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ABSTRACT: Polystyrene (PS)/organophilic montmoril-
lonite (OMMT) clay nanocomposites were prepared by a
solvent casting method using chloroform as a cosolvent.
Intercalation of the OMMT in the PS matrix was achieved as
revealed by X-ray diffraction. The IR spectra of the products
indicated that the OMMT is homogeneously dispersed in the
PS matrix. A thermogravimetric analysis (TGA) showed that
the onset temperature increases linearly with the clay con-
tent. The glass-transition temperature of the PS, examined
using differential scanning calorimetry, had a trend similar
to that from the TGA. The rheological properties of the

PS/OMMT nanocomposites were also investigated via a
rotational rheometer with a parallel plate geometry, and
they exhibited sharper shear thinning and increased storage
and loss modulus with clay content. Furthermore, the shear
viscosity obtained from the steady shear experiment was
well correlated with the complex viscosity obtained from the
oscillatory experiment via the Cox and Merz relation. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 87: 2106–2112, 2003
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INTRODUCTION

Polymer/clay nanocomposites have attracted strong
interest in recent materials research because they
show substantial enhancements of material properties
compared to the pristine polymers. These enhance-
ments could be achieved even at low clay loadings.
The mechanical and thermal improvements of small
amounts of nanolayered clay (typically less than 10 wt
%) are comparable with 30–50% loading of micron-
sized fillers.1 Further, compared to the prinstine poly-
mers, polymer/clay nanocomposites possess many
desirable properties including enhanced barrier char-
acteristics,2 increased modulus and strength,3–6 a high
heat distortion temperature,7 a decreased thermal ex-
pansion coefficient,2,8 reduced gas permeability,9 a de-
crease in organic liquid absorption,10 and enhanced
ionic conductivity.11–16 Recently, polymer/clay nano-
composites have been investigated as a potential ma-
terial for electrorheological (ER) fluids.17–20 A typical
ER fluid consists of a suspension of micron-sized par-
ticles that exhibit drastic and reversible changes in
their rheological properties when an external electric
field is applied21–23 in a nonconducting fluid. These

improved properties depend on the nanostructured
configuration and interfacial bonding between the
clay and the polymer.24

Two morphologies of polymer/clay nanocompos-
ites have been widely studied: intercalated structures
and exfoliated structures. The intercalated nanocom-
posites are analogous to traditional inclusion or guest-
host compounds, which result from polymer penetra-
tion into the interlayer and subsequent expansion to a
thermodynamically stable spacing. The expansion of
the interlayer is finite, typically on the order of 1–4
nm, and is normally associated with the incorporation
of individual polymer chains. In contrast to interca-
lated composites, exfoliated nanocomposites consist of
nanometer-thick silicate layers suspended in a poly-
mer matrix, which result from extensive penetration of
the polymer within and delamination of the crystal-
lites. More significant property enhancements are ob-
served for the exfoliated nanocomposites. These two
nanocomposites are thought to be thermodynamically
stable and have been predicted by mean field25 and
self-consistent26 theories.

Intercalated and exfoliated polystyrene (PS)/clay
nanocomposites have been widely investigated since
Friedlander and Grink27 observed a slight expansion
of the d001 spacing of clay galleries upon intercalation.
The melt intercalation of PS into organically modified
sodium bentonite, a layered mica-type silicate, which
leads to an approximate 25% increase in spacing be-
tween silicate layers, was also observed.28 Further-
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more, Hoffmann et al.29 reported a correlation be-
tween the morphology and rheology of exfoliated PS/
clay nanocomposites based on organophilic layered
silicates such as fluoromicas. The intercalated PS/clay
nanocomposites were prepared by polymerization of
styrene in the organophilic and hydrophilic clays,30

and this showed that the PS/clay nanocomposites
exhibited better thermal stability than PS. Recently
Chen et al.31 reported Fourier transform IR (FTIR)
spectra, thermal properties, and dispersibility of exfo-
liated PS/montmorillonite (MMT) nanocomposites.

