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Abstract

Scanning electron microscopy, differential scanning calorimetry, IR spectroscopy, and X-ray diffraction analyses were used to character-
ize the unique morphology of cold-crystallized syndiotactic polystyrene (sPS). Cold-crystallization of sPS produced onlya-type unit cell
packed into crystalline domains of different morphologies. The morphology contains a granular-sphere texture when cold-crystallized at low
temperatures while high-temperature cold-crystallization produced additional sheaf-like lamella radiating out from the central spheres.
Details of this interesting morphological feature are expounded in the paper.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Most semicrystalline polymers possess only one type of
crystal unit cell, but some others may possess polymorphism
with different chain-packing crystals. Interestingly, syndio-
tactic polystyrene (sPS) may possess various combinations
of four different unit cell forms (a, b, g, d) depending on the
thermal history and/or solution treatments [1–4]. Normally,
co-existinga andb forms are obtained with melt-processed
sPS. Thea andb forms are more common and associated
with polymer chains in trans-planar (zig-zag) conformation
while the g and d forms are with a helical conformation
[5,6]. In addition, many recent studies point out that melt-
crystallization at high temperatures preferentially favors the
formation of theb-form [7–10].

Morphology in cold-crystallized sPS has been less
studied. Cold-crystallization means crystallization of
polymers from a quenched glassy/amorphous state. It has
been preliminarily shown that cold-crystallized sPS differs
significantly from melt-crystallized sPS in crystal forms and
melting behavior [11]. This study is aimed to understand in
greater detail the main characteristics of spherulitic or
lamellar morphology and the relationship between morphol-
ogy, unit cell crystal forms, and thermal behavior in cold-
crystallized sPS.

2. Experimental

2.1. Materials and procedures

Semicrystalline sPS was obtained as a courtesy sample
material from Idemitsu Petrochemical Co., Ltd., Japan, with
a medium Mw� 63,000 g/mol and PI (Mw/Mn)� 2.8
(powder form). DSC characterization revealed thatTg of
quenched glassy sPS is 848C (onset). The grade of sPS
used in this study possesses a much lower molecular weight
than the earlier study [11]. For cold-crystallization, initially
amorphous sPS was prepared as a starting material. Amor-
phous sPS (free of initial crystallinity) as a starting material
was prepared by heating the as-received sPS (powder) to
3108C, compression-molded into a thin film (between two
aluminum plate molds), then quickly quenched into liquid
nitrogen or iced water. Transparent, crystal-free, amorphous
sPS material was obtained upon quenching. The amorphous
sPS film was then cut into disks of proper sizes for various
thermal treatments (cold-crystallization at designated
temperatures for various times). For exact temperature accu-
racy, all thermal treatments of sPS samples were performed
in the cells of the differential scanning calorimeter. Thermal
treatments were properly done prior to X-ray diffraction or
SEM characterization.

2.2. Apparatus

Differential scanning calorimetry (DSC-7, Perkin–
Elmer) was used for determining the melting transition
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temperatures and enthalpy of melting peaks. A uniform
heating rate of 108C/min was used in allTm measurements
unless otherwise specified. The instrument was calibrated
with indium and zinc standards at 108C/min on the tempera-
ture and heat of the transitions. The spherulitic/lamellar
morphology of the samples was examined using a scanning
electron microscope (SEM, Philips XL-40 FEG). Etching by
2% potassium permanganate in H3PO4 1 H2SO4 (1:2) solu-
tion (24 h at ambient) was performed to enhance crystalline/
amorphous contrast. The washed/dried samples were then
coated with gold by vapor deposition using a vacuum sput-
ter prior to SEM characterization. The X-ray instrument
was Rigaku D/Max II-B with copper Ka radiation
(l � 1.542 Å), which was used for determining the unit-
cell packing. Specimens for X-ray characterization were
prepared in DSC cells using similar thermal treatments as
described for the thermal analysis samples. Fourier-trans-
form infrared spectroscopy (FT-IR, Nicolet Magna-560)
was also used for investigating the crystal forms in cold-
crystallized sPS. Spectra were obtained at 2 cm21 resolution
and averages of spectra were obtained from at least 64 scans

in the standard wavenumber range of 400–4000 cm21. All the
samples for FT-IR analysis were molded as thin films sand-
wiched between two KBr pellets heated at,3008C. Quench-
ingof the samples wasperformedbyquickly dipping them into
liquid nitrogen while the KBr-sandwiched polymer was still in
a molten state.

