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Abstract

Quaternary ammonium salts of sulfonated polystyrene (SPS) were used as compatibilizers for melt intercalation of PS and pristine Na-mont-
morillonite. Tetra-octyl ammonium SPS and tetra-decyl ammonium SPS ionomeric compatibilizers produced significant exfoliation and a homo-
geneous dispersion of the polymereclay nanocomposites. Wide angle X-ray diffraction and transmission electron microscopy were primarily
used to characterize the morphology of the nanocomposites. Image analysis was used to measure the percentage exfoliation. Exfoliation
increased with the increasing length of the alkyl chain of the ammonium counter-ion of the SPS ionomer. The nanocomposites containing
ionomers exhibited higher storage moduli compared to nanocomposites without the compatibilizer.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer-layered silicate nanocomposites (PLSNs) have
generated significant interest in academia and industry as a re-
sult of their enhancement of a wide range of properties. PLSNs
have been fabricated using different polymer matrices and
various methods of preparation. The primary reason for the im-
provement of the material performance is incorporation and
dispersion of highly anisotropic nanoscale reinforcements
compared with conventional particulate microscale fillers.
The properties of nanocomposites are determined not only by
the characteristics of the individual components but also by
the morphology formed [1]. The reinforcements in PLSNs are
inorganic filler particles such as layered silicates. The literature
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on this class of materials is now quite extensive and includes
a monograph [2] and a couple of recent review articles [3,4].

Layered silicates, such as sodium-montmorillonite (Na-
Mmt), are commonly used as the inorganic filler. Their crystal
lattice consists of two-dimensional layers, where a central
octahedral sheet of alumina or magnesia is fused with two
external silica tetrahedra at the tip [5]. The layer thickness of
the sheets is around 1 nm. These layers organize into stacks
with a regular Van der Waals gap called the ‘interlayer’
having a spacing of 0.96 nm. Isomorphous substitution of the
Al3þ by Mg2þ or Si4þ by Al3þ within the silicate layer gener-
ates a net negative charge on the layer, which is counterbal-
anced by alkali or alkaline earth metal cations in the galleries.
The interlamellar cations have one or two shells of water of
hydration surrounding them; e.g. montmorillonite has the
chemical formula [Mx (Al4�xMgx) Si8O20 (OH)4], where ‘M’
is a monovalent cation which resides in the intergallery spaces,
and ‘x’ is the degree of isomorphous substitution. There are
several layers of organization within the clay minerals [6,7].
The typical particle size is 8e10 mm which comprises the
tactoids. The smallest primary particles are stacks of parallel
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lamellae with an average of 15e20 sheets per particle and of the
order of 0.1e1 mm.

The most common strategies for fabricating PLSNs are
in situ-polymerization [8,9], solution intercalation [10,11] and
melt intercalation [12,13]. Melt intercalation is the most versa-
tile and environmentally benign method that can be used for the
commercial production of PLSNs. In this method, a mixture of
polymer and silicate, heated above the glass transition or melt-
ing temperature of the polymer, is mixed using shear forces in
an extruder. However, the silicates used in this method are
usually surface modified to improve their interactions with
hydrophobic polymers, which are mostly non-polar. Organic
modification is achieved by exchanging the interlamellar
alkali/alkaline ions with long chain alkyl amines or quaternary
ammonium ions. But, organic modification has its own disad-
vantages. It not only requires an extra step in producing poly-
mer/clay nanocomposites, but the organic modifiers commonly
used degrade at the elevated temperatures needed to process
the nanocomposites and thus cause the silicate layers to regain
their hydrophilicity [14e16]. Instability of the organoclay can
also adversely affect the stability of the polymer [17e19].

Though different polymers have been used as polymer ma-
trices, there are limited reports of charged polymers such as
ionomers being used in PLSNs. In the majority of studies using
ionomers, organically modified montmorillonite was employed
as the filler material [20e25]. We recently reported on the use
of quaternary alkyl ammonium-neutralized sulfonated polysty-
rene ionomers for promoting intercalation in pristine Na-Mmt,
with no organic modification [26]. Quaternary alkyl ammo-
nium pendant groups on the hydrophobic polymer backbone
of PS provide amphiphilic character to the polymer and, hence,
are attractive for intercalating hydrophilic smectite clays. The
approach of using ionomers as compatibilizers increased
the silicate gallery spacing of pristine montmorillonite and
produced partially intercalated/exfoliated morphologies [26].
There were two main objectives of the current study reported
herein. The first goal was to examine the efficiency of various
quaternary alkyl ammonium-neutralized SPS for promoting in-
tercalation of the ionomer into unmodified Na-Mmt clay and its
use as a compatibilizer for improving dispersion of the clay in
another non-polar polymer such as PS. The effect of the length
of alkyl substituents of the counter-ion on intercalation/
exfoliation capability was evaluated. The second goal was to
characterize the dynamic, mechanical and thermal properties
of the composites. In our earlier work [26] we showed that
an increase in the intergallery spacings occurred only when
the ratio of the ion-exchange capacity and the cation exchange
capacity, IEC/CEC> 1. In all the blends studied here, the
amount of ionomers added in the extruder or the IEC of
ionomers used is such that this criterion was met.

