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ABSTRACT: Analyses of the isothermal and nonisothermal melt kinetics for syndiotactic
polystyrene have been performed with differential scanning calorimetry, and several
kinetic analyses have been used to describe the crystallization process. The regime
II3III transition, at a crystallization temperature of 239°, is found. The values of the
nucleation parameter Kg for regimes II and III are estimated. The lateral-surface free
energy, � � 3.24 erg cm�2, the fold-surface free energy, �e � 52.3 � 4.2 erg cm�2, and
the average work of chain folding, q � 4.49 � 0.38 kcal/mol, are determined with the
(040) plane assumed to be the growth plane. The observed crystallization characteris-
tics of syndiotactic polystyrene are compared with those of isotactic polystyrene. The
activation energies of isothermal and nonisothermal melt crystallization are deter-
mined to be �E � �830.7 kJ/mol and �E � �315.9 kJ/mol, respectively. © 2002 John
Wiley & Sons, Inc. J Appl Polym Sci 83: 2528–2538, 2002
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INTRODUCTION

Since the discovery of the successful synthesis of
highly stereoregular syndiotactic polystyrene
(sPS) in 1986,1 it has been widely studied in many
fields. Most researchers have concentrated on the
polymorphic behavior of sPS.2–4 Four crystalline
forms, termed �, �, �, and �, have been described.
The � and � forms are characterized by chains in
the trans-planar (zigzag) conformation, whereas
the � and � forms contain chains in the s(2/1)2
helical conformation.2 The general pattern is
complicated by the fact that both � and � forms
can exist with different modifications with differ-
ent degrees of structural order; two limiting dis-
order modifications (�� and ��) and two limiting

order modifications (�� and ��) have been de-
scribed.2–4 However, only few articles have re-
ported the crystallization kinetics of sPS. Cim-
mino et al.5 used an optical polarizing microscope
to study the isothermal kinetics of sPS. The re-
sults indicated that the nucleation rate was very
fast and, in fact, faster than the rate for isotactic
polystyrene (iPS). Wesson6 studied the nonisother-
mal crystallization kinetics of sPS samples with a
variety of molecular weights with differential scan-
ning calorimetry (DSC). The results suggested that
the crystallization rate depended on the molecular
weight. However, the parameters of crystallization
kinetics, such as the lateral-surface and fold-surface
free energies (� and �e), the average work of chain
folding (q), and the activation energies of isothermal
and nonisothermal melt crystallization (�E), have
not been reported until now.

This article is focused on the isothermal and
nonisothermal melt-crystallization kinetics of
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sPS, as studied with DSC in greater detail, and
some of the investigated kinetic parameters of
this polymer are compared with those of iPS.

EXPERIMENT

Materials and Preparation

The sPS (Questra F2250) samples were provided
by Dow Chemical Co. [weight-average molecular
weight (Mw) � 2.2 � 105, weight-average molec-
ular weight/number-average molecular weight
(Mw/Mn) � 2.4], and the syndiotacticity was about
97% ([rrr] � 97%). Its melting temperatures (Tm)
and glass-transition temperature (Tg) were about
270 and 100°C, respectively.

DSC

Crystallization kinetics were carried out with a
PerkinElmer DSC-7 made by PerkinElmer Cor-
poration (Norwalk, CT) differential scanning cal-
orimeter temperature-calibrated with indium. All
DSC runs were performed under a nitrogen
purge, and all the sample weights ranged be-
tween 8 and 10 mg.

For isothermal melt crystallization, the as-re-
ceived samples were heated quickly (at 80°C/min)
to 320°C, kept in this state for 10 min to eliminate
any residual nuclei that might act as seed crys-
tals, and then cooled quickly to the nine desig-
nated crystallization temperatures (Tc): 236, 237,
238, 239, 240, 241, 242, 243, and 244°C. Noniso-
thermal melt-crystallization kinetics were per-
formed by melting at 320°C for 10 min and cooling
at constant cooling rates (�2.5, �5.0, �10, �20,
and �40°C/min). The exothermal curves of the heat
flow as a function of time were recorded and inves-
tigated during the melt-crystallization process.