3. Results and discussion

To understand the mechanism of crystal packing and/or
lamellar characteristics in cold-crystallized sPS in detail,
sPS samples were brought to crystallization from the
amorphous/glassy state to several isothermal tempera-
tures: 150, 175, 200, 225, 250, or 2608C. They were
brought to cold-crystallization at designated temperatures
and quickly stabilized; subsequently, upon completion,
they were quenched immediately to ambient. These
procedures were crucial for the purpose of avoiding addi-
tional crystal formation during the heating or cooling of
the transients. Fig. 1(a)–(g) shows X-ray diffractograms
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Fig. 1. X-ray diffractograms for (a) amorphous sPS, and sPS samples cold-
crystallized at (b) 150, (c) 175, (d) 200, (e) 225, (f) 250, and (g) 2608C for
120 min.

Fig. 2. FT-IR spectra of (a) the quenched sPS (amorphous), and cold-crys-
tallized sPS at (b) 175, (c) 200, (d) 225, and (e) 2508C, all for 120 min.



for (a) amorphous sPS and sPS cold-crystallized at (b)
150, (c) 175, (d) 200, (e) 225, (f) 250, and (g) 2608C
for 120 min. Interestingly, only thea-form crystal is
present, and all characteristic peaks of theb-crystal
(2u � 6.1, 10.4, 12.3, 13.6, 18.6, 20.2, 21.3 and 23.98)
are absent from the cold-crystallized sPS. Depending on
crystallization temperatures, thea-form can be sub-
divided into two minor forms:a 0-crystal at temperatures
below 1758C anda 00-crystal at temperatures above 2008C.
The samples cold-crystallized at lower temperatures (i.e.
150 and 1758C) exhibited three diffraction peaks at
2u � 6.7, 11.8, and 18.08, which are thea 0 forms [2].
But the sPS samples cold-crystallized at higher tempera-
tures of 200, 225, 250, or 2608C exhibited sharper diffrac-
tion peaks at 2u � 6.8, 10.3, 11.7, 14.0, 15.6, 17.0, and
20.28, which are typical ofa 00-crystal [2]. The peak at
20.28 is characteristic of thea andb forms and is present
regardless of thermal treatment. The X-ray result indi-
cates that thea-form crystal (hexagonal unit cell) is the
dominant crystalline domain in cold-crystallized sPS,
with two sub-forms (a 0- and a 00-crystals), and that high
temperatures favora 00-crystal and lower temperatures
favor a 0-crystal (,1758C).

Fig. 2(a)–(g) displays the FT-IR spectra of (a) the
quenched sPS (amorphous) and (b)–(g) cold-crystallized
sPS at 150, 175, 200, 225, 250, and 2608C for 120 min,
respectively. The absence of the 1222 cm21 peak suggests
that this is indeed an amorphous sPS. For the cold-crystal-
lized sPS, a peak at 1222 cm21 was clearly seen, which is
associated witha-crystal molecular chain trans-skeletal
conformation [12–15]. Spectrum-a reveals a peak at
905.5 cm21 for the amorphous sPS. For the cold-crystallized
sPS samples, a sharper peak at 901.7 cm21 (adjacent to the
905.5 cm21 peak) was seen, which is indicative ofa-crys-
tals. Additionally, for the sPS cold-crystallized at 2008C,
there are two small but distinct peaks located at 856.8 and
852 cm21, respectively, indicatinga 0- anda 00-crystals [12–
15]. The IR result confirmed that only thea-crystal (a 0- and
a 00-crystals) was found in the cold-crystallized sPS. This
confirms that thea 0-crystal was favored at lower-tempera-
ture cold-crystallization (1758C), but a combination ofa 0-
anda 00-crystals co-existed at medium temperatures (2008C).
Only thea 00-crystal was obtained when cold-crystallized at
higher temperatures above 2258C.

