quenching the molten sPS into
ice-water after pressing at high temperature of 330 °C for 5
min to remove the memory of the original samples; the memory
effect is reported to remain even when sPS sample was melted
for 3 min at 320 °C.29 Such a high-temperature treatment
might cause the polymer to degrade, but the sample neither
colored nor showed appreciable abnormal IR peaks due to
degradation. The melting temperature Tm and glass transition
temperature Tg of this sample were determined to be 270 and
95 °C, respectively, at a rate of increasing temperature 5 °C/
min by differential scanning calorimetry (DSC) with Perkin-
Elmer DSC 7. The former was obtained from the peak
temperature in a DSC melting curve, which agrees well with
a reported Tm value.30 The degree of crystallinity, xc, of this
sample after annealing at 120 °C for 10 h was roughly
estimated by a WAXS method because sPS hardly changes in
density by crystallization;31 the specimen densities of this
samples measured by a flotation method were almost constant
at 1.043 g/cm3 independent of annealing time even after
crystallization. Hence, we cannot estimate xc from the density.
The X-ray crystallinity was measured using a Rigaku Denki
Rint 2200 diffractometer with Cu KR by Hermans-Weidinger’s
method,32 which is very practical, and the basic equation is xc

) Ic/(Ic+ KIa) where Ic and Ia are integrated intensities in a
proper q region including the main diffraction peaks and K )
I100c/I100a is a constant of the order of unity, I100c and I100a

corresponding to a completely crystalline and a completely
amorphous specimen, respectively. Here K was assumed to be
unity since it is unknown for sPS. The observed WAXS
patterns of the amorphous and annealed specimens after
correction for the background scattering were scaled so that
the intensities at a reflection angle 2θ ) 17.2° would agree
with each other. The obtained value of xc is about 29%, which
is almost equal to the value reported by de Candia et al.33

FT-IR Measurements. The time-resolved FT-IR mea-
surements were performed on melt-quenched specimens under
an isothermal annealing condition at 120 °C in a homemade
temperature-controlled cell, using a Nicolet Impact 410 system
at 3 min intervals.

DPLS Measurements. The time-resolved DPLS measure-
ments were also carried out under the same annealing
condition at 120 °C. A specimen on the hot stage was irradiated

by a plane-polarized He-Ne laser beam (λ ) 632.8 nm), and
the scattered-light intensity under depolarized conditions was
recorded by a photodiode array system at 0.5 min intervals.
According to Stein et al.,34 in the case of solids with randomly
correlated orientation fluctuations, the Rayleigh factor R+(q)
for crossed polaroids can be expressed by

where ω is the angular frequency of incident radiation, c is
the velocity of light, 〈δ2〉 is the mean-square anisotropy, and
g(r) is the function of orientation defined as g(r) ) (3 〈cos2 φi,j〉r-
1)/2, where φi,j is the angle between the optical axes of the ith
and jth elements. The invariant due to the orientation fluctua-
tions IVH is given by

These equations, (1) and (2), give us a basis for interpretations
of the results on the depolarized-light-scattering measure-
ments.

Experimentally, however, we cannot obtain the invariant
defined by eq 2 directly because the usual measurements are
limited within a q range depending on the resolution of the
spectrometer used. This problem can be avoided by employing
an “integrated intensity”, which is obtained by integrating the
intensities in a q-independent region. The reason for this is
as follows. When there exist no correlations among oriented
domains and their sizes R are small enough compared with
the wavelength of light, the scattering intensity becomes
independent of q for Rq , 1. The intensity of this q range gives
a value approximately proportional to the prefactor of integra-
tion of eq 1 or to the invariant of eq 2 because the remaining
damping part of the scattering intensity for Rq > 1 may be
negligible in the induction period where no large scatterers
such as spherulites are formed. As is presumed, the scattering
intensity during the induction period is independent of q at
least within the observed q range 2.0-5.0 µm-1. To show a
measure of orientation we could use the height of the q-
independent intensity region, but as a more reliable value of
orientation fluctuations, we employed the integrated intensity
in the measured q range.

Results and Discussion
DSC Measurements. Figure 1 shows the crystal-

lization isotherm φ(t) at 120 °C as a function of anneal-
ing time t for a quenched sPS film which was measured
by DSC. During the first 30 min, neither exotherm nor
endotherm is observed, indicating the so-called induc-
tion period. Note that we also confirmed from WAXS
measurements that no Bragg peaks appear during the
induction period though the measurements were made
on several films quenched after annealing for given
times.

