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Abstract : The structural changes viewed from the molecular level have been investigated for the isother-
mal crystallization phenomena of polyethylene (PE) and the solvent-induced crystallization phenomenon
of syndiotactic polystyrene (sPS) glassy sample.The data, which were collected by the time-resolved
measurements of Fourier-transform infrared spectra, Raman spectra, synchrotron-sourced small-angle X-
ray scattering, wide-angle X-ray scattering, and so on, were combined together to extract the detailed
structural information in these phase transition phenomena. In the case of PE, the isothermal crystalliza-
tion from the melt to the orthorhombic form was found to occur via the conformationally-disordered
trans chain form, followed by the formation of the lamellar stacking structure of regular orthorhombic-type
crystals. In the case of sPS, the amorphous chains in the glassy sample were found to enhance the mobil-
ity through the interaction with the injected solvent molecules, which act as a trigger to cause the confor-
mational ordering from the random coil to the regular TG.type helical form. The thus created short
helical segments were found to grow into longer helices, which gathered together to form the crystallites,
as revealed by the organized coupling of the infrared, Raman and X-ray scattering data.

General Introduction

In general, the crystalline polymers exhibit the
so-called higher-order structure built up by the
complicated combinations of the crystalline,

*e-mail : ktashiro@chem.sci.osaka-u.ac.jp

amorphous and intermediate regions. Clarifica-
tion of the details of this higher-order structure
may give us useful leading principles necessary for
the development of new polymer materials with
excellent physical properties. For this purpose,
however, it may be also important to clarify the
formation mechanism of such a structure from the
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molecular level. Let us consider the case of poly-
ethylene as an example. Polyethylene is melted at
high temperature and slowly cooled to the room
temperature. In the melt the molecular chains are
considered to take the shape of random coils.
Below the crystallization temperature, the spheru-
lites are formed, in which the lamellae are stacked
together and grow in the radial direction. In one
lamella many molecular chains are aggregated to
form the crystalline lattice with folding structure
on the surfaces of the lamella. How are the lamel-
lae formed from the random coils in the process
of crystallization? The phenomenological investi-
gations were made by many researchers. But, in
order to understand the essential features of the
crystallization mechanism, the detailed structural
changes in the crystallization process should be
clarified from the microscopic point of view.

In these studies the structure and its transforma-
tion process must be viewed from the various
directions by an organized combination of the
various kinds of the experimental methods such
as the wide-angle X-ray scattering (WAXS), small-
angle X-ray scattering (SAXS), Fourier-transform
infrared spectra, Raman spectra, etc. In this paper
these different methodologies will be applied to
the following two themes of crystallization phe-
nomena: (1) isothermal crystallization of polyeth-
vlene (PE) from the melt and (2) solvent-induced
crystallization of syndiotactic polystyrene (sPS)
from the glassy state.

1. Isothermal Crystallization of Poly-
ethylene from the Melt

The structural change during the isothermal crys-
tallization of PE has been investigated extensively
from the view points of lamellae and spherulite!*?
However these studies are concerned mainly with
the mechanism of the nucleation and growth of
crystallites at the lamellar level by utilizing the
small-angle X-ray (SAXS) and light scattering
(SALS) techniques. But the structural information
about the conformational ordering of the molecu-
lar chains could not be obtained at all, which
should be quite important in the clarification of
the essential features of the crystallization mecha-
nism. For this purpose the vibrational spectroscopy
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is one of the most powerful methods. We carried
out the time-resolved measurements of the FTIR
and SAXS in the course of the isothermal crystal-
lization of PE, and observed the crystallization
behavior from both the microscopic and macro-
scopic points of view by organized combination of
these two different types of the data.*"®

1-1. Vibrational Bands Characteristic of
Various Molecular Conformations.

