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ABSTRACT: The solid-state structure of syndiotactic polystyrene (s-PS) after crystalli-
zation from the melt and the glassy state was examined by differential scanning
calorimetry (DSC), density, and X-ray diffraction analysis. It was possible to prepare
semicrystalline s-PS containing either the pure �- or the pure �-crystalline form by melt
crystallizing s-PS from 280 or 330°C. The measurements confirmed the low density of
both crystalline forms, which in the case of �-crystalline form was smaller and in the
case of �-crystalline form was only slightly larger than the density of the glassy
amorphous s-PS. An endeavor to introduce the crystalline phase in s-PS through cold
crystallization at constant temperature above the glass transition resulted in a complex
ordered phase. This ordered phase, depending on the crystallization temperature,
contained the planar chain mesomorphic phase and the �-crystalline phase with a low
degree of perfection (cold crystallization in the range 120–175°C) or a mixture of the �-
and �-crystalline forms with a high degree of perfection (cold crystallization in the
range 210–260°C). The combination of DSC and X-ray measurements enabled us to
resolve the complex ordered structure in semicrystalline s-PS after cold crystallization.
© 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 2705–2715, 2002
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INTRODUCTION

Since it was first synthesized in the 1980s, syn-
diotactic polystyrene (s-PS) generated a strong
practical and research interest because of its im-
pressive material properties and unusual poly-
morphism of the solid-state structure. The solid-
state structure of s-PS is very unusual and sev-
eral polymorphic crystalline forms and the
mesomorphic form were observed. Four main
polymorphic crystalline structures were assigned

by Guerra et al., as �, �, �, and �.1 These various
crystalline forms differ by the conformation order
and by the mode of crystalline packing of chains
having the same conformation order. Two sol-
vent-induced crystalline forms � and � forms con-
tain helical chains with conformation order TTGG
and identity period c � 7.8 Å. Thermal crystalli-
zation results in either �- or �-crystalline forms.
Both �- or �-crystalline forms exhibit planar zig-
zag chain conformation order (TTTT) with iden-
tity period c � 5.1 Å. Figure 1(a–c) shows models
of �- and �-crystalline forms drawn to scale. Car-
bon and hydrogen atoms are also drawn according
to their van der Waals radii.

The structure of the �-crystalline form, first
proposed by Chatani et al., is shown in Figure
1(a).2 This crystalline form is distinguished by
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Figure 1 Scale models of �- and �-crystalline forms of s-PS: (a) �-crystalline form; (b)
�-crystalline form (by Greis); (c) �-crystalline form (De Rosa).
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orthorhombic chain packing with unit cell dimen-
sions a � 8.81 Å, b � 28.82 Å, and c � 5.1 Å. The
crystalline density of the �-crystalline form, 1.068
g/cm3, calculated from the parameters of the unit
cell, is quite loose, and it is only slightly larger
than the density of the amorphous s-PS, 1.045
g/cm3.3 In the �-crystalline form, first the chains
are packed in the clusters (triplets), each contain-
ing three chains. The backbones of these three
chains make a core of the triplet, whereas the
phenyl rings are pointed toward the periphery.
Three triplets (nine chains) are included in a tri-
gonal unit cell with unit cell dimensions a � b
� 26.26 Å, c � 5.1 Å. Two possible models of chain
packing in the �-crystalline phase are shown in
Figure 1(b,c). Greis et al. proposed a packing
model in which three triplets are considered at
the same height with two identically positioned
triplets and one rotated by 180°C [Fig. 1(b)].4

DeRosa et al. proposed that the triplets have a
relative shift c/3 along c-axis and rotated by 30°
relative to azimuthal position of the triplets in the
Greis model [Fig. 1(c)].5 Despite the differences,
both models predict the same density of the �
form, 1.033 g/cm3, which is smaller than the den-
sity of the amorphous phase as in the case with
P4MP1. Two structural models predict different
distribution of an unoccupied space in crystalline
s-PS, which is responsible for the low density of
the � crystals. In the Greis model [Fig. 1(b)], the
structure exhibits large channels. Six channels,
adjacent to the sides of each triplet, have almost
circular aperture about 5 Å in diameter. In the De
Rosa model of the � form, the unoccupied space
almost uniformly surrounds each triplet in the
form of a hollow cylinder with a thickness about
3–4 Å.