In our study the PS/organophilic MMT (OMMT)
nanocomposites were intercalated after the PS was
dissolved with the OMMT in the suspension, followed
by subsequent removal of the solvent. This solvent
casting method has been adopted to produce various
nanocomposite systems including poly(l-lactide)/
MMT,32 poly(�-caprolactone)/MMT,33 poly(vinyl al-
cohol)/Na�-MMT,1,34 and poly(ethylene oxide)/
MMT34,35 nanocomposites using either water or chlo-
roform as a cosolvent. Moreover, to study the effect of
clay loading, we prepared PS/OMMT nanocompos-
ites with various clay contents and examined the mi-
crostructural and rheological properties for the PS/
clay nanocomposites with increasing clay content.

EXPERIMENTAL

Materials

The OMMT (Cloisite 25A, Southern Clay Products
Inc.) used in this study was an MMT modified by a
cation exchange reaction with a dimethyl, hydroge-
nated tallow, 2-ethylhexyl, quaternary ammonium
methylsulfate. The OMMT clays possess the same
structural characteristics as the well-known minerals
talc and mica (2:1 phyllosilicate) and comprise hy-
drated aluminum silicate.36,37 However, the smectite
clays are distinguished from talc and mica by a unit
cell layer charge (typically, in the range of �0.6 to
�1.4/O20 unit) that is intermediate between the layer
charge of talc (0.0/O20 unit) and mica (�2.0/O20 unit).
This intermediate value for the layer charge leads to
cation exchange and gallery swelling properties that
are not shared by talc and mica.38 The crystal structure
of OMMT consists of 2-dimensional layers formed by
fusing two silica tetrahedral sheets with an edge-
shared octahedral sheet of either alumina or magnesia
that exhibits a net negative charge on the lamellar
surface, which enables them to adsorb cations such as
Na� or Ca��. Because these cations are not structural,
they can be easily replaced by modifying the silicates
with alkylammonium or phosphonium cations via an
ion exchange reaction.39,40 Depending on the function-
ality, packing density, and length of the organic mod-
ifiers, the OMMT may be engineered to optimize their
compatibility with a given polymer.41 The OMMT is a

fine powder with an average particle diameter of 13
�m in the dry state with a cationic exchange capacity
of 0.95 mEq/g and an ability to disperse well in chlo-
roform. The PS (Mw � 230,000 g/mol) was purchased
from Aldrich Chemical Co.

Preparation of nanocomposites

Both the PS and OMMT were dried in a vaccum oven
at 25°C to remove moisture. A given amount (0.6, 1.5,
or 3 g) of OMMT was dispersed in 200 mL of chloro-
form over 1 day at 25°C, and the matrix PS (29.4, 28.5,
or 27 g) was also dissolved using the same method.
The OMMT dispersions and PS solutions were mixed
together by stirring for 2 days, and the mixtures were
placed in glass dishes. After the chloroform was evap-
orated in a hood, all of the samples were subsequently
dried in a vaccum oven for 2 days at 30°C. The weight
percentage of OMMT in the nanocomposites is repre-
sented by the polymers; for example, PSOMMT10 in-
dicates PS/OMMT nanocomposites containing 10
wt % OMMT.

Characterization

The insertion of the PS into the layers was confirmed
with an X-ray diffraction (XRD) method. XRD diffrac-
tograms, were recorded by monitoring the diffraction
angle 2� from 1.5° to 30° on a Philips PW-1847 X-ray
crystallographic unit monitored with a Guinier focus-
ing camera. This unit was equipped with a nickel-
filtered Cu K� radiation source operated at 40 kV and
40 mA. The FTIR spectra for the OMMT, PS, and
PSOMMT10 were recorded on a spectrum 2000 ex-
plorer spectrometer (Perkin–Elmer) in a range of
4000–450 cm�1 using a KBr pellet.

The thermal properties were also measured by ther-
mogravimetric analysis (TGA, TGA 1000, Polymer
Laboratories, Thermal Sciences Division). Samples of
10 mg were heated from 30 to 600°C at a heating rate
of 20°C/min under a nitrogen environment. The ther-
mal behavior of the nanocomposites was observed by
differential scanning calorimetry (DSC, series 7, Per-
kin–Elmer). A sample of 5-mg mass was heated in a
nitrogen atmosphere from 30 to 150°C with a heating
rate of 10°C/min.