RESULTS AND DISCUSSION

Isothermal Melt-Crystallization Kinetics

In general, the process of isothermal crystalliza-
tion is composed of two stages: the primary crys-
tallization stage and the secondary crystallization
stage. The whole crystallization process is mark-
edly temperature-dependent. If the relative de-
gree of crystallinity increases with increasing
crystallization time t, then the Avrami equa-
tion7,8 can be used to analyze the isothermal melt-
crystallization process of sPS:

1 � X	t
 � exp	�ktn


log��ln�1 � X	t
� � log k � n log t (1)

where X(t) is the weight fraction of crystallinity, n
is the Avrami index, k is the overall kinetic rate
constant, and t is the time of crystallization. In
general, the value of n should be an integer be-
tween 1 and 4 for different crystallization mech-
anisms. However, the Avrami exponent is not a
straightforward integer, other complex factors
are probably involved during the process. The plot
of log{�ln[1 � X(t)]} versus log t is shown in
Figure 1. The figure shows that the curves of
higher Tc (i.e., Tc � 244, 243, or 242°C) take on a
series of straight lines and that curves of lower Tc
tend to deviate from the straight line at a later
stage of crystallization. This deviation becomes
more obvious with decreasing Tc. The deviation is
probably due to the secondary crystallization,
which is caused by spherulite impingement in a
later stage of the crystallization process.9,10 From
the slope and intercept of the initial portion in
Figure 1, the values of n and k have been deter-
mined and are listed in Table I. The obtained
values of the Avrami exponent vary from 1 to 2
with Tc decreasing from 244 to 236°C, which sug-
gests that the primary crystallization processes
should correspond to a two-dimensional circular
diffusion-controlled growth for n � 2 or one-di-
mensional fibrillar growth on the condition that
the Avrami exponent is 1 with thermal nucle-
ation9 for sPS isothermal melt crystallization.
The two kinds of crystallization combine to cause
an Avrami exponent between 1 and 2. That is, the
composition of two-dimensional circular growth
will increase with decreasing Tc, and vice versa.
The values of the crystallization rate parameter k
decrease with increasing Tc because melt crystal-
lization exhibits a temperature dependency char-
acteristic of nucleation-controlled crystallization
associated with the proximity of Tm. This is evi-
dence that the process of sPS isothermal melt
crystallization is very fast. The result is consis-
tent with the result of Cimmino et al.5 The crys-
tallization half-time, t1/2, is defined as the time at
which the extent of crystallization is 50% com-
pleted and is determined from the measured ki-
netic parameters:

t1/2 � � ln 2
k �1/n

(2)

Usually, the rate of crystallization, 	1/2, is de-
scribed as the reciprocal of t1/2; that is, (t1/2)�1
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� 	1/2. The values of k, t1/2, and 	1/2 are listed in
Table I.

Lin11 used eq. (1) to calculate the necessary
time for maximum crystallization, tmax, corre-
sponding to the point at which dQ(t)/dt � 0, where
Q(t) � dHc/dt is the heat flow rate; we can deter-
mine tmax from eq. (1) as follows:

tmax � �n � 1
nk �1/n

(3)

With eq. (3), values of t1/2, 	1/2, and tmax have been
calculated, and they are listed in Table I. This is

evidence that from 236 to 240°C, tmax increases
with increasing Tc.

If the crystallization process is thermally acti-
vated, the crystallization rate parameter k can be
approximately described by an Arrhenius form:12

K1/n � K0 exp	��E/RTc


1
n ln k � ln K0 �

�E
RTc

(4)

where K0 is a temperature-independent pre-expo-
nential factor, �E is a total activation energy that
can be determined by the slope coefficient of plots
of (1/n)ln k versus 1/Tc (Fig. 2), and R is a gas
constant. The value of the activation energy for
the primary crystallization process of sPS was
found to be �830.7 kJ/mol for the isothermal melt
crystallization. Because energy must be released
during crystallization from the molten fluid to the
ordered crystallization phase, the value of �E for
melt crystallization is negative.