Crystalline s-PS demonstrates a variety of var-
ious crystalline forms. Depending on crystalliza-
tion conditions, both pure �- and �-crystalline
forms as well as their mixture could be found
when s-PS is crystallized from the melt state.1,6

When s-PS is cold crystallized above its glass
transition temperature, the structure, in addition
to the crystalline phase, contains the mesomor-
phic phase, which is characterized by the confor-
mational order with lack of or very poorly devel-
oped structural order.7,8,9 Complex ordered struc-
ture containing several crystalline phases and the
mesomorphic phase pose a question of how to
distinguish these different phases and measure
their fractions.

EXPERIMENTAL

Sample Preparation

s-PS with an average molecular weight Mw �
300,000 g/mol and polydispersity Mw/Mn � 2 was
generously supplied in pellet form by the Dow
Chemical Co., Midland, MI. Specimens, in the
form of 165 � 165-mm-wide and 1-mm-thick rect-
angular plaques, were prepared by compression
molding of melted pellets directly between two
polished steel platens. The platens were placed in
a press and preheated at a selected mold temper-
ature for 15 min without pressure. Then, the
pressure was increased to 30,000 psi and re-
leased; this cycle was repeated two times to en-
sure that the plaques would be free of bubbles.
Finally, the platens were held at 30,000 psi for 15
min and either quenched to ice water to prepare
the amorphous samples or cooled in the press to
prepare the melt-crystallized samples. To prepare
the amorphous samples, plaques were molded at
315°C. Two other mold temperatures were also
chosen to prepare samples containing either pre-
dominantly �- or �-crystalline form. Low, 280°C,
mold temperature was chosen to prepare samples
containing �-crystalline form, and high, 330°C,
mold temperature was used to prepare samples
containing �-crystalline form. It was shown else-
where that molding at low temperature facili-
tated the predominant formation of the �-crystal-
line form, whereas molding at high temperature
facilitated the formation of the � form.6,8 Sam-
ples, molded at 330°C, were left out in the hot
press, after turning the electric power off, to allow
the system to cool to room temperature overnight.
It was imperative for the predominant formation
of the � form to cool samples slowly. The cooling
rate in the temperature range of crystallization
was approximately 0.5°C/min. Three different
cooling regimes were considered to prepare sam-
ples containing the �-crystalline form with an
objective to vary the degree of crystallinity. The
crystallization rate was shown to be an unimpor-
tant factor for the predominant formation of the
�-crystalline form. Molded at 280°C, samples
were cooled quickly by running cold water in the
press. The cooling rate in this case was approxi-
mately 10°C/min. Samples were cooled slowly by
turning the electrical power off, as in the case of
samples prepared by melt crystallization from
330°C. We also developed the regime when sam-
ples were cooled very slowly by lowering temper-
ature 1°C every 10 min (steplike cooling regime).
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During the molding and crystallization proce-
dure, the press was covered with temperature-
resistant cloth, and nitrogen purge was arranged
inside the cover to prevent samples from de-
grading at high temperature. For cold crystal-
lization, sealed in the aluminum foil, amor-
phous plaques of s-PS were annealed in the oil
bath for 1 h at a constant temperature in the
range 120 –260°C.

Characterization Techniques

Several methods were used to characterize the
solid-state structure. Density was measured by
using a gradient column constructed from liquid
solution of diethylene glycol/ethylene glycol in ac-
cordance with ASTM-D 1505 Method B. The col-
umn was calibrated with glass floats of known
density. Small pieces (� 25 mm2) were placed in
the column and allowed to equilibrate for 15 min
before the measurements were taken. The exper-
imental error of the density measurements did
not exceed �0.001 g/cm3. The crystallinity from
density was calculated only for melt-crystallized
samples by using a simple two-phase model with
constant density of amorphous phase, 1.045
g/cm3, and constant densities of crystalline
phases, 1.033 g/cm3, for the � form, and 1.068
g/cm3 for the � form. Volume and weight fractions
of crystallinity measured in semicrystalline s-PS
within experimental error were the same because
of the very small difference between the densities
of amorphous and pure crystalline phases. The
differential scanning calorimetry (DSC) experi-
ments were carried out by using a Rheometrics
Scientific DSC Plus. The instrument was cali-
brated with indium, tin, lead, and sapphire stan-
dards. Heating scans were recorded at 10°C/min
over the temperature range 30–320°C. Crystal-
linity from DSC data was calculated by using a
heat of fusion of the perfect crystal, 53.2 J/g.10