2. Experimental

2.1. Materials and synthesis

A commercial atactic polystyrene, Styron� 666, with
Mw¼ 280 kDa and Mn¼ 106 kDa was provided by Dow
Chemical Company and used as received. Sulfonated polysty-
rene (SPS) ionomers were prepared by sulfonating polystyrene
(PS) in 1,2 dichloroethane solution using acetyl sulfate at
50 �C following the procedure of Makowski et al. [27]. The
sulfonation reaction is an electrophilic substitution reaction,
which substitutes sulfonic acid groups randomly along the
chain, primarily at the para-position of the phenyl ring. The
ionomers were isolated from solution by distillation of the
solvent, filtered, washed several times with deionized distilled
water, and dried under vacuum. The sulfonation level of the
ionomer was determined by titration of the sulfonic acid
derivative (HSPS) in a mixed solvent of toluene/methanol
(90/10 v/v) with methanolic sodium hydroxide of known nor-
mality to a phenolphthalein end-point. Ionomers with three
different counter-ions of varying alkyl chain lengths were pre-
pared. Ionomers with mol% sulfonation between 8 and 9 were
targeted in this study. The actual mol% sulfonation was 8.3.

Reagent grade tert-butyl ammonium hydroxide (Te-BuA),
tert-octyl ammonium bromide (Te-OcA), and tert-decyl
ammonium bromide (Te-DeA) were obtained from Aldrich
Chemical Company and used as received. The alkyl ammo-
nium salts of SPS were prepared by dissolving the HSPS in
toluene/methanol solution and neutralizing them with stoi-
chiometric addition of the appropriate alkyl ammonium salt.
The reaction was allowed to progress for 12 h. The neutralized
ionomers were isolated by steam distillation, filtered, washed
several times with deionized distilled water and dried under
vacuum at 80 �C. The sodium-montmorillonite (Na-Mmt)
used was Cloisite Naþ, obtained from Southern Clay Products.
CEC cited by the manufacturer was 0.92 meq/g and the clay
was used as received without any further drying.

The sample nomenclature used for the ionomer in this
article is rst-SPSx, where rst denotes the alkyl ammonium
cation and x indicates the ion-exchange capacity (IEC) of
the ionomer in meq/g. The sample nomenclature used for
the quaternary salts was TeBueSPSx, TeOceSPSx and
TeDeeSPSx for the tetra-butyl ammonium SPS, tetra-octyl
ammonium SPS and tetra-decyl ammonium SPS, respectively.

2.2. Melt processing

A DACA micro-compounder (a vertical, recirculating co-
rotating twin screw extruder) produced by DACA instruments,
California, USA was used for melt processing SPS/PS/Na-
Mmt blends. The extrusion temperature was 50 �C above the
glass transition temperature (Tg), screw speed was 190 rpm
and the mixing time was fixed at 10 min. The screw speed
and mixing time were optimized after several trial runs. Poly-
mers were added to the extruder using a lower screw speed
(70 rpm) than was used for melt mixing with the clay. First,
half of the polymer (w2 g) was added, followed by the addi-
tion of Na-Mmt after the polymer became molten. Then the
remainder of the polymer was added and the screw speed
was increased to 150 rpm. During mixing, the exit valve was
closed and the recirculation valve was opened, so that the
micro-compounder functioned as a batch mixer. After 10 min
of mixing, samples were pumped out through the exit valve.
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Any material left after that was removed from the screws and
the barrel after stopping the extruder.

2.3. Materials characterization

Film samples (1 mm thick) for materials characterization
were prepared by compression molding with a Wabash two-
platen press using a rectangular mold at the same temperatures
as the extrusion temperatures of the blends. A preheating time
of 3 min without pressure was followed by a compression
molding time of 5 min at higher pressure (w90 kN). The sam-
ples were water-cooled in the press at elevated pressure and
removed from the press at room temperature. The blend no-
menclature followed in this paper is (m/n)PS/rst-SPSx/Mmt
for the PS/ionomer/Na-Mmt blends, where (m/n) denotes the
PS/SPSx composition (w/w) based on the total polymer con-
tent. The composition of the silicate was fixed at 3 wt% of the
total polymer mass, except for one sample that had 10 wt%
silicate. The composite samples studied are summarized in
Table 1.