Determination of the Crystal Growth Parameters

Cimmimo5 et al. proved that sPS crystallizes from
the melt according to a spherulite morphology by
optical microscopy and that the growth dimen-
sions of the spherulites are very sensitive to Tc
and time. Therefore, the spherulitic growth rate

Figure 1 Plot of log{�ln[1 � X(t)]} versus log t for the isothermal melt crystallization
of sPS at the indicated temperatures.

Table I Parameters n, k, tmax, t1/2, and �1/2 from
Avrami Analysis of Isothermal Melt
Crystallization for sPS

Tc

(°C) n
k

(min�n)
tmax

(min)
t1/2

(min)
	1/2

(min�1)

236 1.9 7.9433 0.2292 0.2789 3.5854
237 2.0 5.1051 0.3130 0.3685 2.7139
238 1.5 1.4061 0.3831 0.6241 1.6024
239 1.4 0.8831 0.4124 0.8369 1.1949
240 1.4 0.6546 0.5624 1.0414 0.9603
241 1.1 0.2906 0.3128 1.2038 0.8307
242 1.3 0.3710 0.6534 1.6055 0.6229
243 1.2 0.3165 0.4364 1.9563 0.5089
244 1.1 0.2679 0.5421 2.2524 0.4441
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(G) of sPS can be determined with the Lauritzen–
Hoffman equation13–16 as follows:

G � G0 exp��
U*

R	Tc � T�
�exp��
Kg

Tc	�T
f�
ln G �

U*
R	Tc � T�


� ln G0 �
Kg

Tc	�T
f (5)

where G0 is a pre-exponential factor, U* is the
transport activation energy and is usually equal
to 1500 cal/mol; T� is a hypothetical temperature
below which all viscous flow ceases and is univer-
sally equal to Tg � 30 K;14 Kg is the nucleation
parameter; �T is the degree of supercooling and is
equal to Tm

0 � Tc; and f is a corrector to account
for the variation in the bulk enthalpy of fusion per
unit volume with temperature and is equal to
2Tc/(Tm

0 � Tc). According to He et al.,17 the ma-
jority of the crystal will be � form when the crys-
tallization is higher than 230°C. Because the
crystallization we selected is in the range of 236–
244°C, here Tm

0 should be taken as the equilib-
rium melting temperature of the �-form sPS. Con-
sidered the correction in the temperature shift,
the Tm

0 value of �-form sPS is 551.8 K with Hoff-
man–Weeks extrapolation.18 Tg is taken to be
373.25 K (from DSC). From eq. (5), a plot of ln G

� U*/R(Tc � T�) versus 1/Tc(�T)f and the slope of
�Kg (Fig. 3) have been obtained. As illustrated in
Figure 3, a downward change in the slope indi-
cates that a transition from regime II to regime
III can be graphically distinguished. This transi-
tion temperature (Tt) corresponds to Tc � 239°C.
Moreover, we can obtain the values of Kg III � 3.67
� 105 and Kg II � 1.58 � 105 (K2) from Figure 3.
The ratio Kg III/Kg II is 2.3.

According to refs. 13 and 14, Kg can be defined
as follows:

Kg �
4b0��eTm

0

Bk�hu
0 (6)

where b0 is the thickness of a monomolecular
layer; � and �e are the lateral and fold-surface
free energies of planar-surface lamellae, respec-
tively; k is the Boltzmann constant; and B is 1 in
regimes I or III and 2 in regime II. Tm

0 is the
equilibrium temperature, and �hu

o is the bulk en-
thalpy of fusion per unit volume for the fully
crystalline polymer. Here �hu

o � �Hm
o � 
c, where

�Hm
o is the heat fusion per unit weight of com-

pletely crystalline polymer and is equal to 53.2
J/g.19 According to the lattice parameters of sPS,
the � form is an orthorhombic unit cell with the
axes a � 0.881 nm, b � 2.882 nm, and c � 0.505

