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The miscibility of syndiotactic polystyrene (sPS)/atactic polystyrene (aPS) blends, whose constituent polymers
have closeTgs was investigated by crystallization kinetics and enthalpy relaxation. It was observed from
crystallization kinetics experiment that both the spherulite growth rate and the overall crystallization rate of sPS in
blends decrease with an increasing amount of aPS, indicating that sPS is diluted with aPS. When enthalpy
relaxations of the blends are examined, it is revealed that the enthalpy recovery of sPS/aPS blends shows a single
peak whose relaxation time is intermediate between those of sPS and aPS, and that the relaxation time of the
blends gradually increases with the amount of aPS. From these results, it is concluded that sPS/aPS blends are
completely miscible over the entire composition.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Since syndiotactic polystyrene (sPS) with a very high degree
of stereospecificity (.96%) has been successfully synthe-
sized by stereospecific polymerization1, characterization of
this new material has been of considerable interest2–13.
Improved mechanical properties of sPS are expected as
compared with atactic polystyrene (aPS), especially at high
temperature, due to its crystalline structure. Furthermore, a
larger crystallization rate of sPS relative to that of isotactic
polystyrene (iPS) and its high tensile modulus lead to a
potential engineering plastic.

It is well known that polymer blends give an efficient way
of developing new materials with tailored properties and
have received much attention from both scientific and
commercial points of view. Both aPS/poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) blends and aPS/poly(vinyl
methyl ether) (PVME) blends have been reported to be
miscible at room temperature14,15. On the other hand, iPS is
miscible with PPO or aPS but not with PVME16–18.
Recently, it was reported that sPS/PPO blends are
completely miscible in the amorphous phase, whereas
sPS/PVME blends form a phase-separated structure19–23.
To our knowledge, however, there is no concrete evidence
concerning the miscibility of sPS/aPS blends. sPS is a
crystallizable polymer whose glass transition temperature
(Tg, 97.58C) is very close to that of aPS (103.88C). It is
generally believed that most thermoanalytical techniques,
e.g. d.s.c., are not adequate for examining the miscibility of
polymer blends whose constituent polymers haveTg in close
proximity to each other (10–208C apart).

In this study, the miscibility of sPS/aPS blends is
examined by two methods, crystallization kinetics and

enthalpy relaxation. For crystallization kinetics, the follow-
ing assumptions were made24. The crystallization of
crystalline polymer (in this study, sPS) in a miscible
crystalline/amorphous polymer blend is disturbed by
blending with amorphous polymer (in this study, aPS)
owing to a dilution effect, and hence the crystallization rate
of the crystalline polymer depends upon the amount of
amorphous polymer, whereas the crystallization of crystal-
line polymer in an immiscible blend is not influenced by
blending with amorphous polymer because the crystalline
polymer phase separates from the amorphous polymer
phase. The use of enthalpy relaxation for miscibility is based
on the fact that relaxation of polymers at temperatures
below the glass transition temperature results in changes in
many physical properties such as enthalpy and density. By
relying on the inherent structural dependence of the kinetics
of physical ageing in the form of enthalpy recovery25,26, it
has been shown that an analysis based on this phenomenon
is a sensitive method of probing phase behaviour in blends
whose constituent polymers have closeTg

27–30. Assuming
that a miscible blend shows a single ageing peak whose
ageing kinetics is intermediate between those of component
polymers, whereas an immiscible blend exhibits two ageing
peaks corresponding to each of component polymers, the
miscibility of sPS/aPS blends is examined.

EXPERIMENTAL

Materials and blend preparation
sPS (Mw ¼ 3.6 3 106 g mol¹1, Tg ¼ 97.58C, Tm ¼

271.08C) was obtained from Idemitsu Kosan Co., Ltd.,
Japan. aPS (Mw ¼ 2.8 3 105 g mol¹1, Tg ¼ 103.88C) was
purchased from Aldrich Chemical Co. The sPS/aPS blends
were melt-mixed at 3008C for 7 min in a Mini-Max moulder
(CS-183 MMV, Custom Scientific Instruments, Inc.). The
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samples were compression-moulded into a thin film by a hot
press at 3008C (except pure aPS, 2008C) for 10 min, and
then quenched in a liquid nitrogen bath. All films are
completely amorphous, which is confirmed by X-ray
diffraction pattern.