In order to clarify the conformational changes
in the isothermal crystallization phenomenon by
vibrational spectroscopy, an information on the
infrared (and Raman) bands characteristic of the
various conformations is needed. The PE crystal
is known to experience the transition between the
orthorhombic and hexagonal phases by applying
high temperature and high pressure'®"’ or by
applying high tensile stress along the chain direc-
tion immediately below the melting point.**' The
molecular chains in the hexagonal phase are
speculated to take the disordered conformation
consisting of long trans segments interrupted by
an invasion of gauche bonds. This speculation
was made on the basis of the molecular dynamics
calculation” but had not been confirmed experi-
mentally. Then we measured the spectral changes
in the phase transitions between the orthorhombic,
hexagonal and liquid phases in order to extract
the information on the molecular conforma-
tions.? '

The infrared spectra of the hexagonal phase
were measured by heating the ultra-drawn PE
fiber, the ends of which were tightly bound to get
the high tensile stress along the fiber axis. For
example, Figure 1 shows the X-ray diffraction pat-
terns taken by a two-dimensional imaging plate
detector for the ultra-drawn PE fiber in the heat-
ing process (the heating rate 0.7 °C/min).? As the
temperature was increased to the phase transition
region which was detected by the DSC measure-
ment, the intensity of the 110 and 200 reflections
of the orthorhombic phase was decreased and the
100 reflection of the hexagonal phase began to
appear. With further increase of the temperature,
the orthorhombic phase disappeared finally and
the hexagonal phase increased its intensity. In
higher temperature region, the reflection pattern
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Figure 1. Temperature dependence of the X-ray diffrac-
tion pattern measured for the constrained PE sample in
the heating process by the DIP220 imaging plate system.
Orth : the orthorhombic phase, and Hex : the hexagonal
phase.

changed to the halo characteristic of the molten
state. By analyzing the temperature dependence
of the integrated intensity of the reflections, the
transition between the orthorhombic and hexago-
nal phases could be detected clearly around 146-
154°C. Along this phase transition detected by
the X-ray diffraction measurement, the IR spectra
were measured for the constrained sample, where
the ultra-drawn film was wound tightly many
times around the KBr holder. For the strain-free
sample, the film was sandwiched between a pair
of KBr plates. The infrared spectral change in the
frequency regions of the CH; bending and rocking
modes is shown in Figure 2. For example, in the
CH. bending region, the new bands appeared
around 1460-1470 cm™ and increased the intensity
remarkably, while the intensity of the orthorhombic
crystalline band (1471 cm’) was decreased. In
higher temperature region, the intensity of these
new bands decreased and the amorphous bands
were observed intensely. The infrared bands of
similar behavior were observed also in the CH;
rocking and wagging regions, which showed clear
polarization characters. The behavior of these
infrared bands are very similar to those observed
in the orthorhombic-to-hexagonal transition of
n-alkane crystal, in which the bands characteristic
of the disordered chain conformations such as
.TTGTGTT.. and .. TTGGTT.. were assigned.***
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Figure 2. The infrared spectral change in the frequency region of the (upper) CH, bending modes and (lower}) CH:
rocking modes measured for the constrained PE film in the heating process.
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From these analyses, including the curve separation
process, we have been able to identify the bands
characteristic of the conformationally-disordered
hexagonal phase of PE. The main bands are listed
as below.

1466, 719 cm®  disordered trans segments
1366, 1306 cm™  kink (.. TTGTGTT..)
1352 cm’ double gauche (..TTGGTT..)

1-2. Time-Resolved Infrared Measurement
in the Isothermal Crystallization.

As stated above, the IR bands characteristic of
the hexagonal phase or the conformationally-
disordered (CONDIS) phase were revealed. By
referring to these spectral information, we made
the time-resolved FTIR measurements in order
to clarify the structural changes during the isother-
mal crystallization process of PE samples” In the
isothermal crystallization experiments, it is quite
important to cool the samples as fast as possible
from the molten state to T. or the crystallization
temperature. Besides the T, should be kept con-
stant and stable. Therefore, the temperature-jump
apparatus was designed carefully for the time
resolved FTIR measurement. The cooling rate
was 600-4200°C/min. In order to measure the
sample temperature, the thermocouple was em-
bedded “into” the sample and the temperature
change was directly recorded by an x-y recorder.
After the jump was completed the temperature
was stabilized with sufficiently small fluctuation
(ca.£0.2°C at maximum). FTIR spectra were
measured by a Bio-Rad FTS-60A/896 Fourier-
Transform infrared’ spectrometer equipped with
an MCT detector in the rapid scan mode at a rate
of 0.3-1.0 sec/spectrum with the resolution power
of 2 em™

As for the samples, a high-density PE (HDPE)
and a linear low-density PE (LLDPE) were used.
The characterization of these samples was made
as follows.