Figure 2 Plot of (1/n)ln k versus 1/Tc for the isothermal melt crystallization of sPS.
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nm, and this unit cell gives a calculated density of
1.08 g/cm3.20 Therefore, �hu

o � 53.2 � 1.08 � 57.5
J/cm3. If the crystal growth plane is on the (040)
plane, b0 should be 0.72 nm. Putting these data
into eq. (6), we obtain � and �e values of 156 erg
cm�2 for regime II and 183.2 erg cm�2 for regime
III, respectively; they are listed in Table II. Obvi-
ously, the values appear to be comparable to the

values reported for iPS, which were supplied by
Edwards and Phillips21 (listed in Table II).

Following the procedure of Hoffman et al.,14 we
determined � and �e from the value of ��e as
follows:

� � �	a0b0

1/2�hu

0 (7)

Table II Results of the Isothermal Crystallization Kinetics for sPS and iPS

Parameter

sPS

iPSaRegime II Regime III

Tg (K) 373.25 373.25 363.5
Tm (K) 551.8 551.8 515.2
�hu

0 (J/cm3) 57.5 57.5 91.1
Kg (K2) 1.58 � 105 3.67 � 105 —
��e (erg2/cm4) 156.7 183.2 153
� (erg/cm2) 3.24 3.24 5.3
�e (erg/cm2) 48.15 56.5 28.8
b0 (nm) 0.72 0.72 0.55
a0 (nm) 0.441 0.441 1.28
A0 � a0b0 (nm2) 31.7 � 10�16 31.7 � 10�16 70.5 � 10�16

q (kcal/mol) 4.11 4.87 4.78

a Data from ref. 21.

Figure 3 Growth-rate data for the isothermal melt crystallization of sPS.
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�e � ��e/� (8)

where a0 is the chain width, a0b0 is the cross-
sectional area per chain molecule, and � is an
empirical constant that is usually between 0.1
and 0.3. In general, � is 0.1 for hydrocarbons (e.g.,
polyolefins) and 0.24 for polyesters [e.g., poly(piv-
alolactone) and poly(phenylene sulfide)].22 For
sPS, we used � � 0.1 to estimate the value of �.
According to eq. (8), the value of �e can be calcu-
lated if the value of (a0b0)1/2 is known. If the
growth plane is the (040) plane, with a0 � a/2
� 0.441 nm and b0 � b/4 � 0.72 nm, the value of
� is 3.24 erg cm�2 according to eq. (7). The values
of �e are, therefore, 48.15 erg cm�2 for regime II

and 56.5 erg cm�2 for regime III according to eq.
(8). All the values are listed in Table II.

The work of chain folding per molecular fold
can be obtained as the following equation:14,23

�e � �e
0 � q/	2a0b0
 (9)

where �e
0 is the value that �e would assume if no

work were required to form the fold and q is the
work required to bend a polymer chain back upon
itself, with the conformational constraints im-
posed on the fold by the crystal structure taken
into account. To a reasonable approximation, �e

0

may be taken as being roughly equal to �. Accord-
ingly, eq. (9) is usually written as follows:

Figure 4 Heat flow versus temperature during the nonisothermal melt crystalliza-
tion of sPS at different cooling rates as determined by DSC.

Table III Values of Tp, tmax, �Hc, and X(t) in Nonisothermal Melt Crystallization for sPS

� (°C/min)

2.5 5 10 20 40

Tp (°C) 240.6 238.9 235.1 230.6 222.7
tmax (min) 4.86 2.68 1.15 0.517 0.404
�Hc (J/g) 26.98 27.94 26.89 27.14 27.73
X (t) (%) 54.94 51.69 39.03 38.68 33.56
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�e � � � q/	2a0b0


q � 2a0b0	�e � �
 (10)

The values of q from eq. (10) for regime II and III
crystallization processes have been obtained and
are listed in Table II. From Table II, we find that

the average value of q for the (040) plane is 4.49
erg cm�2.