Optical microscopy
Isothermal spherulite growth rate (G) was measured using

a polarizing optical microscope (Nikon Microphot FXA)
fitted with an automatically controlled hot-stage. For the
measurement of the spherulite growth rate, films were
sandwiched between two glass slides, heated at 3008C for
5 min, and then rapidly cooled to the pre-determined
crystallization temperature (Tc) followed by an isothermal
crystallization. The radial growth of sPS spherulite was
monitored during isothermal crystallization by taking
photographs at appropriate time intervals. Isothermal
spherulite growth rate was obtained from the slope of plot
of the radius of the growing spheruliteversustime.

Calorimetric measurements
Overall kinetics of crystallization and enthalpy relaxation

were analysed by a differential scanning calorimeter
(Perkin–Elmer DSC 7). All scans were run under a nitrogen
gas purge to minimize thermo-oxidative degradation and
calibrated for temperature and enthalpy using indium and
zinc. For isothermal crystallization, samples were heated to
3008C, held at this temperature for 5 min, and quenched to a
pre-determinedTc followed by an isothermal crystallization.
For enthalpy relaxation, as-quenched films were immedi-
ately sealed in a d.s.c. pan, and aged at 808C (Ta) for various
ageing times (ta) in a heating block. Subsequently, the
samples were heated from room temperature to 3008C
(except pure aPS, 2008C) at a heating rate of 208C min¹1 to
obtain thermograms of aged samples, held at this tempera-
ture for 5 min, and then quenched to room temperature. The
samples were immediately reheated to 3008C (except pure
aPS, 2008C) at a heating rate of 208C min¹1. For a
completely amorphous polymer, the enthalpy difference,
DH(ta, Ta) resulting from ageing, has been conventionally

measured by subtracting the d.s.c. thermogram of the
second scan from that of the first scan of a sample. For a
crystalline/amorphous polymer blend, however, this con-
ventional method may lead to an overestimation of the value
of DH(ta, Ta) owing to underestimation of the amorphous
fraction of the unaged sample. Since the crystallization rate
of sPS is very fast, the amorphous fraction of the second
scan samples can be much lower than that of the first scan
samples owing to an increase in crystallinity of the former
(seeFigure 1). Therefore, in the present study, the enthalpy
differences in pure sPS and sPS/aPS blends were obtained
by subtracting the weight-normalized d.s.c. thermogram of
the first scan of unaged sample from that of the first scan of
aged sample, whereasDH(ta,Ta) of pure aPS was measured
by the conventional method.

RESULTS AND DISCUSSION

Crystallization kinetics
For all blends investigated, the spherulite radius was

found to increase linearly with time until spherulites
impinge upon each other, indicating a constant growth
rate throughout the crystallization process. The growth rate
was determined from the slope of plot of the radius of
growing spherulite versus time. Figure 2 shows the
variation of radial growth rates of sPS spherulites with
crystallization temperature for various sPS/aPS blends. As
shown in Figure 2, the spherulite growth rate of sPS in
blends decreases with increasing amount of aPS in blends at
a given crystallization temperature. For example, atTc ¼
2428C, the growth rate of sPS decreases by a factor of 1.2
and 2.5 when 10 wt% and 40 wt% of aPS are added to sPS,
respectively. In general, the spherulite growth rate of the
crystallizable polymer, at a givenTc, is dependent on two
energetic terms31,32: the activation free energy required for
the transport process through the liquid–solid interface,DF*,
and the free energy for the formation of a nucleus of critical
size, Df*. For a miscible crystalline/amorphous polymer
blend, the amorphous polymer, as a diluent, might influence
both the transport term (DF*) and the thermodynamic term
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Figure 1 Representative DSC thermograms of pure sPS aged at 808C for
various ageing times. Thick and thin lines represent the first and second
scans, respectively

Figure 2 Plots of spherulite growth rateversuscrystallization tempera-
ture for sPS/aPS blends



