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ABSTRACT: The fabrication of syndiotactic polystyrene
(sPS)/organophilic clay nanocomposite was conducted via
melt intercalation process. To obtain sPS nanocomposites
with exfoliated clay, the stepwise mixing process using RPS
as amorphous styrenic polymer was adopted. Also, organo-
philic clay modified by cetyl pyridium chloride was used to
overcome the thermal instability of commonly used clay and
to enhance the compatibility of clay with sPS. We could
obtain exfoliated sPS nanocomposites in all compositions
without any collapsed clay layers. The microstructures of

nanocomposites were confirmed by X-ray diffraction and
transmission electron microscopy. The crystallization rate of
nanocomposites investigated by differential scanning calo-
rimetry increases with the content of clay, which may be due
to the nucleating effect of the clay layer. Nanocomposites
exhibited enhanced stiffness relative to the neat polymer.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 125: E630–E637, 2012
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INTRODUCTION

Syndiotactic polystyrene (sPS) is a crystalline polymer
with a high melting point (about 270�C), which is
polymerized via new metallocene catalysts.1 It is one
of the most attractive polymers as it is based on a
commercially available, abundant monomer (styrene),
and it give tremendously improved properties over
conventional amorphous polystyrene (aPS). The sPS
is different from the aPS in that the phenyl rings reg-
ularly alternate from side to side with respect to the
zigzag polymer chain backbone, and this stereoregu-
lar structure allows sPS to crystallize readily. Thus, in
addition to the properties of aPS such as low specific
gravity, electrical properties, and hydrolytic stability,
sPS possesses not only excellent heat and chemical re-
sistance but also dimensional stability. Therefore, sPS
is thought to be one of the most promising candidates
for a new engineering thermoplastic.2,3

It is well known that aPS/clay nanocomposites
with different microstructures are easily obtained by
the melt intercalation process according to the type
of organic modifier in the clay gallery and the polar-
ity of the matrix polymer. Melt mixing or annealing

of only two components of aPS and organophilic
clay yields nanocomposites with intercalated struc-
ture.4,5 Exfoliated aPS nanocomposites can be
obtained by increasing the polarity of the matrix
polymer or introducing another polar polymer mis-
cible with aPS.6,7 However for sPS, it is different. To
adopt the melt intercalation process, the processing
temperature has to be raised above its melting tem-
perature (270�C). Therefore, the thermal stability
issue should be resolved in the first place. On the
other hand, the solution blending process at room
temperature does not have any thermal stability
problems, but two other typical drawbacks can be
considered. First, sPS is only soluble to limited sol-
vents, and its cost will be high if both the cost of sol-
vent and the separation cost are included. In addi-
tion, organic solvents may cause an environmentally
unfriendly situation to take care of. Therefore, it is
worth focusing on how sPS nanocomposites can be
successfully fabricated via melt processing.
Generally, clay should be modified with alkyl am-

monium for the polymer to penetrate easily into the
silicate layer because alkyl ammonium makes the
hydrophilic silicate surface organophilic. However, it
was found out that at around 190�C, the alkyl ammo-
nium part is detached from the organophilic clay so
that the gallery spacing is accordingly reduced.8 To
solve this problem, a unique way was developed in
the fabrication of sPS nanocomposites: melt intercala-
tion of amorphous styrenic polymers into the gallery
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of the organophilic clay followed by blending with
sPS.9–11 This may be called a stepwise mixing process.
In this study, the fabrication of sPS nanocomposites
with fully exfoliated clay was attempted via stepwise
mixing process using oxazoline-styrene copolymer
(RPS) as amorphous styrenic polymer. RPS is miscible
or partially miscible with sPS without forming domains.
Furthermore, it is well known that oxazolin group is
reactive toward a number of functional groups, e.g.,
acids, anhydrides, hydroxyls, and amine.12