Wide angle X-ray diffraction (WAXD) of compression
molded specimens was done with a Bruker D8 Advance dif-
fractometer using CuKa (l¼ 0.154 nm) radiation at a voltage
and current of 40 kV and 40 mA, respectively. The scattering
angle (2q) was scanned at room temperature from 3� to 12�

at a scan speed of 0.1�/min. This angular range corresponded
to values of the momentum transfer vector q¼ 4p sin q/l from
2.1 to 8.5 nm�1. The basal spacing of the silicate layers (d )
was calculated using Bragg’s law d¼ 2p/q.

Transmission electron microscopy (TEM) was carried out
with a Philips 300 electron microscope using an operating
voltage of 80 kV. Thin sections (w70 nm) were microtomed
from compression molded samples at room temperature with
a diamond knife using an LKB ultramicrotome. The sections
were collected from a water trough and floated directly onto
Cu grids. The silicate layers are comprised of heavier ele-
ments, such as Si and Al, than the interlayer and surrounding
matrix which are comprised of C, H, N and O, which provided
sufficient contrast between the clay (darker objects in the TEM
images) and the polymer, so no external staining was needed.
Although natural contrast was adequate to resolve the clay
from the polymer, the contrast was not sharp enough at all
magnifications to utilize automated image analysis software
to resolve single platelets from stacks of 2e3 platelets. As a
result, the number of platelets per particle was counted
manually. TEM specimens were viewed under a magnification
range of 40Ke120K so as to include a large number of plate-
lets or agglomerates, which provided good statistics of the
distribution of particle sizes. For each sample, 15e20 micro-
graphs were analyzed to determine the total number of plate-
lets and the average number of platelets per stack. The
platelets were categorized as single platelets, stacks of 2e5
platelets and stacks comprising of more than 10 platelets.
The percent exfoliation was defined as the percentage of single
platelets in the population.

The glass transition temperature (Tg) and change in the
specific heat (DCp) at the glass transition were measured with
a temperature-modulated differential scanning calorimeter
(TMDSC) (MDSC�, TA2920, TA Instruments) using a heat-
ing rate of 2.5 �C/min, a 60 s period heating/cooling cycle of
modulation and an oscillation amplitude of �1 �C. Dynamic
mechanical properties of the composites were measured with
a TA Instruments DMA model 2980 using the tensile mode
and a frequency of 1 Hz. The mechanical properties were
obtained on compression molded samples. The temperature
range used was �60 �C to 130 �C, the amplitude of vibration
was 10 mm and the heating rate was 2 �C/min.

3. Results and discussions

3.1. WAXD and TEM

Fig. 1 shows the WAXD data (2q¼ 3e10�) for PS/SPS/Na-
Mmt composites as a function of alkyl chain length of the
quaternary ammonium counter-ions in ammonium-neutralized
SPS; each composite contained 3 wt% silicate. The diffraction
patterns are offset vertically for clarity. The 150 �C XRD pat-
tern of Na-Mmt shows that the base gallery spacing for the
clay was 0.96 nm. The original d001 spacing of Na-Mmt at
room temperature is 1.03 nm; the difference is because of col-
lapsing of the layers due to loss of water at high temperatures.
The PLNs were processed between 150 and 160 �C, so it was
assumed that the weakly bonded water in Na-Mmt was already
lost from the clay.

The WAXD of the PS/silicate sample shows a peak at the
same position as for the neat silicate that corresponds to a gal-
lery spacing of 0.96 nm. The peak moved to lower q for the
PS/ionomer/silicate nanocomposites, which indicates higher
spacings for the Na-Mmt galleries. The WAXD peak for the
(75/25)PS/TeBueSPS0.75/Mmt corresponded to a d-spacing
of 1.37 nm, and the d(001) reflection of the (90/10)PS/TeOce
SPS0.75/Mmt composite, which exhibited the maximum
Table 1