Wide-angle X-ray scattering measurements were
conducted with automatic powder diffractometer
Philips Model APD 3520 by using nickel-filtered
Cu-K� radiation (wavelength 1.542 Å). Powder
samples were scanned within scattering angle
range 2� from 5 to 30° at 0.001°/min. The degree
of crystallinity was calculated from intensities
scattered by the crystalline and amorphous re-
gions. The experimental peak intensities were
corrected by using the Lorentz factor L � 1/(sin2 �
cos �).

RESULTS AND DISCUSSION

Melt Crystallization

Figure 2 shows WAXS diffractograms of samples
melt crystallized by cooling from 330 and 280°C.
Samples crystallized from the melt by slow cool-
ing from 330°C revealed the diffraction pattern
typical of pure �-crystalline form. Moreover, the
pattern suggested that this was limiting ordered
modification, ��, of the � form.1,11 The diffracto-
gram contained characteristic peaks at 2� � 6.2
(020), 10.4 (110), 12.2 (040), 13.6 (130), 18.6 (060),
20.2(111), 21.3 (041), 23.9 (170), and 24.9° (080),
which are generally attributed to the � form. The
� form could exist in either limiting disordered
modification �� or limiting ordered modification
��. When limiting ordered modification, ��, is
formed, the diffractogram shows additional re-
flections located at 2� � 11.8 and 15.8°, which
were absent in our case. The difference between
�� and �� modifications of the �-crystalline form
can be understood in terms of stacking two kinds
of macromolecular bilayers. These two bilayers
have different orientation of lines connecting two
adjacent phenyl rings. The ordered modification
is distinguished by regular alternating of these
two orientations [Fig. 1(a)], whereas in disordered
modification, these orientations are alternated
randomly. Limiting ordered modification, ��, is
typically obtained when films of s-PS are pre-
pared by casting from certain solvents at elevated
temperatures.1,2 The formation of the �� form is
common when samples are crystallized directly
from the melt.

Figure 2 WAXS diffractograms of s-PS crystallized
from melt state: (a) from 330°C; (b) from 280°C (very
slow); (c) from 280°C (slow); (d) from 280°C (fast).
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All samples melt crystallized from 280°C fast,
slow, or very slow (steplike cooling regime) exhib-
ited similar diffraction pattern, typical for pure
�-crystalline form, with peaks located at 2� � 6.7
(110), 10.3 (210), 11.7 (300), 13.5 (220), 14.0 (310),
15.6 (400), 17.9 (410), 20.4 (211), 22.2 (510), and
23.8° (600). Peaks located at 2� � 6.7, 11.7, 13.5,
17.9, 20.4, 22.2, and 23.8° are generally assigned
to the �-crystalline form.5 Three additional char-
acteristic peaks located at 2� � 10.3, 14, and 15.6°
indicated that this was limiting ordered modifica-
tion, ��, of the � form. These three peaks are
absent in the case of limiting disordered modifi-
cation, ��, of the � form. Limiting ordered modi-
fication, ��, according to De Rosa, shows an order
in the positioning of the triplets [Fig. 1(c)] (e.g.,
considering any three adjacent triplets in the
structure); one triplet always is oriented in one
direction and the other two are rotated by 60°
relative to the orientation of the first triplet. Al-
though the orientation of one and the other two
triplets are different, these two orientations are
isosteric with respect to the orientation of the
phenyl rings. The phenyl rings in each triplet are
oriented in the same manner despite the triplet
rotation. In the limiting disordered modification,
��, the distribution of the two isosteric orienta-
tions between triplets is random. In terms of the
distribution of unoccupied space, limiting ordered
and limiting disordered modifications must be
identical. The formation of limiting ordered mod-
ification, ��, of the � form is typically associated
with crystallization from the melt. In turn, cold
crystallization from the glassy state typically re-
sults in the formation of limiting disordered mod-
ification, ��.5,12