Besides the polarity of matrix polymer, thermal sta-
bility of organophilic clay is essential to fabricate
sPS/clay nanocomposite by melt intercalation. In
addition, the miscibility between organic modifier
and sPS is also a vital factor to disperse clay layers
finely into the sPS matrix. Therefore, we decided to
fabricate and use organophilic clay modified by cetyl
pyridium chloride (CPC) instead of commonly used
alkyl ammonium. It is well known that CPC-treated
clay is more thermally stable than alkyl ammonium-
treated clay. By TGA analysis of the commonly used
organophilc clays modified by alkyl ammonium, it
was shown that the alkyl ammonium material started
to degrade at 150�C and about 70 wt % of the alkyl
ammonium material was degraded at 280�C, the
melting processing temperature of sPS.13 This amount
of weight loss of organic material brings about the
decrease of interlay spacing and deteriorates the com-
patibility of silicate with polymer. However, CPC-
modified clay started to decompose at 250�C, and a
considerable portion of the organic material was
likely to remain without being degraded at 280�C.14

In addition, CPC and sPS are miscible with CPC con-
tent up to 10 wt % and CPC can act as a plasticizer
for sPS, which means that the CPC-modified clay has
a good compatibility with sPS.15 Thus, it is expected
that sPS nanocomposites with well-dispersed clay
can be obtained because of the high polarity and reac-
tivity of RPS with hydroxyls in clay layer surface,
thermal stability of organophilic clay, and miscibility
between organic modifier and matrix polymer.

To prove the feasibility of the above fabrication
method, organophilic clay modified by CPC was
first prepared. The fabrication of sPS nanocompo-
sites via stepwise mixing process was performed
using oxazoline–styrene copolymer (RPS) as amor-
phous styrenic polymer. The microstructure of the
fabricated sPS nanocomposites was investigated by
X-ray diffraction (XRD) spectra and transmission
electron microscope (TEM) image. When considering
the properties of sPS nanocomposites, it is important
to understand the crystallization behavior and the
mechanical properties because sPS is crystalline
polymer. Therefore, crystallization behavior of nano-
composites was discussed by differential scanning
calorimetric (DSC) analyses, and the mechanical
properties of sPS nanocomposites were considered.

EXPERIMENTAL

Materials

The sPS used in this study had weight average mo-
lecular weight (Mw) of 256,000 was kindly supplied
by Samsung General Chemical Co., and used as
received. RPS was the commercial product of Nip-
pon Schokubai Co. with grade name of Epocros
RPS-1005 in which 5 wt % oxazolin unit was
included. For comparison, atactic polystyrene (aPS)
and styrene–maleic anhydride random copolymer
(SMA) were also used as amorphous styrenic poly-
mers. aPS (Mw ¼ 412,000) was a commercial grade
of Cheil Industry, and SMA (Mw ¼ 224,000) in which
the composition of maleic anhydride (MA) was 7 wt
% was purchased from Aldrich. Organophilic clay
was prepared by ion exchanging sodium montmoril-
lonite (Naþ-MMT) with CPC. Naþ-MMT was sup-
plied by the Southern Clay Co., and the cation
exchange capacity (CEC) of this clay is 95 meq/100
g. Cetyl pyridium choloride, a cationic surfactant,
was purchased from Aldrich with purity greater
than 99%.

Preparation of organophilic clay

The organophilic clay was prepared as follow via
ion exchange reaction. A total of 15 g Na-montmoril-
lonite was dispersed into 1500 mL of hot water
using homogenizer. A total of 5.814 g CPC (mont-
morillonte/pyridium salt ¼ 1/1.2 in CEC) was dis-
solved into hot water. It was poured into the Na-
montmorillonite-water solution under vigorous stir-
ring for 30 min to yield with precipitates. The pre-
cipitates were collected and washed by hot water
three times, and then the precipitates were ground
to 50 lm after thoroughly drying in a vacuum oven.
This organophilic clay was designed as CPC-MMT.

Preparation of the nanocomposite

sPS-clay nanocomposites were fabricated by step-
wise mixing process: melt intercalation of RPS into
organophilic clay followed by blending with sPS.
Schematic illustration of the fabrication process was
shown in Figure 1. At first, a preweighed amount of
organophilic clay and RPS were mixed together at
room temperature, then melt mixed in a Haake Rheo
Mixer 600 at 200�C for 10 min with 50 rpm rotor
speed. After completion of mixing, the mixed com-
posite was ejected from the mixing chamber, then
cooled and crushed at room temperature. The con-
tent of organophilic clay in RPS nanocomposites was
3.3, 10, and 16.7 wt %. sPS nanocomposite was fabri-
cated by blending sPS with the above product in a
Haake Rheo Mixer at 280�C for 6 min with 50 rpm
rotor speed. The blend ratio of sPS and RPS/
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organophilic clay was 7 : 3 so that the content of
organophilic clay in sPS nanocomposite was 1, 3,
and 5 wt %. The compositions of the fabricated
nanocomposites are summarized in Table I.