Conformational Change from FT-IR Measure-
ments. Figure 2 shows the IR spectra of sPS’s, melt-
quenched and crystallized at 120 °C for 400 min. We

Figure 1. Annealing time dependence of crystallization
isotherm at 120 °C for sPS after the temperature jump from
the glassy state.
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can clearly see the appearance of new absorption bands
at 1224 and 538 cm-1 for the crystallized sPS, showing
that the crystal is in the R phase,28,35 with an all-trans
conformation. According to Kobayashi et al.28 the 1224
cm-1 band is caused by the packing of the chains in the
crystalline state, but some bands around 538 cm-1 have
been assigned to the conformational changes. In fact,
Figure 3 shows that the 1224 cm-1 band does not change
during the first 30 min after temperature jump to 120
°C while it begins to increase in intensity after the
beginning of crystallization, suggesting again that the
band at 1224 cm-1 originates from the chain packing
in the crystalline state. The degree of crystallinity of
the specimen annealed at 120 °C for 360 min seems to
be less than 29% as indicated in the Experimental
Section.

The absorption bands of sPS in the 500-600 cm-1

range have been assigned to out-of-plane modes of the
phenyl group,28 whose frequencies depend on the local
skeletal conformations in the neighborhood of the phen-
yl group. Hence we need to examine the absorption
bands in this range to know the change of chain
conformations during the induction period. Figure 4
shows the time evolution of the enlarged spectrum in
this range when the sample was annealed at 120 °C.
Here each curve is shifted along the axis of relative
absorbance to make it easy to see. In the glassy state,
three bands at 511, 537, and 572 cm-1 can be distin-
guished. Although the 548 cm-1 band is not apparent,
it does seem to exist because otherwise we could not
reasonably decompose the Lorenzian components. These
bands are related to the skeletal conformations in terms

of tetrad sequences: 511 and 572 cm-1 are assigned to
TTGG, 548 cm-1 to GTTG and 537 cm-1 to the mixture
of GTTG and TTTT, respectively. Here T and G are
trans and gauche, respectively, and the two middle
italicized letters indicate the conformations around the
C-C bonds on the both sides of the carbon atom bonded
to a phenyl group. In the case of sPS, GTGT conforma-
tion could not be observed; its amount may be negligibly
small.

If the polymer chain extends, it is expected that the
TTTT band increases in intensity and the other bands
including G conformation decrease because G conforma-
tion may convert to T conformation. This expectation
can qualitatively be confirmed from Figure 4; the
composite peak containing the TTTT band increases in
intensity with annealing time while the peaks without
this band decrease. Here it should be noted that the
maximum position of the TTTT/GTTG composite band
slightly shifts from 537 to 539.5 cm-1 with annealing
time. This may be considered to be due to the confor-
mational change of GTTG to TTTT. According to Koba-
yashi et al.,27 the frequencies of GTTG and TTTT were
evaluated to be 536 and 537 cm-1 on the basis of normal
modes calculation. However, when the sample was
annealed sufficiently, the peak position of the TTTT/
GTTG band shifted to 539.5 cm-1 as seen from Figure
4. This suggests that the frequency of the pure TTTT
is ca. 540 cm-1. We do not know the exact value of the
GTTG frequency, but if it is 536 cm-1 as cited above,
the shift of the TTTT/GTTG band from 537 to 538 cm-1

would be elucidated qualitatively. With annealing, the
GTTG conformation transforms to TTTT, and hence the
intensity at 536 cm-1 decreases while that at 539.5 cm-1

increases; the former effect disappears, and the latter
one is intensified. This causes the shift of the composite
peak.

To make a quantitative analysis, we must decompose
these bands. Especially the bands at 537 and 548 cm-1

overlap each other to make a single broad peak, and
hence, the separation is essential. We decomposed the
spectra in the region of 500-600 cm-1 into four com-
ponents by assuming a Lorentzian shape for each band;
Figure 5 indicates an example of such separation. The
intensity of the band at 538 cm-1 (TTTT and GTTG)

Figure 2. FT-IR spectra of crystalline (upper) and amor-
phous (lower) sPS samples in the region 400-1500 cm-1. The
bands marked by arrows appear after crystallization. The
crystalline sample was annealed at 120 °C for 400 min.