Figure 3 shows DSC scans of samples crystal-
lized from the melt state. Samples melt crystal-
lized quickly and slowly from 280°C showed sim-
ilar thermograms with single melting peak at
about 270°C. Samples melt crystallized very
slowly from 280°C (steplike regime) exhibited two
melting peaks with maximums located at about
270 and 280°C. Low-temperature peak was larger
and broader than the high-temperature peak.
Samples melt crystallized from 330°C showed two
melting peaks with the maxima located at 260
and 270°C. These peaks exhibited similar width;
however, the low-temperature peak was smaller
than the high-temperature peak. Melt-crystal-
lized s-PS containing the �-crystalline phase usu-
ally shows a single melting peak with a maximum
at about 270°C.1,3 It was surprising to observe
two melting peaks for s-PS after melt crystalliza-

tion from 280°C using steplike cooling because
this cooling regime also resulted in the �-crystal-
line form. In contrast, double-peak melting be-
havior for samples containing the �-crystalline
form is very common.3,11

The interpretation of dual-peak melting behav-
ior, which is frequently observed in semicrystal-
line polymers, has been a subject of controversy
for the last 20 years.13 Two different explanations
of this phenomenon were proposed. The melting-
recrystallization model explains two-peak melt-
ing, assuming that the low-temperature peak rep-
resents melting of kinetically the most favorable
population of lamellae, associated with certain
average lamellae thickness. This population is
developed when samples are cooled from the melt.
High-temperature peak represents the melting of
thicker lamellae formed from the original lamel-
lae during their partial melting and recrystalliza-
tion during the DSC scan.14,15 The dual lamellar
thickness model explains double-endothermic be-
havior differently. It considers the concurrent for-
mation of the two populations of thin and thick
lamellae formed upon crystallization from the
melt. The low-temperature melting peak is then
associated with melting of thinner lamellae and
the high-temperature melting peak is associated
with melting of thicker lamellae.16,17 There is
strong evidence, presented elsewhere, based on
the X-ray observations conducted during the tem-
perature scan, the dependence of melting behav-
ior on heating rate, that the dual-peak melting
behavior for the �-crystalline form is in good
agreement with the melting-recrystallization

Figure 3 Melting thermograms of s-PS crystallized
from melt state: (a) from 330°C; (b) from 280°C (very
slow); (c) from 280°C (slow); (d) from 280°C (fast).
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model.1,3 In turn, the explanation of dual melting
behavior of the � crystals formed upon steplike
cooling regime, based on our observations, seems
to be in better agreement with the dual lamellar
thickness model. The low-temperature melting
peak with the maximum at 270°C is associated
with the melting of a large population of thinner
lamellae formed within a narrow cooling temper-
ature range, at about 260°C, upon cooling. Simi-
lar crystalline population is always present when
samples of s-PS are cooled fast or moderately slow
from 280°C. Melting of this crystalline population
resulted in a single melting peak located at 270°C
(Fig. 2). High-temperature peak with maximum
at 280°C most likely is associated with the melt-
ing of a small population of thicker lamellae
formed at higher than 260°C temperatures dur-
ing this very slow cooling.

Table I reports densities and crystalline frac-
tions of melt-crystallized samples determined by
the X-ray, density, and DSC methods. We in-
cluded in the table, in addition to the densities of
semicrystalline s-PS, the densities of the amor-
phous syndiotactic and atactic polystyrene. The
atactic polystyrene (a-PS), also supplied by the
Dow Chemical Co., exhibited the molecular
weight and polydispersity similar to the s-PS. It
was interesting to compare the densities of these
two amorphous polymers to understand whether
the tacticity influenced the packing of polystyrene
chains in the amorphous state. The measure-

ments showed that the densities of amorphous
s-PS and a-PS were identical within reported ex-
perimental error. Therefore, tacticity had no ef-
fect on density and, subsequently, on overall
packing of polystyrene chains in the amorphous
state. A similar conclusion was drawn elsewhere
after comparing the densities of amorphous atac-
tic and isotactic polystyrenes.18