Measurements

The dispersed state of the clay layers in the matrix
polymer was evaluated using XRD and TEM. XRD
[Rigaku X-ray generator (CuKa radiation with k ¼
1.5406 Å)] spectra were obtained with a 2y scan
range of 0–10� at room temperature. The specimens
of the nanocomposite for XRD measurement were
obtained in sheet form using a hydraulic press. The
dispersion state and layered structure of the clay
were observed using TEM (Jeol JEM-2000EX). The
specimens were cut into ultrathin slices using a
Reichert-Jung Ultracut Microtome at a room temper-
ature without any staining process.

Crystallization and melting behavior of nanocom-
posites were investigated using DSC (Dupont Ta
2010). The samples were heated to 310�C under a
nitrogen atmosphere and held in the melt state for 5
min to eliminate the influence of thermal history.
Then, these samples were cooled at different cooling

rates of 6, 10, 14, and 20�C/min. The obtained ther-
mograms were analyzed in estimating the crystalli-
zation kinetics.
Tensile tests (ASTM D 1708) were performed

using a universal tensile machine (Instron UTM).
The crosshead speed was 1 mm/min. The flexural
modulus (ASTM D 790) was also obtained using
UTM. The crosshead speed was 5 mm/min. All
specimens for mechanical test were made by injec-
tion molding in a minimolder (CSI), and five
specimens for each sample were tested and averaged
valued were used.

RESULTS AND DISCUSSION

Fabrication of sPS nanocomposites by stepwise
mixing process

The XRD patterns of the clay are shown in Figure 2.
The XRD pattern of sodium montmorillonite shows
basal reflections characteristic of 2y ¼ 7.0�. Organo-
philic clay treated by CPC has the (001) peak at 2y ¼
4.7�. By Bragg’s rule, the d-space of clay increases
from 1.26 to 1.88 nm. This result indicates that the
CPC is indeed intercalated into the layers of clay
and the hydrophilic silicate surface changes into an
organophilic surface. Thus, hydrophobic polymer
chains can be more easily intercalated into the space
of the silicate layers.

Microstructure of sPS nanocomposites

The XRD patterns of RPS/CPC-MMT nanocompo-
sites and sPS nanocomposites are shown in Figure
3(A) and (B), respectively. When RPS and organo-
philic clay were melt-mixed at 200�C as a first step of
stepwise mixing method, RPS intercalated nanocom-
posites structure were obtained. When sPS and RPS/
CPC-MMT nanocomposites were mixed at 280�C, we
could obtain the exfoliated nanocomposites in all

Figure 1 Schematic illustration of the fabrication process
of sPS nanocomposites via stepwise mixing process.

TABLE I
Compositions of Nanocomposites

Sample
SPS

(wt %)
RPS

(wt %)
Organophilc
clay (wt %)

d-spacing
(nm)

CPC-MMT 0 0 100 1.88
sPS 100 0 0 –
sPRPS 70 30 0 –
RPS-c3.3 0 96.7 3.3 exfoliation
RPS-c10 0 90 10 3.27 nm
RPS-c16.7 0 83.3 16.7 3.22 nm
sPS-c1 70 29 1 exfoliation
sPS-c3 70 27 3 exfoliation
sPS-c5 70 25 5 exfoliation

Figure 2 XRD pattern of organophilic clay
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compositions without any collapsed clay layers. The
peak around 2y ¼ 6.7� is the diffraction peak of the
hexagonal crystallographic structure of sPS.16

It is worthwhile to note microstructural change of
the nanocomposite induced by mixing RPS/CPC-
MMT nanocomposite with sPS at high temperature.
Applied shear stress and heat during the final mix-
ing make it easier for RPS chains to move out from
the clay because the RPS chains previously interca-
lated in the clay gallery become more energetic and
have promoted thermal motion. The oxazolin group
in OPS has a strong interaction with hydroxyls in
clay surface. Thus, the layered structure of clay
becomes disordered or exfoliated as RPS and clay
layer move together, which is a favorable direction
from intercalation to exfoliation without any col-
lapsed clay layers. We believe that thermal stability
of CPC-MMT also played an important role in pre-
venting the clay layers from collapsing during melt
mixing with sPS at high temperatures.