DSC analysis was then performed to reveal the thermal
characteristics of cold-crystallized sPS. Fig. 3 shows DSC
thermograms (a)–(f) for sPS cold-crystallized at isothermal
temperatures: (a) 150, (b) 175, (c) 200, (d) 225, (e) 2508C,
all for 30 min, and (f) 2608C for 120 min. Evidently, the
thermal behavior as seen in the DSC thermograms exhibits
a continuous trend of variation depending on the tempera-
ture of cold-crystallization imposed on the samples. In
general, as the cold-crystallization temperature increases,
the breadth of the melting peaks (as indicated by the
double-arrow range) decreases. A rather broad endothermic
melting peak is observed when crystallized at 150–2008C.
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Fig. 3. DSC thermograms for sPS cold-crystallized at isothermal tempera-
tures: (a) 150, (b) 175, (c) 200, (d) 225, (e) 2508C, all for 30 min, and (f)
2608C, for 120 min.

Fig. 4. DSC results (scanning rates 5–408C/min) on sPS cold-crystallized at
(A) 2258C and (B) 1508C.



Further, the melting behavior of the crystals in sPS cold-
crystallized at higher temperatures (225–2608C) is seen to
be significantly different from the sPS sample cold-crystal-
lized at 1508C. First, the samples crystallized at tempera-
tures between 175 and 2008C exhibit a broad melting peak
superimposed with a minor but sharper shoulder endother-
mic peak. At higher temperatures of cold-crystallization, the
sharper peak rapidly shifts to a higher temperature. For the
sPS cold-crystallized at 2608C, the sharp shoulder peak is
almost overlapped with the peak of the broad endotherm.
This phenomenon may be due to other lamella developed in
sPS cold-crystallized at higher temperatures above 2258C.

DSC runs at different rates were performed on sPS
samples cold-crystallized at low and high temperatures.
Fig. 4(A) and (B) shows the DSC results (scanning rates
5–408C/min) on sPS cold-crystallized at (A) 2258C and
(B) 1508C. For the sPS samples cold-crystallized at
2258C, the samples exhibited dual sharp melting peaks.
The dual melting peaks were not considered as a result of
melting/reorganization. If the reorganization mechanism
had been correct in this case, the intensity of the higher
melting peak (268–2708C) would have been diminished
and the position of the higher melting peak shifted to a

lower temperature upon scanning at higher rates, which is
not the case. For the sPS cold-crystallized at 1508C, all
samples exhibited a similar breadth of melting range regard-
less of scanning rates. It was thus difficult to assess whether
re-organization was responsible. It is likely, but no direct
evidence could be obtained.