M M. MJM ethyl branching/

1000C
HDPE 126K 24K 53 1
LLDPE 75K 37K 20 17
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The LLDPE sample was used here because the
crystallization rate could be reduced more easily
than HDPE while keeping the essentially same
crystallization behavior as that of HDPE.

Figure 3 shows the IR spectra picked up from a
series of spectra taken for the LLDPE sample dur-
ing the isothermal crystallization from the melt at
the degree of supercooling AT=4°C, where the
time indicated in this figure was measured from
the starting point {t =0), which was defined as the
time when the temperature reached just the pre-
determined crystallization point (I.). The AT is
defined originally as T°,-T. (T°.: the equilibrium
melting temperature), but, because of the practical
reasons, it was defined here as T°.-T. where T°,
was the temperature at which the crystallization
began to be observed in the non-isothermal slow
crystallization experiment (T°. for HDPE and
LLDPE were 123 and 109 °C, respectively). The
three spectra in Figure 3 are assumed respectively
to be characteristic of (a) the melt (including some
effect from the intermediate state already), (b) the
intermediate state, and (c) the orthorhombic crys-
tal (at high temperature or with low degree of
crystallinity). The spectra of the intermediate state
are different from those of the melt and the

LLDPE AT=47C
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Figure 3. FTIR spectra of LLDPE sample, extracted
from a series of spectra measured at constant time inter-
val during the isothermal crystallization from the melt at
AT= 4 °C and cooling rate of ca. 600 °C/min.(a), (b)
and (c) correspond to the spectra of the melt, the inter-
mediate state (disordered trans form) and the orthor-
hombic crystal, respectively, although an overlepping of
the spectra between the different states must be consid-
ered more or less. The bands pointed by arrows in (b)
correspond to the disordered trans form discussed in the
text. '
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Figure 4. Time dependence of the integrated intensity
of IR bands measured for LLDPE during the isothermal
cry- stallization from the melt at AT=4 °C and cooling
rate of ca. 600 °C/min.The vibrational frequency of the
analyzed disordered-trans band is 1368 cm™ and that of
the ortho- rhombic phase is 728 cm™.

orthorhombic crystal. The bands detected in the
intermediate state correspond to the disordered
trans bands characteristic of the CONDIS phase
mentioned in the preceding section. That is to say,
at the beginning of the isothermal crystallization,
the bands characteristic of the melt decreased in
intensity and the bands corresponding to the dis-
ordered trans form increased in intensity. After
that the exchange of intensity began to occur
between the bands of disordered trans form and
the bands intrinsic to the long and regular trans
segments (the orthorhombic crystalline bands)
at 1471 and 728 cm™. As an example, the time
dependence of the intensity of the disordered
trans band at 1368 cm is plotted in Figure 4. The
band began to increase its intensity during the
temperature jump and kept increasing it even
after the temperature reached the T.. After keeping
at maximum for a while, this band intensity began
to decrease gradually. In this time region, the long
and regular trans band at 728 cm’ appeared and
increased in intensity. This type of observation
could be made also for the different degrees of
supercooling and for the HDPE sample. From all
the data obtained in the temperature jump exper-
iments, it was concluded that the chain conforma-
tional change occurs from the random coil to the
regular planar-zigzag form via the disordered trans-
form in isothermal crystallization from the melt.
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1-3. Time-Resolved SAXS Measurement
in the Isothermal Crystallization.