The microstructures of sPS nanocomposites (clay
content of 3 wt %) observed by TEM are shown in
Figure 4. For comparison, XRD patterns and TEM
images of sPS nanocomposites prepared by the step-
wise melt mixing process using aPS and SMA as

amorphous styrenic polymers instead of RPS were
also shown in Figure 4. In case of aPS, XRD pattern
of the (001) peak shifted to 2y ¼ 6.24�, which means
the contraction of interlayer spacing and thus the
formation of unintercalated structures. TEM image
[Fig. 4(B)] showed that unevenly dispersed primary
clay particles (tactoids) were observed in the poly-
mer, strongly suggesting an immiscible dispersion.17

In case of SMA, although XRD pattern indicated
nearly no peak, TEM image [Fig. 4(C)] showed that
there were intercalated multilayer crystallites present
with a few individual layers. On the other hand,
TEM image as shown in Figure 4(D) exhibited that
individual clay layers were in abundance through-
out the polymer, strongly suggesting fully exfoliated
morphologies. The dispersion of the clay layers with
severely bent structure was also observed in the
whole region of TEM image, which means the clay
layers were deformed, delaminated, and dispersed
finely in the polymer matrix.
On the basis of the results of XRD and TEM

experiment, it could be said that sPS nanocomposites
with fully exfoliated clay were obtained because of
the high reactivity of oxazolin groups in RPS and
hydroxyls in clay layer surface.12 We believe that the
miscibility between matrix polymer and organic
modifier (CPC) also promoted intermixing of the
two chains, and consequently, the clay layers were
delaminated more completely.

Crystallization behavior of exfoliated
sPS nanocomposites

It is important to investigate the crystallization
behavior that occurred during processing as injection
molding because sPS is a crystalline polymer. At
first, a nonisothermal crystalline study was per-
formed for sPS nanocomposites. It seems desirable
to study crystallization behaviors under nonisother-
mal conditions because isothermal crystallization
condition is rarely achievable in practical processing.
There have been many suggestions to make a mate-
rial parameter for directing comparing crystallization
rate. Among them, we adopted the crystallization
rate parameter (CRP) proposed by Zhang et al.18

From the nonisothermal crystallization thermograms,
the width of the crystallization exothermic peak at
half-height divided by the cooling rate yields the iso-
thermal crystallization half-time, t1/2, necessary for
performing one-half a transition process at a given
crystallization temperature. Polymeric material hav-
ing a slower crystallization rate has a larger t1/2. The
CRP is determined by the slope in cooling rate ver-
sus 1/t1/2 plot and corresponds to the crystallization
rate of the system.
The crystallization temperature (Tc), heat of crys-

tallization (DHc), and half-time of crystallization (t1/

Figure 3 XRD patterns of (A) RPS/CPC-MMT nanocom-
posites and (B) sPS nanocomposites prepared by stepwise
mixing process.
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2) obtained from cooling thermograms were sum-
marized in Table II. Tc decreased with the increasing
cooling rate, which commonly occurs in polymeric
systems due to the difference in time scale between
the transformation of polymer chains to crystalline
and the cooling rate. When RPS was added to sPS,
Tc and DHc decreased because amorphous OPS mis-
cible with sPS interrupted the crystallite formation
of sPS. Tc values slightly increase with clay contents,
which seemed to be attributed to the nucleation
effect of clay. DHc values of sPS nanocomposites are
lower those than those of the sPS matrix. This indi-
cates that the crystallite portion was reduced. It
seems that the presence of clay hinders the transpor-
tation of polymer chains and ultimately crystal
growth.

To obtain the CRP, t1/2 was measured. At first, the
exothermic peak was integrated numerically, and
the temperature corresponding to 50% of the peak
area (T1/2) was found in relative crystallinity (Xc)
versus temperature plot. Also, t1/2 was obtained by
the following equation: t1/2 ¼ (Ti � T1/2)/C. Ti is the
initial crystallization temperature, which is the tem-
perature where the thermogram initially departs
from the base line. C is the cooling rate. The exo-

Figure 4 (A) XPD patterns and TEM images of sPS nanocomposites (clay content of 3 wt %) using (B) aPS, (C) SMA,
and (D) RPS as amorphous styrenic polymers.