(Df*). The effect of a diluent onDF* may be accounted for
by considering the difference between the glass transition
temperature of the blend and that of the crystallizable
component: whenTg (blend) is higher thanTg (crystallizable
component),DF* (blend) may be higher thanDF* (crystal-
lizable component), resulting in a decrease in spherulite
growth rate of the blend; conversely, whenTg (blend) is
lower than Tg (crystallizable component),DF* (blend)
becomes lower thanDF* (crystallizable component),
implying an increase in spherulite growth rate of the
blend. For sPS/aPS blends, the variation ofTg with
composition is not discernible because of the proximity of
Tgs of two component polymers. Therefore, it is evident that
the growth rate reduction of sPS/aPS blends is not related to
changes in transport process that may be of importance in
blend systems showing a wide variation ofTg with blend
composition33. Thus, the decrease in spherulite growth rate
of sPS/aPS blends is due to an increase ofDf* which may
arise from a dilution effect associated with a diminished
concentration of crystallizable components at the crystal
growth front34.

The kinetics of isothermal crystallization from the melt of
sPS is analysed by the well-known Avrami equation35:

1¹ Xt ¼ exp( ¹ ktn) (1)

whereXt is the weight fraction of crystallinity at timet, k is
the overall kinetic rate constant, andn is the Avrami expo-
nent related to the nucleation mechanism and growth
dimensions. equation (1) is rewritten as

log[ ¹ ln(1¹ Xt)] ¼ log kþ n log t (2)

A plot of the left-hand side of equation (2) versus logt
should yield a straight line from which the Avrami exponent
and logk can be determined. The values of Avrami expo-
nent of sPS/aPS blends, contrary to the theoretical
prediction, are not integers and range between 2 and 3,
indicating mixed nucleation mechanisms which are similar
to those of sPS/PPO blends21. The inverse of half-time of
crystallization,t ¹ 1

1=2 , can be used as a measure of overall
crystallization rate of sPS. From the plot oft1/2

¹1 versus Tc

as shown inFigure 3, it is observed that the addition of aPS
to sPS, at a givenTc, causes a decrease int1/2

¹1, which is very
similar to the behaviour ofFigure 2. These results may
provide evidence that sPS is miscible with aPS, since it is
generally known that for a miscible crystalline/amorphous
polymer blend, the crystallization rate of the crystalline
polymer in blends depends upon the amount of amorphous
polymer.

Enthalpy relaxation
To gain further insight into the miscibility of sPS/aPS

blends, the behaviour of enthalpy relaxation of sPS/aPS
blends was investigated.Figure 1shows d.s.c. thermograms
of pure sPS aged at 808C for the indicated ageing times,ta.
For the first scan after ageing, the aged samples usually
show three peaks: an endothermic overshoot peak at nearTg,
which results from enthalpy recovery; a crystallization
exothermic peak at 1578C; a melting endothermic peak at
2718C. As the ageing time increases, the maximum of the
enthalpy recovery peak (Tmax) shifts towards higher
temperatures and the magnitude of the peak area increases,
which is typical of enthalpy relaxation phenomena25–30. For
the second scan, the enthalpy recovery peaks and crystal-
lization peaks completely disappear, indicating that the
enthalpy lost on ageing is fully recovered during the first
scan and that the crystallinity of the second scan sample is
much larger than that of the first scan sample. It is also
observed that the melting enthalpy of sPS is slightly larger
than the crystallization enthalpy and that a small exotherm
appears just before melting. This implies that recrystalliza-
tion of sPS occurs during heating scan, as also observed by
other workers36. Figure 4 shows representative d.s.c.
thermograms of sPS/aPS blends aged at 808C for 4 h. As
mentioned in the Introduction, a miscible blend generally
shows a single peak where its ageing kinetics is intermediate
between those of component polymers, whereas an immis-
cible blend exhibits two ageing peaks corresponding to each
of the component polymers. InFigure 4, sPS/aPS blends
show a single overshoot peak intermediate between those of
the two component polymers, suggesting that the blends are
miscible. WhenTmax is plotted against the logarithm ofta for
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Figure 4 Representative DSC thermograms of sPS/aPS blends aged at
808C for 4 h: (a) 100/0; (b) 70/30; (c) 50/50; (d) 30/70; (e) 0/100