To facilitate the comparison of the growth pa-
rameters of iPS and sPS, we have also listed them
in Table II. The crystal melting temperature is
about 543.2 K, about 40 K higher than that of iPS.
Tg is 373.25 K, which is about 10 K higher than

Figure 5 Development of the relative degree of crystallinity with (A) the crystalliza-
tion time and (B) the temperature for the nonisothermal melt crystallization of sPS.
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that of iPS. From Table II, we find that the values
of A0 and �hu

o of sPS are much smaller than those
of iPS. According to eq. (7), this leads to a lower
value of �e and faster crystallization for sPS. The
value of q for growth on the (040) plane of sPS is
comparable to that of iPS, although the intramo-
lecular conformations between sPS and iPS are
different.

Nonisothermal Melt-Crystallization Kinetics

The Avrami equation is reasonable for analyzing
isothermal crystallization kinetics, and its modi-
fied forms have been proposed to fit experimental
results obtained from nonisothermal crystalliza-
tion processes. The crystallization exothermic
peaks of sPS at various cooling rates � are shown
in Figure 4. Tp is the peak temperature at which
the crystallization rate is maximum, and it is
shifted to a lower temperature region when the
cooling rate is increased (Fig. 4). The values of the
corresponding peak times (tmax), Tp at different
cooling rates, and crystallization enthalpies (�Hc)
are listed in Table III. The data indicate that for
the maximum Tc (or time), very different rate
dependencies exist in the nonisothermal melt
crystallization of sPS.

From the DSC data, we calculate the values of
the relative crystallinity [X(t)] at different crys-

tallization temperatures (T), as shown in Figure
5(A). During the nonisothermal crystallization
process, we obtained a series of reversed S curves.
A relationship between crystallization T and t is
given as follows:

t �
�T � T0�

�
(11)

T0 is the initial temperature when crystallization
begins (t � 0). With eq. (11), Figure 5(A) is trans-
formed into Figure 5(B). X(t) can be obtained at
various cooling rates from Figure 5(B). Values of
X(t) and Tp are shown in Table III.

Mandelkern24 thought that the primary stage
of nonisothermal crystallization could be de-
scribed by the Avrami equation, which is based on
the assumption that Tc is constant:

1 � X	t
 � exp��Zttn

log��ln�1 � X	t
� � n log t � log Zt (12)

where Zt is the rate constant in the nonisothermal
crystallization process. Jeziorny25 thought that
the values of Zt determined by eq. (12) should be
adequate. Believing Zt an influence on the cooling

Figure 6 Plot of log{�ln[1 � X(t)]} versus log t for the nonisothermal melt crystalli-
zation of sPS.
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or heating rate � � dT/dt, Jeziorny assumed that
� was constant or approximately constant. The
final form of the rate parameter characterizing
the kinetics of nonisothermal crystallization is
given as follows:

log Zc �
log Zt

�
(13)

Drawing the straight line corresponding to
log{�ln[1 � X(t)]} versus log t with eq. (12), we
can obtain the values of the Avrami exponent and
the rate parameter Zt or Zc from the slope and
intercept (Fig. 6). The values of n, Zt, and Zc are
listed in Table IV.

Ozawa26 accounted for the effect of the cooling
rate � on dynamic crystallization by properly

modifying the Avrami equation. According to
Ozawa’s theory, the degree of conversion at tem-
perature T, C(T) can be written as follows:

1 � C	T
 � exp��K	T
/�m

log��ln�1 � C	T
� � �m log � � log K	T
 (14)

where C(T) is the relative degree of crystallinity,
m is the Ozawa exponent, and K(T) is the kinetic
crystallization rate constant. Drawing the plot of
log{�ln[1 � C(T)]} versus log � according to eq.
(14), we should obtain a series of straight lines,
but we did not. The experimental facts indicate
that the Ozawa equation is not suitable for de-
scribing the kinetics in the nonisothermal crys-
tallization process of sPS. In recent years, a con-

Figure 7 Plot of log � versus log t of sPS for various values of C(T).