TABLE II
Nonisothermal Crystallization Data of sPS

Nanocomosites

Sample
Cooling

rate (�C/min) Tc (
�C) DHc (J/g) t1/2 (min)

SPS 6 236.55 21.53 1.2858
10 232.89 21.17 0.9349
14 228.58 20.66 0.7174
20 226.22 20.09 0.5681

sPRPS 6 235.09 17.13 1.4372
10 229.95 16.47 1.0071
14 226.02 16.02 0.8201
20 222.39 15.45 0.6309

sPS-c1 6 234.17 16.46 1.5632
10 230.55 16.20 1.0896
14 226.43 15.70 0.8591
20 221.53 15.27 0.6493

sPS-c3 6 234.66 16.49 1.5827
10 230.19 16.14 1.0165
14 225.56 15.68 0.8125
20 221.49 14.97 0.6341

sPS-c5 6 235.39 16.52 1.5198
10 228.94 15.53 0.9471
14 227.19 15.88 0.7857
20 223.19 15.04 0.5919
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therms and Xc vs. temperature plot of sPS nanocom-
posite (clay content of 3 wt %) is displayed in Figure
5 as a typical example. When the reciprocal of t1/2
was plotted against the cooling rate, the linear plots
were obtained for all samples as shown in Figure 6.
The slopes of these plots, i.e., CRP were obtained by
linear regression. These CRP values were plotted
against the clay content in Figure 7. We could

observe that introducing clay followed by a nano-
scaled hybrid enhanced the overall crystallization
rate. It is believed that this result is attributed to the
nucleation effect of clay layer uniformly dispersed in
matrix polymer as discussed in Tc. The nucleation
effect of clay layers could be found in other poly-
mer/clay nanocomposites such as PET, nylon-6, and
PP.19–21

Figure 6 Plot of the reciprocal of half-time of crystallization against cooling rate.

Figure 5 (A) Exotherms of sPS-c3 and (B) their relative crystallinity with different cooling rate.
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Mechanical properties of exfoliated
sPS nanocomposites

Tensile modulus and flexural modulus were mea-
sured as mechanical properties. At first, the mechan-

ical properties of the blend of sPS with RPS were
measured as reference data. When sPS is blended
with RPS, the tensile modulus and flexural modulus
show some decrease as shown in Figure 8(A) and
(B), respectively. Generally, the crystal structure
such as a spherulite in sPS plays an important role
in its mechanical properties. This spherulite is
known to disrupt by blending with miscible amor-
phous polymer (RPS), which affects the mechanical
properties negatively.22 From Table II, we could
observe that DHc values of sPS nanocomposites are
lower those than those of the sPS matrix. Introduc-
ing clay followed by a nanoscaled hybrid leads to
the reduced DHc values than those of the sPS matrix.
The results indicate that the crystallite portion was
reduced. It seems that the presence of clay hinders
the transportation of polymer chains and ultimately
crystal growth, which may affect mechanical proper-
ties negatively. However, the tensile modulus of the
nanocomposite increases slightly with the increase in
clay contents. It is thought that the reinforcement
effect of clay in nanoscaled hybrid of polymer and
clay is significant enough to surpass the effect of
reduced crystallite portion. Flexural modulus also
increases with the increase in clay contents in all
cases.

CONCLUSIONS

The fabrication of nanocomposites based on sPS and
organophilic clay was investigated. To obtain sPS
nanocomposites with exfoliated clay, we adopted
the stepwise melt intercalation method using RPS as
amorphous styrenic polymer that is miscible with
sPS and has a high reactivity with clay layer. And
also we used CPC modified clay, which is thermally
stable and has a good miscibility with sPS. We could
obtain exfoliated sPS nanocomposites in all composi-
tions without any collapsed clay layers. Nanocompo-
sites exhibited an enhanced overall crystallization
rate but had less reduced crystallinity than a matrix
polymer. Clay layers dispersed in a matrix polymer
may serve as a nucleating agent and hinder the crys-
tal growth of polymer chains. Nanocomposites
showed increased mechanical properties because of
nano-scaled hybrid of polymer and clay.
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