The rheological properties of the nanocomposites
were investigated via a rotational rheometer (MCR
300, Physica) in a steady shear mode. Samples with
1-mm thickness and 25-mm radii were applied in a
parallel plate geometry at a constant temperature of
200°C. The shear viscosity in the molten state sample
was measured as a function of the shear rate. In ad-
dition, the rheological properties were investigated in
an oscillatory shear experiment to measure the dura-
bility of the nanocomposites under vibration or peri-
odic external stress. The experiment was carried out in
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the parallel plate geometry, and the complex shear
modulus (G* � G� � iG�, where G� is the storage
modulus and G� is the loss modulus) and complex
viscosity (�* � �� � i��) were measured as functions
of the frequency with a deformation of 0.3% at 200°C.

RESULTS AND DISCUSSION

Figure 1 presents XRD diffractograms of the PS and
various representative nanocomposites. The d001 spac-
ings were calculated from the Bragg formula, d � �/2
sin �, at peak positions (wavelength � of X ray � 1.54
Å). Because of the intercalation of PS into the galleries
via the solvent casting method, the d001 spacing of
OMMT increased from 19.42 to 32.72 Å of the nano-
composite in the dry state. The PS is considered to be
intercalated into the interlayer galleries because of the
slight Lewis base character imparted by the phenyl
ring, leading to favorable interactions with the silicate
layers.42 The d001 spacing for the PS/OMMT nanocom-
posites is independent of the clay loading, which is
consistent with the model PS-based nanocomposites
of Vaia and coworkers.43,44 Even though the XRD
patterns of the nanocomposites were not observed for
2� � 1.5°, the XRD patterns of the overall nanocom-
posites are similar to that of OMMT. This is a strong
indication that the overwhelming fraction of the
OMMT nanocomposite retains the crystalline struc-
ture (i.e., there is no trace in the occurrence of the
delamination). Consequently, the XRD analysis leads
to a conclusion that the PS is intercalated into the
interlayer of OMMT.

The FTIR spectrum of the representative composite
is illustrated in Figure 2 along with those of PS,
OMMT, and PSOMMT10. The spectrum of the nano-
composite clearly exhibits the characteristic absorp-
tions attributable to both the polymeric organic and
inorganic groups. The absorption bands at 3070 and

3030 (aromatic COH stretching), 2960 and 2930 (ali-
phatic COH stretching), and 2926 and 2852 cm�1

(asymmetric and symmetric vibration of OCH2) are
the frequencies of PS. The absorption bands for
OMMT are 3636 (OOH stretching vibration of
OMMT), 1037 (SiOO stretching vibrations of OMMT),
and 522 and 466 cm�1 (AlOO stretching and SiOO
bending vibrations of OMMT). Also, the COH asym-
metric and symmetric stretching vibration in the alkyl
chains of the ammonium salt are 2929 and 2852 cm�1,
respectively.

Figure 3 represents the TGA thermograms of PS and
PS/OMMT nanocomposites with various OMMT con-
tents. In contrast to the PS, the onset of decomposition
for PS/OMMT nanocomposites is shifted toward a
higher temperature with the clay content. This en-
hancement of the thermal stability can be regarded as
additional evidence of the intercalations between PS
and OMMT. The OMMT possesses high thermal sta-
bility, and its layer structure exhibits a great barrier

Figure 1 The XRD diffractogram of the PS, OMMT, and
PS/OMMT nanocomposites. Figure 2 FTIR spectra of the PS, OMMT, and PS/OMMT

nanocomposite containing 5 wt % OMMT.

Figure 3 TGA thermograms of PS and PS/OMMT nano-
composites.
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effect that stops the evaporation of the small mole-
cules generated in the thermal decomposition process
and effectively limits the continuous decomposition of
the PS.45,46 Also, note that the nanocomposites show
approximately the same decomposition temperature
at 320°C, regardless of polymer loading. This means
that the thermal insulation effect of OMMT has little
dependence on the contents of intercalated polymer in
the concentration range we studied.47

The glass-transition behaviors of the PS and PS/
OMMT nanocomposites measured by the DSC analy-
sis are shown in Figure 4. The PS exhibits an endo-
thermic peak at 94°C. When compared to the glass-
transition temperature (Tg) of pure PS, the Tg of the
PS/OMMT nanocomposites is linearly increased with
the amount of OMMT. This is caused by the strong
intercalation between PS and OMMT, which limits the
cooperative dynamics of the PS main chain seg-
ments.48