Figure 3. Change of the FT-IR spectrum of sPS in the region
of 1200-1250 cm-1 when annealed at 120 °C. The 1224 cm-1

band due to the crystalline chain packing for the R-crystal
phase appears after 30 min, showing that the induction period
of crystallization is 30 min.

Figure 4. Change of the FT-IR spectrum of sPS in the region
of 500-600 cm-1 when annealed at 120 °C. The bands at 511,
537, 548, and 572 cm-1 are assigned to TTGG, TTTT/GTTG,
GTTG, TTGG, respectively.
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after separation is plotted against annealing time in
Figure 6, and those at 511 (TTGG), 548 (GTTG), and
572 cm-1 (TTGG) are plotted in Figure 7. The 538 cm-1

band including TTTT conformation starts to increase
in intensity just after jumping to the crystallization
condition and continues to increase not only through the
induction period but also after crystallization begins,
as shown in the inset of Figure 6. Correspondingly the
bands at 511, 548, and 572 cm-1, including gauche
conformations, decrease in intensity with time in the
induction period as well as during the crystallization
stage (Figure 7). These results suggest that the TTGG
and GTTG conformations change to the TTTT confor-
mation even in the induction period. The increase of
TTTT conformation may be considered to involve the
expansion of a polymer chain, and the continuing
increase of this band in the crystallization stage is very
natural because the amorphous chains transform to the
R-crystal phase with a trans-zigzag conformation in the
crystallization process, accompanying the chain exten-
sion. For PET, such an extension of rigid segments in

the induction period was directly observed from the
SANS measurements of persistence length.15,16

In the conclusion, the present results of time-resolved
FT-IR measurements have confirmed that, even in the
induction period, sPS chains actually extend by trans-
forming their conformations from gauche to trans.

Orientation Fluctuations from DPLS Measure-
ments. DPLS measurements were performed under the
same annealing condition as that for the FT-IR mea-
surements in order to confirm whether the orientation
fluctuations actually evolve with time in the induction
period. Figure 8 shows the semilogarithmic expression
of time evolution of the DPLS intensity at 120 °C as a
function of the length of scattering vector, q. There is
no doubt that the depolarized light scattering intensity
increases with annealing time even in the induction
period, suggesting that the parallel ordering of polymer
chains proceeds before crystal nucleation.

As seen in Figure 8, during the induction period of
30 min, the scattering profiles are almost independent
of q, but the total intensity increases with annealing
time. This fact indicates that the oriented domains are
much smaller compared with the sizes corresponding
to the measured q range. After the start of crystalliza-
tion, the scattering profile becomes q-dependent; the
intensity decreases with increasing q in the higher q

Figure 5. Separation of bands in the region 500-600 cm-1

of the FT-IR spectrum of sPS. An example for the amorphous
quenched sample is shown.

Figure 6. Annealing time dependence of the intensity of the
537 cm-1 band (TTTT/GTTG). The intensities are normalized
to that immediately after temperature jump to 120 °C.

Figure 7. Annealing time dependence of the intensities of
the 511 cm-1 (TTGG), 548 cm-1 (GTTG), and 572 cm-1 (TTGG)
bands. The intensities were normalized to that immediately
after temperature jump to 120 °C.

Figure 8. Depolarized light scattering profiles I(q) of sPS
films when annealed at 120 °C as a function of annealing time.

Macromolecules, Vol. 32, No. 26, 1999 Crystallization of Syndiotactic Polystyrene 8935



range. This means that the sizes of orientated domains
of their aggregates become comparable with the q range.

Figure 9 shows the time dependence of the integrated
intensity for orientation fluctuations, IVH (eq 2), which
was integrated within a measured q range of 2.0-5.0
µm-1. In the early stage of the induction period, until
about 17 min, the integrated intensity begins to increase
with time while its amount is not large. This intensity
growth is exponential, indicating a characteristic feature
for the kinetics of spinodal decomposition in the isotropic-
to-nematic transition of liquid crystal as shown by Doi
et al.22-25 as was also shown in the case of PET
crystallization.15,17 This again supports that in the
induction period the parallel ordering of the rigid
segments in the polymer actually proceeds. Hence, we
can conclude that the increase of the length of rod
segments immediately after temperature jump causes
the parallel ordering of the rod segments themselves.
After 17 min, the growth rate of the integrated intensity
is slightly slowed, but it is beyond the experimental
error. We may therefore separate the induction period
into the early and late stages of the induction period as
in the case of PET.15,17 When the crystallization starts,
the integrated intensity naturally begins to increase
more steeply again, which is considered to be caused
by the growth of crystallites.