So far the conformational ordering of chains
was discussed. It is important to clarify the relation
of this conformational change with the change in
the aggregation structure of lamellae in order to
understand the details of the isothermal crystalli-
zation mechanism. Therefore, in parallel to the
infrared spectral measurement, we carried out also
the time-resolved SAXS measurements duringiso-
thermal crystallization of the various PE samples
at almost the same temperature jump rate of
600°C/min." The SAXS measurements were per-
formed in the Photon Factory, National Labora-
tory for High Energy Physics, Tsukuba, Ibaraki,
Japan (the wavelength of the incident X-ray beam
A=1.4881 A and the sample-to-detector distance
1900 mm). The scattered X-ray signal was detected
by using a one-dimensional position sensitive
proportional counter (PSPC) for the collection
time of 3-7 sec and at a time interval of 3-7 sec.
The time dependence of the SAXS profiles mea-
sured for LLDPE sample during the isothermal
crystallization at AT=4"°C is shown in Figure 5 (In
order to make the characteristic features clearer,
the case of fully-deuterated high-density PE
(DHDPE) is also reproduced here). These profile
changes may be divided into three stages of time
evolution.

Time Region 1 (t=0~100 sec): After the
sample was cooled rapidly to T. from the melt, a
Lorentzian-type SAXS profile appeared, whose
peak was expected to be positioned at g=0 A
and increased its intensity [the wave vector g is
equal to (47/A)sin8 (6: Bragg angle)]. We assumed
that this profile change may be interpreted on the
basis of the density-fluctuation in the homoge-
neous system. In this case the scattering intensity
I{g) should follow the Ornstein-Zernike (O-Z)
equation, 1/I{q)=[1/I0)] [1+q?&?], where I(q) is
the scattering intensity at g and £ is the correlation
length. In fact, a good linear relation could be
obtained between 1/I(q) and ¢ for the data of
Figure 5, indicating an occurrence of the density
fluctuation in the homogeneous molten state.

Time Region 11 (t=100~220 sec): In this
time region, a peak began to be detected at ca.q
=0.008 A* and increased its intensity with time,

107



K. Tashiro ét al.

(@ LLDPE, 4T =4"C (b) DHDPE, AT =4°C
v .
6800[ ’&\ 6000} ¢
BN Pt N
Y \i 1521 sec Lo W3a9sec
598 o
3 51000 LAY 416 3 & o e,
2 s 72
g J \'\\ 273 L N
& ARy 2 g o
T ML e NN, 143 T & '\
; 2000F 52
1700f Lot 0
Lot Py,
A S
0 1 i t 0 L L I
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04

q/A? q/A"

Figure 5. Time dependence of the SAXS profiles mea-
sured for (a) LLDPE and (b) DHDPE samples at the su-
percooling AT=4 °C in the isothermal crystallization pro-
cess from the melt(Figures' Caption continued 1).

implying an appearance of a periodic structure of
700-800 A. The I(g) at a constant g position was
found to be expressed by an exponential function
of time; I(q) = explk*t]. This behavior of I{q) is
apparently similar to the spinodal decomposition
observed for polymer alloy? But, in general, the
concept of spinodal decomposition is applied to
the case where the so-called conservation law is
held in the system. The observation of the long
period at g=0.008 A™ suggests the drastic change
in the order parameter necessary for the descrip-
tion of the structural transition in the crystallization
process (or non-conservation of the order para-
meter before and after the transition). That is to say,
the observation of the long period does not seem
to match the concept of spinodal decomposition
in this time region. Rather, it might be reasonable
to assume an occurrence of nucleation and
growth of the crystalline lamellae in the time
region II.

Time Region III (t=220 sec~) : As the time
passed furthermore, a new phenomenon was
observed. That is, a shoulder began to appear
around g=0.016 A* and its intensity gradually
increased. At the same time the original peak of
800 A period reduced the increasing rate (or
decreased gradually). This new peak corresponds
to the periodical structure of ca. 400 A. In this
way the periodic structure of about 800 A changed
gradually into the periodic structure of 400 Ain
the crystallization of PE, indicating that a new
lamella is generated between the already existing
lamellae of 800 A period and the lamellar stack-
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ing structure takes ca. 400 A period.

1-4. Structural Changes Viewed from the
Coupled Data of FTIR and SAXS.