The steady shear response of polymer/clay nano-
composites has important consequences for the pro-
cessability of the materials. We have systematically
studied the PS/OMMT nanocomposites via a steady
shear measurement in their melt state. Figure 5 shows
the steady shear viscosity (�) versus the shear rate (�̇)
for the PS and PS/OMMT nanocomposites with dif-
ferent clay loadings at 200°C. At low shear rates, the �
increases substantially and monotonically at a given �̇
with the OMMT content. However, at high shear rates,
the viscosity and degree of shear thinning for the
PS/OMMT nanocomposites are comparable with
those of the unfilled polymer as a result of the prefer-
ential orientation of the layers of the silicates or even
anisotropic tactoids parallel to the flow direc-
tion.38,49,50 A similar trend in the shear viscosity was
also observed by Krishnamoorti et al.51 for a series of
intercalated poly(dimethyl diphenyl siloxane)/silicate
nanocomposites. They found not only that the shear

viscosity of the nanocomposites increases monotoni-
cally with silicate loading but also that the intercalated
nanocomposites display shear thinning behavior at
lower shear rates, which is possibly due to the changes
in orientation of the silicate layers and polymer con-
formation under the shear.52

In order to investigate the � versus �̇ relationship,
we fit the measured viscosity to the Carreau model53

given by eq. (1):

� �
�0

�1 	 ��c�̇	2
�1�n	/2 (1)

Here �0 is the zero shear rate viscosity, �c is a
characteristic (or relaxation) time, and n is a dimen-
sionless parameter, where the slope of � versus �̇ in
the power-law region is given by (n � 1). Note that in
the special case of n � 1 or �̇�c3 0, eq. (1) reduces to
the Newtonian fluid model. For n � 1, eq. (1) predicts
shear thinning behavior. From the calculated values
for parameters n, �c, and �0 in the PS/OMMT nano-
composites system (Table I), we found that the degree
of shear thinning and �c increase with the OMMT
content. The degree of shear thinning increases with
clay loading (Fig. 5) because of the alignment of the
clay layer structures under the shear,51,54 meaning that
the suspension microstructure changes from a random

Figure 4 DSC thermograms of PS and PS/OMMT nano-
composites. Figure 5 The steady shear viscosity versus the shear rate

for PS/OMMT nanocomposites with three different clay
contents at 200°C.

TABLE I
Carreau Model [Eq. (1)] Parameters Obtained from PS

and PS/OMMT Nanocomposite Systems

Sample Codes �0 (Pas) � 10�4 �c (s) n

PS 0.93 12.53 0.77
PSOMMT2 1.17 14.54 0.72
PSOMMT5 1.69 13.34 0.68
PSOMMT2 3.33 26.26 0.64
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orientation to a shear-induced orientation.35 Note that
the shear thinning viscosities of biodegradable ali-
phatic polyester (BAP)/poly(vinyl alcohol) blends55

and poly(ethylene oxide)/clay nanocomposites35 also
fit the Carreau model quite well.

The dynamic linear viscoelastic behavior of the
nanocomposites in a melt state is examined in a con-
stant strain rheometer in either a cone–plate or parallel
plate geometry. The linearity in the measurements is
typically confirmed by repeating the measurements at
higher and lower strain amplitudes and observing the
independence of the measured G� and G� values. For
the nanocomposites with low clay loading a linear
viscoelasticity is observed for strain amplitudes below
5%, while for the higher clay nanocomposites a linear
viscoelastic response is observed over a more re-
stricted strain amplitude range. Nonlinear effects are
being observed in some cases for strain amplitude as
small as 1%.56 In our experiment the linear viscoelas-
ticity for the nanocomposites was observed only for a
limited range of strain (0.3%). The G� and G� values for
the PS/OMMT nanocomposites as functions of the

angular frequency (
) with various clay contents are
shown in Figure 6. The G� and G� values of these
nanocomposites show a monotonic increase at all fre-
quencies with OMMT loading. The slope of G� and G�
in the terminal zone was estimated for all four samples
at a frequency below 2 1/s. The frequency dependence
of G� decreases monotonically (i.e., the transition from