Semicrystalline s-PS containing the �-crystal-
line form exhibited smaller density and semicrys-
talline s-PS containing the �-crystalline form ex-
hibited larger density than the density of amor-
phous s-PS. The crystalline fractions determined
by using DSC and density methods agreed rea-
sonably well. Reasonable agreement between the
crystalline fractions as determined by DSC and
density measurements indicated that partially
crystallized from the melt s-PS obeyed a two-
phase model. This fact was consistent with the
flexible nature of chain backbone in s-PS. An
agreement between crystallinities determined by
DSC and density methods confirmed that it was
reasonable to use the same heat of fusion for the
perfect crystal, 53.2 J/g, to calculate the crystal-
linity in s-PS containing either �- or �-crystalline
forms. In fact, it is not very clear why very differ-
ent crystalline structures such � and � forms
exhibit very similar heat of fusion for the perfect
crystal. We found that the X-ray crystalline frac-
tions were notably lower than those obtained by
DSC and density. Average difference between

Table I Densities and Crystallinities of Melt-Crystallized and Cold-Crystallized s-PS

Materials
Density
(g/cm3)

Density
Crystallinity

DSC
Crystallinity

X-ray
Crystallinity

Fraction

� �

Amorphous a-PS 1.046 � 0.001 0 0 0 —
Amorphous s-PS 1.045 � 0.001 0 0 0 —
s-PS melt-crystallized from 280°C (fast) 1.040 � 0.001 0.42 � 0.08 0.42 � 0.04 0.27 � 0.04 1 0
s-PS melt-crystallized from 280°C (slow) 1.040 � 0.001 0.42 � 0.08 0.44 � 0.04 0.33 � 0.05 1 0
s-PS melt-crystallized from 280°C (very

slow) 1.040 � 0.001 0.42 � 0.08 0.47 � 0.05 0.31 � 0.05 1 0
s-PS melt-crystallized from 330°C (slow) 1.058 � 0.001 0.57 � 0.05 0.51 � 0.05 0.37 � 0.05 0 1
Cold-crystallized at 120°C 1.046 � 0.001 — 0.23 � 0.03 0 —
Cold-crystallized at 130°C 1.046 � 0.001 — 0.40 � 0.04 0.12 � 0.02 —
Cold-crystallized at 140°C 1.044 � 0.001 — 0.47 � 0.04 0.16 � 0.02 —
Cold-crystallized at 150°C 1.044 � 0.001 — 0.48 � 0.04 0.20 � 0.03 —
Cold-crystallized at 160°C 1.046 � 0.001 — 0.49 � 0.04 0.23 � 0.03 —
Cold-crystallized at 175°C 1.047 � 0.001 — 0.49 � 0.04 0.24 � 0.03 —
Cold-crystallized at 210°C 1.046 � 0.001 — 0.50 � 0.04 0.27 � 0.03 0.86 0.14
Cold-crystallized at 240°C 1.046 � 0.001 — 0.49 � 0.04 0.31 � 0.04 0.80 0.20
Cold-crystallized at 260°C 1.046 � 0.001 — 0.52 � 0.04 0.33 � 0.04 0.68 0.32
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DSC and X-ray crystalline fractions for melt-crys-
tallized s-PS was practically constant, 0.14
� 0.02. Smaller crystalline fractions, as deter-
mined by X ray, indicated that the X ray was
probably less sensitive than the DSC and density
methods to detect crystals which are too small to
produce the discrete X-ray reflections. A similar
kind discrepancy was reported for semicrystalline
isotactic polystyrene.18