The temperature jump was carried out at
almost the same rate of ca. 600°C/min in both the
measurements of FTIR and SAXS. Then, as
shown in Figure 6, the time dependence of the
structural parameters of lamella, which is obtained
by the calculation of the correlation function from
the SAXS data, is compared with that of the IR
band intensities estimated for LLDPE at AT
=4°C. From this comparison we may draw the
structural change in the crystallization process
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Figure 6. Combination of the vibrational spectroscopic
data with the SAXS data collected for the LLDPE sample
in the isothermal crystallization process from the melt at
AT=4 °C. Q: invariant evaluated from the total integra-
tion of the observed SAXS profile, < d>: lamellar thickness.
L(800 A) and L»(400 A) denote, respectively, the long
spacings of the lamellar stacking structure. I(L;) and I{L>)
denote the intensities measured for the SAXS peaks cor-
responding to these periods.
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concretely.**

Before this structural change is described, how-
ever, we have to talk about the aggregation state
of the chains in the melt as well as in the lamella.
We carried out the small- and wide-angle neutron
scattering (SANS and WANS) experiments, the
thermal analysis and the infrared spectral mea-
surements for a series of blend samples between
the fully-deuterated high-density PE (DHDPE) and
the hydrogeneous LLDPE used in the above ex-
periments." All the experimental data obtained for
these samples may be summarized in the follow-
ing ways. (1) For each sample only one melting
peak is observed in the DSC thermogram, which
shifts continuously with the D/H content?’ (2) The
infrared band profiles in the methylene bending-
and rocking-mode regions change systematically
between the doublet to the singlet depending on
the D/H content. (3) The SANS data gave us the
information that the homogeneous {(or random)
mixing of the D and H chains can be seen in both
the molten state and the crystalline state of the D/
H blend samples. (4) According to the SANS data
analysis, the radii of gyration (R,) of the D and H
chains do not change before and after crystalliza-
tion from the melt. (5) The broad scattering is
observed in the low angle region of the WANS
pattern for the slowly-cooled D/H blend sample as
well as for the molten state. All the experimental
results of (1) to (5) could be interpreted theoreti-
cally on the basis of such a model that the D and
H chains are statistically randomly packed in the
same crystal lattice (i.e. the cocrystallization phe-
nomenon).”*? This idea of random arrangement
of the chain stems in the crystalline lamella may
be reasonably connected with the statement that
the PE chains experience the random reentry
folding on the surface of the crystalline lamella.

The experimental result (4) is important, which
states that the radius of gyration of an individual
chain is kept unchanged even when the chain is
enrolled into the crystalline lamella from the melt.
Thus, by combining all the experimental data
mentioned so far, we may describe the structural
changes occurring in the isothermal crystallization
process of PE as shown in Figure 7.°

The molecular chains in the melt take the form
of random coils. When the sample is cooled to the
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Figure 7. lllustrated structural change in the crystalllza-
tion process of PE from the melt. The segments of the
random coils change to the regular zigzag conformation
via the disordered trans form. In this course of disorder-
to-order transition of the chains, the formation and
stacking of lamellae occur. It should be noted that the
radius of gyration of the chain is not changed in this pro-
cess.

crystallization temperature, some parts of the
chain segments change their conformation to the
disordered trans form, just when the total size of
the chain is not changed in average (Time Region
I). The chains are entangled with each other but
the disordered trans segments of these entangled
parts are gathered together to form a single lamella
by arranging themselves side by side, just when
the molecular chain segments change the confor-
mation to more regular trans-zigzag form (Time
Region II). As a result, the chain folding of ran-
dom reentry type is realized. The total size of the
chain is still unchanged. These lamellae are
stacked together with the long period of ca.
800 A. With the pa-ssage of time, the 800 A
periodical structure changes to the structure with a
long period of ca. 400 A, indicating that new
lamellae are created in between the already ex-
isting lamellae and the more densely stacked
lamellar structure is constructed (Time Region III).
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2. Solvent-induced Crystéllization of
Syndiotactic Polystyrene.