Table IV Parameters n, Zt and Zc from Avrami Analysis at the Two Stages of Nonisothermal Melt
Crystallization for sPS

�
(°C/min)

Primary Crystallization Stage Secondary Crystallization Stage

n1 Zt1 Zc1 n2 Zt2 Zc2

2.5 4.63 4.26 � 10�4 1.7 � 10�4 4.72 5.25 � 10�4 2.1 � 10�4

5 9.02 8.1 � 10�5 1.62 � 10�5 3.76 2.57 � 10�2 5.14 � 10�3

10 7.62 0.164 0.0164 3.59 0.417 0.0417
20 6.02 24.5 1.225 2.33 3.14 0.157
40 6.64 147.9 3.69 2.06 4.73 0.118
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venient kinetic method proposed by our research
group has been adopted to deal with the noniso-
thermal data of many polymer systems.27–29 A
convenient method modified by the combination
of the Avrami equation and the Ozawa equation is

log � �
1
m log�K	T
/Zt �

n
m log t

log � � log F	T
 � a log t (15)

where the parameter F(T) � [K(T)/Zt]
1/m refers to

the value of the cooling rate, which is chosen at
the unit crystallization time when the measured
system has reached a certain degree of crystallin-
ity, and a is the ratio of the Avrami exponent n to
the Ozawa exponent m (i.e., a � n/m).28 At a
certain degree of crystallinity of sPS, the plot of
log � versus log t according to eq. (15) is shown in
Figure 7. It gives a series of straight lines at a
given relative degree of crystallinity, and the ki-
netic parameter F(T) and the exponent a can be
estimated by the intercept and slope of these
straight lines, respectively. The results for a and
F(T) are listed in Table V. It is apparent that F(T)
increases systematically with an increasing rela-
tive degree of crystallinity, but the values of a are

almost constant, about 1.0, indicting that the
Avrami exponent n is equal to the Ozawa expo-
nent m.

For nonisothermal melt crystallization, the ac-
tivation energy of crystallization was derived
from the Kissinger equation30 in the following
form:

�d	ln �/Tp
2
/�d	1/Tp
 � ��E/R (16)

where R is the universal gas constant and the rest
of the parameters have the aforementioned mean-
ings [the slope of a plot of log(�/Tp

2) versus 1/Tp].
In this way, we obtain a line with a good linear
relation in Figure 8; the slope is d[log �/Tp

2]/[d(1/
Tp)], and �E is �315.9 kJ/mol.

Figure 8 Kissinger plot for the determination of the activation energy of the noniso-
thermal melt crystallization of sPS.

Table V Values of a and F(T) and C (T) from
Equation of sPS

C(T) (%)

20 40 60 80

a 0.9405 1.114 1.032 1.057
F(T) 0.896 1.13 0.866 0.839
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CONCLUSION

A systematic study of the isothermal and noniso-
thermal melt-crystallization kinetics of sPS has
been carried out with DSC techniques. On the
basis of an Avrami analysis, either isothermal
melt crystallization at a lower value of Tc (i.e., Tc
� 236–241°C) or nonisothermal melt crystalliza-
tion is composed of primary and secondary stages,
but no secondary crystallization exist in isother-
mal melt-crystallization processes at higher val-
ues of Tc. A convenient method has been applied
to characterize the nonisothermal melt crystalli-
zation of sPS by the combination of the Avrami
equation with the Ozawa equation, and the result
shows this method is also fit for describing the
nonisothermal melt-crystallization process. The
Lauritzen–Hoffman nucleation theory has been
applied to linear growth-rate data of the sPS iso-
thermal melt crystallization. A transition from
regime II to regime III has been observed at Tc
� 239°C. The values of Kg III and Kg II and the
ratio Kg III/Kg II have been estimated. By suppos-
ing that the (040) plane is the growth plane, we
have evaluated growth parameters such as the
lateral-surface free energy (�). the fold-surface
free energy (�e), and the average work of chain
folding (q). These parameters of sPS have been
compared with those of iPS.

The research was supported by the Key Projects of the
National Natural Science Foundation of China and
subsidized by the Special Funds for State Basic Re-
search Projects.
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