Cold Crystallization

Figure 4 shows WAXS diffractograms of s-PS cold
crystallized for 1 h at various temperatures. The
figure also shows the diffractogram for an amor-
phous sample. Amorphous samples exhibited a
broad halo consisting of two broad overlapping
peaks with maxima at 2� � 9.3° and 2� � 19.4°.
Two-peak amorphous halo is a characteristic fea-
ture of amorphous PS and its origin was dis-
cussed elsewhere.19 Samples annealed at 120°C
exhibited the diffraction pattern, which was prac-
tically indistinguishable from the amorphous
halo. Annealing at 130°C, a temperature within
cold-crystallization range of s-PS, resulted in
some distinguishable changes in the form of X-ray
diffractogram compared to that for amorphous
sample. The diffractogram revealed practically
the same two-peak feature typical of the amor-
phous halo. However, the peak maximums shifted
toward the larger scattering angles and the main

amorphous halo peak significantly sharpened.
Annealing in the range 140–175°C showed the
appearance and sharpening of three broad reflec-
tions located at 2� � 6.7°(110), 11.7°(300), and
13.5°(220) associated with the formation of the ��
limiting ordered modification of the � form. The
sharpening of these reflections indicated the
transformation of crystals with lower degree of
perfection toward higher degree of perfection. The
� crystals were fully formed only after annealing
at 210°C. Above 210°C, the sharpness of the char-
acteristic reflections, assigned to the �-crystalline
form, remained practically unchanged. Starting
at 210°C, several new reflections located at 2�
� 6.2(020), 10.4(110), 12.2(040), 18.6(060),
23.9°(170) appeared in the diffractogram. These
reflections were assigned to the �-crystalline form
(Fig. 2). Therefore, cold crystallization at higher
temperatures resulted in the formation of a mix-
ture of �- and �-crystalline forms. At higher tem-
peratures, the intensities of the reflections asso-
ciated with the �-crystalline form increased in
comparison with the reflections associated with
the � form, indicating the growth of �-crystalline
fraction in the mixture.

The fractions of two crystalline forms were
evaluated by using the method proposed by
Guerra et al.1 According to this method, two over-
lapping peaks at 2� � 11.7° (associated with the �
form) and at 2� � 12.2° (associated with the �
form) were considered in the diffractogram. The
deconvolution of these two peaks for the samples
cold crystallized at 210, 240, and 260°C is shown
in Figure 5(a–c). After peak deconvolution, the
areas of the two peaks, A(11.6°) and A(12.2°),
were measured and the relative fraction of the �
form in the total X-ray crystalline fraction was
calculated according to the empirical formula:

P� �
1.8A�11.6°	/A�12.2°	

1 � 1.8A�11.6°	/A�12.2°	
(1)

The fractions of �- and �-crystalline forms in the
total crystallinity are reported in Table I. Al-
though after cold crystallization at 210°C the rel-
ative fraction of the � form was only 0.14, after
cold crystallization at 260°C this fraction was al-
ready rather significant, 0.32.

The concurrent formation of � and � crystals is
common when s-PS is crystallized from the melt
at certain conditions, usually associated with rel-
atively high temperature of the melt and moder-
ate cooling rates.1 Cold crystallization is normally

Figure 4 WAXS diffractograms of s-PS cold crystal-
lized from glassy state at different temperatures.
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associated with the formation of the mesomorphic
phase or �-crystalline form. The concurrent for-
mation of �- and �-crystalline forms upon cold
crystallization is unusual. This unusual behavior
was attributed to an abrupt heating of amorphous
s-PS in the oil bath. Abrupt heating prevented
amorphous s-PS from rapid filling of the structure
of s-PS with kinetically more favorable �-crystal-
line form at large supercoolings. When the tem-
perature was already high, the rates of the for-
mation of both crystalline forms were compara-
ble, and the mixture of � and � crystals was
developed in semicrystalline s-PS.

Figure 6 shows DSC thermograms of amor-
phous samples cold crystallized 1 h at various
temperatures above glass transition temperature.
Amorphous samples exhibited glass transition at
about 95°C, followed by cold-crystallization peak
with onset at 130°C and maximum at 151°C, and
a melting peak with maximum at 270°C. Samples
cold crystallized at 120°C also exhibited a cold-
crystallization peak. However, this peak was sub-
stantially smaller in comparison with that for the
amorphous polymer. This result clearly indicated
that a significant amount of amorphous material
was already transformed into crystalline phase
even at this low annealing temperature below
cold-crystallization temperature region. In con-
trast to DSC, the corresponding X-ray diffracto-
gram for samples annealed at 120°C (Fig. 4) did
not show the presence of crystallinity.