Syndiotactic polystyrene (sPS) takes two types
of molecular conformations in the crystalline
region. Roughly speaking, random coils of the
glassy state regularize to the planar zigzag form by
annealing and to a complex of T;G; form by

absorption of organic solvents.This T,G-solvent _

complex transfers to the planar zigzag form by
removal of the guest solvent by heating. These
changes remarkably depend on the thermal his-
tory of the samples, the kind of solvent, and so
on.®¥ Although a number of studies were made
to analyze the structure of these crystalline forms
very little has been clarified about the phase tran-
sition behavior of the complicated polymorphs of
sPS. In the second part of this paper we will trace
the solvent-induced crystallization of the glass by
comparing the experimental data obtained by the
various types of the time-resolved measurements
such as IR, Raman, and wide-angle X-ray scatter-
ing.*"* For the solvent we will focus our attention
only to the case of toluene, as an example.

2-1. Time-Resolved IR & Raman Spectral
Measurements. The glassy sPS samples were pre-
pared by quenching the molten films to the liquid
nitrogen. The sample was set into the optical cell
with the solvent reservoir. The infrared or Raman
measurement was started at the same time with
the solvent injection into the reservoir. The infra-
red spectra were recorded at a constant interval of
about 2 seconds at a resolution power 2 cmi' by
using a Bio-Rad FTS-60A FT-IR spectrometer
equipped with an MCT detector. The Raman
spectra were measured by using a Japan Spectro-
scopic Company NR1800 dispersion-type Raman
spectrometer with a CCD detector. The wavelength
of the excitation light was 514.5 nm, which was
taken from Ar-ion laser with a power of 48 mW.
Each Raman spectrum was collected for every
80 sec at a time interval of 10 sec. The resolution
power was 2 cm’.

Figures 8 and 9 show, respectively, the time
dependencies of IR and Raman spectra taken for
the sPS-toluene system. For example, in Figure 8,
we can recognize the appearance and evolution

110

sP8 / toluene

T2G2 T2G2

: =
5 NG N4, - -
/eSS v
h T h * " e
D y » . i o~
M 1_4M/\;
ml;\';\Vo.o./\/Lﬂ
YRS T T U G S NV TN (N0 0 SN ST Y S S T N O K OO0 T SO A OO TR ¥
1400 1350 1300 1250 1200 1150 1100
41.9 min toluene !
257 T2G2 )
203 ? 12021
14.9 A
8 A
[
£
a
£
2

. + 1
[ S T S BN

650 600 550 500 450
) Wavenumber / cm™

Figure 8. Time evolution of FTIR specira measured for
the sPS glass film exposed to toluene vapour at room
temperature. The time shown in this figure was mea-
sured from the moment of injection of the solvent.
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Figure 9. Time evolution of Raman spectra measured
for the sPS glass film exposed to toluene vapour at room
temperature. The time shown in this figure was mea-
sured from the moment of injection of the solvent.
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of the crystalline bands and the intensity decre-
ment of the amorphous bands immediately after
the injection of solvent. The similar situation can
be also seen in the Raman spectra shown in Figure
9. When the integrated intensities of the bands,
which were evaluated after curve separation, are
plotted against time, the timing of the appearance
is noticed to be different among the bands. Imme-
diately after the solvent injection, the intensity of
the toluene band increased. This was followed by
the decrease of the intensity of the amorphous
band and the intensity increase of the TG con-
formation bands at 549 cm” etc. After that, the
intensity of the T,G; bands at 1251, 572 cm”, etc.
began to increase. This difference in timing of the
bands is considered to come from the difference
in the so-called critical sequence length. That is to
say, the crystalline-sensitive bands have the char-
acteristic critical sequence length (m) and do not
appear until the chain length of regular conforma-
tion exceeds the m.*** The m can be evaluated
on the basis of the intramolecular isotope-dilution
technique.