Doi et al. have theoretically investigated dynamics of
formation of liquid crystalline phase in a stiff polymer
system using a kinetics of two order parameters of
concentration and orientation. This theory predicts that
in the isotropic-to-nematic transition a spinodal decom-
position type of phase separation occurs when the
system is brought into a thermodynamically unstable
region. This unstable state is caused by the increase of
excluded volume due to the polymer chain extension.
The critical concentration at which the isotropic phase
becomes unstable is given by22

where b and L are the diameter and the length of the
rodlike polymer and the excluded volume of this polymer
is on the order of bL2. When the mean number of the
rodlike polymers in the unit volume ν is smaller than
ν*, the system is stable and the orientation fluctuations
cannot grow with time, but when ν > ν*, the system
becomes unstable and the orientation fluctuations start
to grow. This theory also predicts that the dynamics of

isotropic-to-nematic transition is very similar to that of
the spinodal-decomposition type phase separation. As
shown above, we observed an exponential growth of the
orientation fluctuations in the induction period (see
Figure 9), which is one of the characteristic features of
spinodal decomposition. In this case, we must examine
whether the system fulfills the unstable condition (ν >
ν*) when the orientation fluctuations begin to occur.

The above theory has originally been formulated for
solutions of stiff polymers. However, sPS is not a stiff
polymer but a flexible one, and furthermore, the present
system is not a solution but a bulk. Therefore, evalua-
tion of the criterion for the isotropic-to-nematic transi-
tion should be modified. Thus, we may assume the
hypothetical freely jointed chain model proposed by
Flory.36 In other words it is assumed that the chain
consists of connected freely rotating stiff segments with
the length being equal to the persistence length of the
real chain. L is taken to be the average length of stiff
segments in the real chain and ν can be calculated from
eq 4,

where F is the bulk density of the polymer, l0 and M0
are the length and molecular weight of the monomer,
respectively, and NA is Avogadro’s number. For the
glassy state of sPS, the persistence length is obtained
to be 1.88 nm from literature37 and the density mea-
sured by a flotation method is 1.044 g/cm3. Furthermore,
the diameter of the rod, b, is taken from the calculation
of all-trans conformations38 to be 1.11 nm. With these
values, ν* and ν are calculated to be 1.07 and 0.804
segments/nm3, respectively. Since ν < ν*, the glassy
state is stable and without involving chain extension
orientation fluctuations would not grow even if the
segmental motions were sufficient. In other words, this
also means that the melt state is stable because the
glass is its frozen state.

When the sample was annealed above Tg, the length
of the rod segment or the persistence length is supposed
to increase as already described in the discussion of the
FT-IR results because the orientation fluctuations
actually occurred as is clear from the DPLS results.
These observations suggest that ν should become larger
than ν* above Tg. The rod length giving such a critical
condition can be calculated from eqs 3 and 4 assuming
ν ) ν* and was obtained to be 2.51 nm, corresponding
to 10 consecutive TT conformations (monomers) 10(TT).
The increment of the rod length is 0.7 nm, which
corresponds to 2.5 monomers; if the segments are
extended by two or three monomers, then orientational
ordering will initiate.

Conclusions
To elucidate the nucleation mechanism in the crystal-

lization process, we performed time-resolved FT-IR and
DPLS measurements on sPS during the induction
period of crystallization from the glassy state. First, we
found in the time-resolved FT-IR measurements that
the increase of trans conformations occurs immediately
after the temperature jump to over Tg, leading to
expansion of the polymer chain. Furthermore, the time-
resolved DPLS measurements revealed that the orien-
tation fluctuations due to parallel ordering of polymer
chains begin to increase in the induction period. These
results suggest that a certain minimum length of rigid

Figure 9. Annealing time dependence of the integrated
intensity for the depolarized light scattering of sPS in the
induction period of crystallization.

ν* ) 4.19
bL2

(3)

ν )
FNA

(L/l0)M0
(4)
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segments is required for the parallel ordering of polymer
chains. This critical length can tentatively be deter-
mined on the basis of Doi’s theory, the isotropic-to-
nematic transition of liquid crystalline polymers.
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