Figure 5 Deconvolution of two characteristic X-ray
peaks of � (2
 � 11.7°) and � (2
 � 12.2°) of s-PS cold
crystallized at (a) 210°C; (b) 240°C; (c) 260°C.

Figure 6 Melting thermograms of s-PS cold crystallized from glassy state at different
temperatures.
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The inability of X ray, in comparison with other
techniques, to detect a large amount of crystalline
phase in s-PS, especially when it was formed
upon annealing at low temperatures, was recog-
nized first by DeCandia et al. and related to the
formation of the mesomorphic phase associated
with the conformational order inside the chains
(plane chain zigzag) and with paracrystalline dis-
order between the chains.7 More recently, the de-
tailed structural analysis of mesomorphic struc-
ture was conducted by Auriemma et al. by using
X-ray diffraction and FTIR. They concluded that
the mesomorphic phase consists of triplets of poly-
styrene chains, rather than randomly spaced chains
with conformational order as it was originally
thought, with complete order inside the triplets and
paracrystalline disorder between the triplets.8

Samples cold crystallized in the temperature
range 130–150°C showed very similar thermo-
grams. The thermograms contained only broad
melting peak with maximum at 270°C. There
were no cold-crystallization peaks in the thermo-
grams. The ordered phase reached its maximum
value after annealing for 1 h above 120°C. The
melting peak became narrow after cold crystalli-
zation in the range 175–210°C. However, it broad-
ened again after annealing at 240°C. After an-
nealing at 260°C, an additional low-temperature
melting peak with a maximum located at about
260°C became apparent in the thermograms. This
peak was due to the melting of the � crystals
formed upon annealing at higher temperatures.

Table I also presents densities and volume
crystallinities determined by X ray and DSC for
cold-crystallized samples. The table shows the
relative fractions of �- and �-crystalline forms for
samples cold crystallized at 210–260°C. All cold-
crystallized samples exhibited virtually the same
density as amorphous s-PS, 1.045 � 0.001 g/cm3.
Therefore, the density method was not used to
calculate the crystallinity because cold-crystal-
lized s-PS did not obey the two-phase model in
contrast with melt-crystallized s-PS. The struc-
ture of s-PS after cold crystallization contained a
complicated mixture of various ordered forms. Af-
ter cold crystallization at low temperatures, the
structure of s-PS contained the amorphous phase
and the mesomorphic phase along with the � crys-
tals with a low degree of perfection. Most likely,
the mesomorphic phase and the � crystals with a
low degree of perfection exhibited density similar
to the density of pure amorphous phase. This can
then explain the constant density of s-PS after
cold crystallization at low temperatures. After

cold crystallization at higher temperatures (210–
260°C), the structure of s-PS contained the amor-
phous phase and � along with � crystals all with
a high degree of perfection. In this case, the over-
all density was also constant, however, mainly
because of the compensation effect resulted from
the lower than amorphous density of the �-crys-
talline phase and larger than amorphous density
of the � phase. The density of semicrystalline
s-PS estimated from fractions of � form and �
forms in the mixture showed fairly reasonable
agreement with the experimental density.

Figure 7 shows the crystalline fractions mea-
sured by DSC and X ray as a function of cold-
crystallization temperature. Cold-crystallized
samples showed a very strong discrepancy in the
amount of crystallinity measured by DSC and X
ray, especially when cold crystallization was car-
ried out at low temperatures of 120–175°C. The
maximum difference was up to 0.3. After cold
crystallization at 120°C, the DSC showed a sig-
nificant amount of crystalline fraction, 0.23, as
the X-ray method showed no indication of crystal-
line phase. Both techniques revealed a rapid in-
crease of crystallinity within a very narrow range
of crystallization temperatures 130–140°C. After
cold crystallization at 150°C, the DSC crystalline
fraction reached the maximum at about 0.50. The
X-ray crystallinity continued to grow slowly after
150°C. However, starting at 210–240°C, the dif-
ference between the DSC and X-ray crystalline
fractions was found to be close to that found for
melt-crystallized samples, which was explained
earlier that X ray was probably not sensitive
enough to detect small crystals. Therefore, after
cold crystallization at high temperatures, above

Figure 7 Crystalline fractions of cold-crystallized
samples measured by DSC and X ray as a function of
cold-crystallization temperature.
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210°C, the ordered structure contained no meso-
morphic phase and ordered phase presumably
contained a mixture of � and � crystals with a
high degree of perfection.