In this method, the random copolymers of the
hydrogeneous (H) and deuterated (D) monomers
with various compositions are used and the IR
(and/or Raman) spectra are measured. The H
monomer sequence is cut by an invasion of the D
monomeric units and the vibrational wave propa-
gating over the H monomer sequence is inter-
rupted, resulting in the decrement of the band
intensity. The band intensity is related with the
averaged length of the H sequence or the molar
content of the H species and can be expressed by
a theoretical equation as a function of the H con-
tent. Therefore, by fitting the theoretical curve
with the observed data collected for a series of the
H/D copolymers, we can determine the m of this
band. For example,the Raman band at 243 cm’
was found to have the m of 2-5. That is to say,
this band can be detected in the Raman spectra
for the first time when 2-5 monomers are arranged
into a regular helix conformation. In the case of
the 1251 cm” Raman band, the m is 8-12; in
other words, about 10 monomeric units must be
incorporated into a regular conformation for the
detection of this band, corresponding to about 2
repeating periods of the T,G; helical chain or ca.
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16 A along the chain axis. :

By taking into account these m values, we can
describe the evolution of the regular helix confor-
mation induced by the injection of toluene mole-
cules as follows. Starting from the random coils in
the amorphous region, they are regularized into
the short helical form when the interaction is
started between toluene molecules and the glassy
chains. After that, these short helices grow to
longer and more regular helical chains as detected
by the intensity increase of the bands with high m
values.

2-2. Time-Resolved X-ray Scattering Mea-
surement.

The wide-angle X-ray scattering measurement
was performed as a function of time by using an
imaging plate system (DIP220, MAC Science,
Japan). Starting from the glassy sample, the crys-
talline peaks could be observed when some time
passed after injection of toluene solvent. The
time evolution of the scattering intensity of the
¢rystalline peak is compared with those of IR and
Raman band intensities as shown in Figure 10 (In

Amorphous
Phase

o0

Toluene

Raman
(243, m =2-5)
(o]

(1352, m = 15)
o

intensity
g

X-ray (8 Form)

0°05 1 1.5 2 2.5 3
_ Time/min
Figure 10. Time evolution of relative intensities of IR
bands, Raman bands, and X-ray scattering measured for
the glassy sPS sample exposed to the toluene vapor.
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Figure 11. An illustration of solvent-induced structural
ordering process of sPS glass sample.

this figure the intensities of the IR bands, Raman
bands, and X-ray peaks originating from the
amorphous region were unified to the same
value because these data were collected indepen-
dently by using the samples with different thick-
ness or with the different time scale of transition).
Immediately after the absorption of toluene, the
random coils in the amorphous phase interacts
with the toluene molecules and begin to regular-
ize partly into the short T.G; chain segments, as
seen in the increase of the corresponding IR and
Raman band intensity (m=2-5). After several
times pass, the short helices grow to the longer
helices, as judged from the appearance of the
corresponding bands with higher m values. The
X-ray scattering peaks characteristic of the crys-
talline phase are detected almost at the same tim-
ing with these IR and Raman bands, indicating
the formation of some crystalline clusters by the
aggregation of the long helical segments (see Fig-
ure 11).

2-3. Thermal Motion of the Amorphous
Chains in the Induction Period of Crystalli-
zation.

The glass transition temperature (T,) of sPS is
about 100 °C, much higher than room tempera-
ture. In the general crystallization process of
polymers, the heat treatment is made above T,
As described above, the solvent-induced crystalli-
zation of sPS sample is induced even at room
temperature, much lower than T,. Therefore we
may speculate reasonably that the motion of the
molecular chains in the amorphous region is
accelerated when the chains interact with the sol-
vent molecules. In other words, the solvent is
speculated to play a role of plasticizer to induce
the crystallization of the amorphous phase. In
order to prove this speculation experimentally, the
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molecular motion must be detected directly by
any physicochemical method.

The solid-state NMR method might be one of
the possible candidates. But the induction period
is too short to be detected by this method. Be-
sides, it is difficult to introduce the solvent into
the rapidly spinning NMR sample tube. The mea-
surement of dielectric dispersion spectra might be
another candidate: the dielectric loss neak corre-
sponding to the chan 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. The 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 be-
tween the sample surface and the metal electrode,
since the dielectric constant of solvent (and air)
might be overwhelmingly 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 experimentally awful.