 to 
0.94 for PS, to 
0.94 for PSOMMT2, to 
0.84 for
PSOMMT5, and to 
0.62 for PSOMMT10). Also, the
frequency dependence of G� is altered with clay load-
ing (i.e., 
0.66 for PS, 
0.62 for PSOMMT2, 
0.57 for
PSOMMT5, and 
0.46 for PSOMMT10). Similar trends
in the oscillatory shear experiment were also observed
by Krishnamoorti and Gianellis56 for a series of nylon
6/MMT and poly(�-caprolactone)/MMT nanocom-
posites for the polymer chains being end tethered to
the silicate surface via a cationic surfactant. The slope
and absolute values of the dynamic moduli indicate a
supermolecular structure formation in the nanocom-
posites. The higher the G� and the smaller the slope,
the more pronounced the interaction between the sil-
icate sheets and their tendency to form a 3-dimen-
sional superstructure.57 Rheological measurements
performed on PS-based model nanocomposites have
shown that the formation of a superstructure results in
a well-pronounced equilibrium plateau modulus.29

Larson58 illustrated G� and G� values for prototypi-
cal solidlike and liquidlike materials. The G� and G�
versus 
 values for nanocomposites are shown in
Figure 7. For G� � G�, we expect liquidlike behavior;
for G� � G� and G� is nearly independent of the
frequency, we expect solidlike behavior. The melt be-
havior of the PS is liquidlike (G� � G�) at low frequen-
cies, while solidlike behavior is found at high frequen-
cies (G� � G�). In the case of PS, the transition from
liquidlike to solidlike occurs at 
c  14 1/s, as indi-
cated by the crossover of G� and G� values. In contrast
to PS, the crossover point for PS/OMMT nanocom-

Figure 6 The linear viscoelastic dynamic moduli (a) G� and
(b) G� for PS/OMMT nanocomposites at 200°C.

Figure 7 The values for G� and G� as a function of 
 for PS
and PS/OMMT nanocomposites.
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posites is shifted toward a lower angular frequency
with the clay content.

For highly elastic fluids and polymer melts, it is
very difficult to measure the steady shear viscosity at
high shear rates. The shear viscosity can be estimated
from the Cox–Merz relation. Figure 8 shows that the
shear viscosity of the PS/OMMT nanocomposites was
obtained via steady shear experiments and �* was
obtained from the oscillatory experiments as a func-
tion of �̇ and 
. Cox and Merz59 found that the mod-
ulus of the complex viscosity [�* � G*/(i
)] was
roughly equal to the viscosity obtained at �̇ � 
. The
empirical Cox–Merz relation is

���̇	 � ��*�
	��̇�
 � ����	2 	 ���	2 (2)

This is important because it allows us to determine
the shear rate dependence of the viscosity at shear
rates significantly higher than those permitted for
cone–plate and plate–plate geometries.60 Both the �
and |�*| of the PS/OMMT nanocomposites decrease
with increasing �̇ or 
 and increase with increasing
clay content. The |�*| fit � at low clay content but
deviate at high clay loading. The mechanism for this
deviation is possibly attributable to orientation of the
silicate layers. Note that oscillatory shear, when ap-
plied in the linear viscoelastic region, may be able to
promote the shear thinning capability of materials. By
contrast, steady shear can effectively rearrange molec-
ular packing of materials along the shear direction. Lin
and Winter61 reported that the � value of liquid crys-
talline polymers is much lower than their |�*| value
due to the better molecular alignment achieved by
steady shear. Thus, the Cox–Merz relation for the
PS/OMMT nanocomposites is invalid for high fre-
quency and/or high clay content.

CONCLUSIONS

We prepared PS/OMMT nanocomposites via a sol-
vent casting method using chloroform as the cosol-
vent. The XRD analysis and FTIR spectra confirmed
the insertion of PS between the layers of the OMMT.
The TGA and DSC analyses showed that the thermal
stability of PS/OMMT nanocomposites becomes
higher than PS as the OMMT content increases. From
the rheological measurement, an � increase was ob-
served as the OMMT loading increased. The PS/
OMMT nanocomposites exhibit higher zero shear rate
viscosity and pronounced shear thinning behavior.
Also, the G� and G� values of PS/OMMT nanocom-
posites showed a monotonic increase with OMMT
loading at all frequencies. The slope of G� and G� in the
terminal zone decreases sharply at frequencies below
2 1/s, and the crossover points of G� and G� for PS/
OMMT nanocomposites are shifted toward a lower 

with increasing clay content. This phenomenon results
in a shift from liquidlike to solidlike behavior. Finally,
the Cox–Merz relation for the PS/OMMT nanocom-
posites is invalid for high frequency and/or high clay
content.
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