Figure 3 Plots of overall crystallization rateversus crystallization
temperature for sPS/aPS blends. The overall crystallization rate is
represented by the reciprocal crystallization half-time



sPS/aPS blends, as shown inFigure 5a, it is revealed that
Tmax is approximately proportional to logta for all samples.
The linear relationship betweenTmax and logta is well
established for aged glass when the thermodynamic state of
aged glass is not too close to equilibrium26. WhenTmax is
plotted against the concentration of aPS in blends as shown
in Figure 5b, Tmax gradually increases with the concentra-
tion of aPS at a giventa, suggesting that the sPS/aPS blends
are miscible becauseTmax could be used as a measure of the
glass transition temperature of the blends. According to the
model of Cowie and Ferguson37,38, the relaxation of
enthalpy toward an equilibrium state can be described by
the following equation:

DH(ta, Ta) ¼ DH(t`,Ta)[1¹F(ta)] (3)

where DH(ta,Ta) and DH(t`, Ta) represent the enthalpy
lost on ageing forta at Ta and on reaching the equilibrium
structure atTa, respectively. In equation (3), the relaxation
function F(ta) is often expressed by the Kohlrausch–
Williams–Watts (KWW) form:

F(ta) ¼ exp ¹
ta
tc

� �b
" #

(4)

where b is the non-exponentiality parameter, andtc is a
relaxation time. The relaxation function describes the
kinetics of the approach of the system to the equi-
librium state. The three parameters,DH(t`,Ta), b and tc,
are determined by fitting experimental data to equations
(3) and (4). Figure 6 shows the enthalpy difference of
sPS/aPS blends as a function of ageing time. It is observed

that DH(ta,Ta) increases with logarithm ofta and that it
decreases with increasing the amount of aPS in blends at a
given ta. The corresponding plots ofF(ta) as a function of
log ta for sPS/aPS blends are shown inFigure 7. The relaxa-
tion of sPS/aPS blends becomes slower as the amount of
aPS increases, indicating that the blends are miscible over
entire composition. The fitting values ofDH(t`,Ta), b and
log tc are listed inTable 1. It is shown that both values of
DH(t`,Ta) andtc increase with the amount of aPS in blends
owing to an increase of the temperature difference between
the glass transition and the ageing temperature, (Tg–Ta),
while the parameterb is approximately constant (< 0.383)
for all samples examined here. When the relaxation times of
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Figure 5 Variation of Tmax with (a) logta and (b) the concentration of
aPS, when the samples are aged at 808C

Figure 6 Plots ofDH(ta,Ta) versuslog ta for sPS/aPS blends aged at 808C.
Symbols and lines represent the experimental data and the non-linear curve-
fitting by equation (3) and equation (4), respectively

Figure 7 Plots of F(ta) versuslog ta for sPS/aPS blends aged at 808C.
Symbols and lines represent the experimental data and the non-linear curve-
fitting by equation (3) and equation (4), respectively



sPS/aPS blends are plotted against the concentration of aPS
as shown inFigure 8, it is clear that the relaxation times are
composition-dependent. Consequently, it is suggested that
sPS/aPS blends are completely miscible over the entire
composition examined.

CONCLUSIONS

The miscibility of sPS/aPS blends was investigated by two
methods, the crystallization kinetics and enthalpy relaxa-
tion. It is observed from crystallization kinetics experiment
that both the spherulite growth rate and the overall
crystallization rate of sPS in blends decrease with increasing
the amount of aPS, indicating that sPS is miscible with aPS.
For enthalpy relaxation, the enthalpy recovery of sPS/aPS
blends shows a single peak where the relaxation time is
intermediate between those of sPS and aPS. It is observed
that both the enthalpy recovery peak (Tmax) andDH(T`,Ta)
increase with the amount of aPS in the blends. It is also
observed that the relaxation times of sPS/aPS blends
gradually increase with the amount of aPS. From these
results, it is concluded that sPS/aPS blends are completely
miscible over the entire composition.
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Table 1 Parameters in equations (3) and (4), and error limits determined by non-linear least-squares curve fit for sPS/aPS blends

sPS/aPS DH(t`,Ta)(J g) b log tc (min)

100/0 4.5336 0.115 0.4086 0.024 2.8586 0.067

70/30 4.8446 0.333 0.3646 0.041 3.0916 0.188

50/50 5.0496 0.163 0.3676 0.020 3.3866 0.087

30/70 5.3506 0.267 0.3966 0.022 3.5366 0.115

0/100 5.5596 0.376 0.3826 0.022 3.9756 0.157

Figure 8 Composition dependence of logt c for sPS/aPS blends aged at
808C