Then we got an idea to measure the change of
the half-width of the infrared band intrinsic of the
amorphous structure before and after the solvent
injection.® *® This is based on such an idea that
the half-width of the 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: the band is

907 aPS
peak position

< )
g - : L, ™ 288 z
€ ) 4 F
s 3 =
3 906 [ O half-width | 28.4 3
& o e z
= 0
8 - - H28.0 3

905...|...|l..|;..|:..|...|.:.\

20 40 60 80 100 120 140 160
Temperature / °C

Figure 12. Temperature dependence of the half-width
and peak position of the infrared band at 907 cm™ mea-
sured for atactic PS sample.
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broader as the motion is more vigorous or the
relaxation time is shorter. In order to confirm the
usefulness of this idea, we measured, as an exam-
ple, the temperature dependence of the half-width
of the infrared band of the amorphous atactic
polystyrene (aPS) sample. Figure 12 shows the
peak position and the half-width of the 907 cm®
amorphous band of aPS measured in the heating
process from room temperature. The half-width
increased steeply above T,, confirming our specu-
lation reasonably. Besides the peak position of the
band shifted to lower frequency side with the
deflection point around T,. Such type of the spec-
tral change could be seen also for the amorphous
band around 560 cm™ and so on.

This technique was actually applied to the pre-
sent case and the peak position and half-width of
the amorphous bands of sPS were measured in
the process of the solvent injection. The results
are shown in Figure 13, where the integrated
intensity of the crystalline bands is also plotted for
comparison. The similar phenomenon can be ob-

sPS / toluene

5 sr2 | e amorphous |
-~ — 40 =]
S 2
2 568 j 36 g
£ g
& ] peak position v 32~

o
x 564 8
& l— 11 o

Intenslty

0.6

0.4 T2G2 (572¢em™)
m=20 - 30

0.2 |
= 42
g T262(549cm)/"
g m=2-4 5 1
£ |
9 0
% 0z2r
S, |_ toluene
Eo'o' OIS USRI I U T T 0 OO 0 0 WO T A O I W A O
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Time / min

Figure 13. Time dependencies of the half-width, peak
frequency, and integrated intensity of the 565 cm™ amor-
phous band of the glassy sPS film measured in the pro-
cess of toluene injection at room temperature, which are
compared with the time dependencies of the integrated
intensities of the crystalline-sensitive bands with different
critical sequence length m and that of the toluene band.
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Figure 14. Time dependencies of the half-width, peak
frequency, and integrated intensity of the 565 cm™ amor-
phous band of the glassy sPS film measured in the pro-
cess of benzene injection at room temperature, which are
compared with the time dependencies of the integrated
intensities of the crystalline-sensitive bands with different
critical sequence length m and that of the benzene band.

served more clearly for the case of benzene injec-
tlon, as shown in Figure 14. 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 565 cm’) began to increase. The peak
position of this band was found to shift to lower
frequency side. Around 2 minute after the solvent
injection, the crystalline bands with short m (549
cm’, m=2-4) started to increase their intensities.
The intensities of the crystalline bands with longm
(5672 cm™, m=20-30) increased a little later than
the bands with short m. From these experimental
data the following scheme may be extracted. After
the injection of solvent, the amorphous chain
interacts with the solvent and accelerates the
mobility even below T,. This chain motion works
as a trigger to cause the conformational ordering
to generate the short helical segments. As the pro-
cess is advanced, the longer helical segments are
grown, which aggregate together to form the crys-
talline lattice as illustrated in Figure 11. At this
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stage of structural ordering, we noticed that the
half-width of the amorphous bands began to
decrease and the peak position shifted toward
higher frequency side, quite contrast to the obser-
vation in the initial stage. These phenomena are
considered to come from the reduction of the
mobility of the amorphous chains which are con-
strained more or less in between the developed
crystalline parts.

Conclusions

In this paper the structural changes occurring in
the isothermal crystallization process of PE from
the melt and the solvent-induced crystallization
process of sPS glass were described by summariz-
ing a series of our original papers. The molecular
structural changes in these phenomena are quite
complicated. Therefore we combined the various
kinds of the techniques and, as a result, we could
clarify these complicated structural changes from
both the microscopic and the macroscopic points
of view or from the different angles. Of course we
have still many unresolved problems to reveal the
essential features of the crystallization processes.
We believe these studies will give us very important
new ideas useful for the development of the novel
polymer materials with systematically-controlied
higher order structure and excellent physical
properties.
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