Relatively large discrepancy between crystalline
fractions determined by the DSC and X-ray meth-
ods found after cold crystallization of s-PS at low-
crystallization temperatures could be understood
assuming that the DSC measures the total amount
of ordered phase in the cold-crystallized samples of
s-PS, including the mesomorphic phase and the
crystalline phase with different degree of perfection,
small crystals, and so on. In turn, the X ray mea-
sures only the amount of crystalline phase, and,
apparently, it is more sensitive to the crystalline
phase with a high degree of perfection and larger
size crystals. The sensitivity of the DSC to measure
all forms of the ordered phase is brought about by
the fact that the constituents with low degree of
perfection or structural order constantly undergo a
series of the consecutive melting-recrystallization
events during the DSC heating scan toward crys-
talline phase with high degree of perfection. At the
end of this melting-recrystallization chain, they all
become a part of relatively uniform crystalline pop-
ulation with high degree of perfection and melt
upon the DSC heating run at about 270°C. There-
fore, the area under the final melting peak (in our
case, except for s-PS cold crystallized at 120°C) de-
fines the total amount of ordered phase formed in
the polymer after cold crystallization. These melt-
ing-recrystallization processes probably are associ-
ated with very small change of enthalpy, and the
corresponding DSC thermograms show practically
no changes between the glass transition and the
melting region despite the continuous changes of
the solid-state structure of s-PS in the course of the
DSC scan (Fig. 6). The DSC measurements suggest
that the amount of ordered phase gets to saturation
already after cold crystallization at 140°C. Above
140°C, the amount of ordered phase does not
change, and only the redistribution of the amount of
mesomorphic phase and the amount of �-crystalline
phase with low-degree perfection takes place with
an increase in cold-crystallization temperature.

The changes of the s-PS solid-state structure
upon heating in the DSC scan can be observed using
X ray. The following experiment was conducted.
The amorphous plaque was annealed for 1 h at
130°C. Then, several small pieces of the annealed
plaque were heated in the DSC pan to the selected
temperatures 150, 175, 210, and 240°C at 10°/min
and rapidly cooled to room temperature. The X-ray
diffractograms for these thermally treated samples

are shown in Figure 8. The progression of the or-
dered structure with the selected temperature to-
ward the ��-crystalline form with higher degree of
perfection is evident. It is interesting to note that, in
contrast to annealing in the oil bath, which results
in the mixture of � and � crystals, slow heating
produced only the ��-crystalline form.

CONCLUSION

Crystalline s-PS showed complex solid-state struc-
ture, which was strongly dependent on the crystal-
lization conditions. Melt crystallization from 280°C
led to the formation of only ��-crystalline form. Melt
crystallization from 330°C led to the formation of
only ��-crystalline form. Melt-crystallized samples
obeyed the two-phase model consisting of the amor-
phous and the corresponding crystalline phases.
The measurements confirmed the low density of
both crystalline forms, which in the case of �-crys-
talline form was smaller and in the case of �-crys-
talline form was only slightly larger than the den-
sity of the glassy amorphous s-PS.

Cold crystallization led to the formation of com-
plex ordered phase. Cold crystallization at low

Figure 8 WAXS diffractograms of s-PS cold-crystal-
lized at 130°C and then heated at 10°/min to different
temperatures.
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temperatures (120–175°C) led to the formation of
the planar mesomorphic phase and ��-crystalline
phase with low degree of perfection. Crystalliza-
tion at higher temperatures (210–260°C) in the
oil bath led to the formation of a mixture of ��-
crystalline phase and ��-crystalline phase with
high degree of perfection. Cold-crystallized s-PS
did not obey the two-phase model. It was shown
that the total amount of ordered phase, consisting
of the mesomorphic phase and the ��-crystalline
phase with low degree of perfection, could be de-
termined by the DSC, whereas the X ray is only
able to measure the amount of crystalline phase.
A combination of both techniques seems to be
very important to resolve and analyze this com-
plex solid-state structure.
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