A more revealing difference in morphology was found on
examining the lamellar structure by using POM and SEM.
For direct comparison, the POM and SEM results are placed
side by side. Fig. 5 shows the POM and SEM morphology
for the sPS samples of different thermal treatments: (A-
1&2) cold-crystallized at 1508C, in comparison with (B-
1&2) cold-crystallized at 2258C, and (C-1&2) cold-crystal-
lized at 2608C, all for 120 min. The optical graph (A-1)
shows tiny granular structures in sPS cold-crystallized at a
low temperature of 1508C. Graph A-2 shows the morphol-
ogy in sPS cold-crystallized at 1508C revealing small
granular crystallites of less than 80 nm. Unlike regular
spherulites grown from the molten state, no bundles of
lamellae were found (or visible) inside the granular spheres
of cold-crystallized sPS. Thus, cold-crystallization (at
1508C) yielded a unique morphology of aggregation of
many tiny underdeveloped spherulites, which may be due
to higher nucleation rates and lower molecular mobility
during lower crystallization temperature. At low tempera-
tures, the high nucleation rate means that many nuclei
develop at the same instant, thus leaving less material for
later lamellar growth. On the other hand, Graphs B-1&2
show that post-development of lamellar morphology
surrounding the tiny spheres was observed if the sPS was
cold-crystallized at increasingly higher temperatures (225,
2608C). The POM graph (B-1) shows that when cold-crys-
tallized at the higher temperatures of 225 or 2608C, only
lamellar structures were visible, lacking a spherulitic bire-
fringence pattern. The SEM graphs (B-2 and C-2) show that
sPS, cold-crystallized at 225 or 2608C for 120 min, devel-
oped a peculiar morphology consisting of tiny crystals in the
spherical center with secondary lamellae radiating out from
the spheres.

If one combines the results of POM, SEM, FT-IR, and
DSC analyses, interesting clues can be found. The addi-
tional peak (the lower one of the twin peaks) found in sPS
cold-crystallized at temperatures higher than 2258C is possi-
bly associated with the melting of sheaf-like lamellar
bundles (which radiate out from the central tiny spheres or
spherulites). The sheaf-like lamellae possess a relatively
narrow thickness distribution, as judged from the sharp
melting peak. The radiating lamellae outside the spheres
can be thickened more readily when held at higher tempera-
tures (225–2608C), which was evidenced by the experimen-
tal observation that higher cold-crystallization temperature
led to an elevating peak temperature. By comparison, possi-
bly owing to geometric constraints, the broad-distributed
lamella inside the granular spheres cannot be thickened
(as a population) with respect to higher temperatures as
easily as the sheaf-like lamella grown outside the small

Y.S. Sun, E.M. Woo / Polymer 42 (2001) 2241–22452244

Fig. 5. POM and SEM graphs, respectively, for sPS samples: (A-1&2) cold-
crystallized at lowTcc� 1508C, (B-1&2) cold-crystallized atTcc� 2258C,
all for 120 min, and (C-1&2) cold-crystallized atTcc� 2608C, all for
120 min.



granular spheres. The granular spheres contain a broad
lamellar distribution of various thicknesses (with the peak
of the broad melting endotherm at ca. 2688C regardless of
the temperature of cold-crystallization. It must be empha-
sized here that sPS, originally cold-crystallized at low
temperatures. (150–200) and subsequently scanned to
high temperatures (such as 225–2608C), did not produce
the sheaf-like lamellae. Only sPS directly subjected to
high-temperature cold-crystallization (at 225–2608C)
produced additional sheaf-like lamella radiating out from
the central spheres.

4. Conclusions

Cold-crystallization of sPS (Mw� 63,000 g/mol
produced onlya-type unit cell, packed to form two major
crystalline domains of different lamellar morphologies
depending on temperatures. Thea-type unit cell crystal in
cold-crystallized sPS is consistent with earlier studies [11]
on sPS of higher molecular weights (Mw� 240,000 g/mol).
The spherulite morphology ofa-cell sPS contains a tiny
granular-sphere texture when cold-crystallized at low
temperatures; however, high-temperature cold-crystalliza-
tion produced additional sheaf-like lamella radiating out
from the central granular spheres.

The thermal behavior, lamellar morphology, and correla-
tions between melting and different lamellae in the cold-
crystallized a-cell sPS were also investigated. The tiny
granular spherulites, produced in low-temperature cold-
crystallization, yielded a broad melting endotherm with
the peak temperature remaining almost constant at 268–
2708C, which may be attributed to roughly similar lamellae
thickness distribution in the tiny spherulites regardless of
the temperature of cold-crystallization. On the other hand,
the sheaf-like lamella (radiating outside the spheres)
produced in high-temperature cold-crystallization yielded

a rather sharp melting peak superimposed on the original
broad melting peak.
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