Nomenclature and details of blend compositions

Material Counter-ion IEC (meq/g) wt% Silicate

in blend

wt% PS in

polymer content

Blend nomenclature

PS e 0 3 100 (100/0)PS/Mmt

TeBueSPS0.75 Tetrabutyl ammonium 0.75 3 75 (75/25)PS/TeBueSPS0.75/Mmt

TeOceSPS0.75 Tetraoctyl ammonium 0.75 3 75 (75/25)PS/TeOceSPS0.75/Mmt

TeOceSPS0.75 Tetraoctyl ammonium 0.75 3 90 (90/10)PS/TeOceSPS0.75/Mmt

TeOceSPS0.75 Tetraoctyl ammonium 0.75 10 75 (75/25)PS/TeOceSPS0.75/Mmt-10

TeDeeSPS0.75 Tetradecyl ammonium 0.75 3 75 (75/25)PS/TeDeeSPS0.75/Mmt



6687N.N. Bhiwankar, R.A. Weiss / Polymer 47 (2006) 6684e6691
intercalation, shifted from 0.96 nm for Na-Mmt to 1.96 nm for
the composite. Higher order reflections were not observed for
any of these nanocomposites. The peak at q w5.5 nm�1 seen
in curve (e) is a result of partial intercalation in some silicate
layers, while the peak at q w6.8 nm�1 is presumably due to
completely unintercalated layers. The peak position in curve
(b) is similar to that of Na-Mmt (curve a) by itself. The large
full width half maxima of the peaks indicate large inhomoge-
neities of intergallery spacings, though the positions of WAXD
peaks were reproducible for different batches of nanocompo-
sites with the same composition. For comparison, the changes
in the d-spacings of Na-Mmt when an equivalent amount of
low molecular weight quaternary ammonium salt such as
Te-OcA was added in the extruder during melt mixing of PS
and Na-Mmt was evaluated. In that case, the d(001) spacing
changed from 0.96 to 1.09 nm compared with the 1.96 nm
spacing observed when the TeOceSPS ionomer was used.

A typical TEM bright field image of a (75/25)PS/TeOce
SPS0.75/Mmt nanocomposite at a relatively low magnification
is shown in Fig. 2. Single clay layers, evidence for exfoliation,
are present in abundance throughout the polymer matrix. How-
ever, intercalated and disordered layers also co-exist with the
exfoliated silicate. There was no significant orientation of
these platelets, as expected for a compression molded sample.
The intercalated tactoids are responsible for the peak seen in
the WAXD patterns while the disordered and exfoliated
structures should have little or no contribution to the WAXD
pattern over the angular range shown in Fig. 1. Some regions
in the micrograph shown in Fig. 2, such as the feature marked
(A) contained as many as 10e20 silicate layers stacked
together. However, majority of the clay layers were present

Fig. 1. WAXD of PS/SPS/Na-Mmt composites as a function of alkyl chain

lengths of quaternary ammonium counter-ions in sulfonated PS ionomers,

(a) Na-Mmt at 150 �C, (b) (100/0)PS/SPS/Mmt, (c) (75/25)PS/TeDee
SPS0.75/Mmt, (d) (75/25)PS/TeBueSPS/0.75/Mmt, and (e) (90/10)PS/TeOce

SPS0.75/Mmt.
as single layers or as stacks of 2e5 layers (see the features
marked by the small arrows in Fig. 2). The exfoliated layers
had different lengths, with the average length between 80
and 140 nm. This disparity in platelet lengths may be due to
a variety of reasons. First, clay platelets at the source of origin
exhibit a wide distribution of lateral dimensions [28]. During
extrusion of polymereclay composites, the shear forces acting
on the platelets may break them, which will further affect the
distribution of sizes and shapes. In addition, the microtoming
procedure may increase the heterogeneity in platelet length
and thickness [29].

For the intercalated nanocomposites, the intercalated re-
gions were more prevalent near the primary particleepolymer
boundary. This was also observed in organically modified
Mmt by Vaia et al. [7]. The flexibility of the layers due to their
large aspect ratio and nm-thickness is clearly demonstrated by
their curvature observed in Fig. 2. Similar mixed morphol-
ogies of intercalated and exfoliated clay were also observed
in the other PS/ionomers nanocomposites that were studied
here. In contrast, when mixing only PS with the silicate, i.e.,
without the addition of any ammonium-neutralized ionomer,
only large agglomerates or ‘tactoids’ of clay were observed.
This further corroborated the compatibilizing effect of the
ionomers at dispersing Na-Mmt in these nanocomposites. The
TEM micrographs shown in Fig. 3 compare the morphologies
of the PS/SPS/clay nanocomposites. These images emphasize
the excellent nano to microscale dispersion of pristine
Na-Mmt without the aid of any organic modification in the
compounds containing the ammonium-neutralized ionomers.

Image analysis (15e20 images for each sample were
analyzed) of the particles in TEM micrographs was done to
determine the distribution of silicate layers per particle. Fig. 4
shows a histogram of the distribution, broken up into single
platelets, stacks of 2e5 layers, stacks of 6e10 layers and
stacks containing more than 10 platelets. Since all compounds
contained the same amount of clay (3 wt%), the total number

Fig. 2. TEM bright field image of (75/25)PS/TeOceSPS0.75/Mmt containing

3 wt% silicate. The micrograph shows the co-existence of exfoliated layers

(small arrows) and intercalated tactoids such as (A).
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Fig. 3. Representative TEM micrographs taken at different magnifications. (A) (100/0)PS/SPS/Na-Mmt, (B) (90/10)PS/TeOceSPS0.75/Mmt, and (C) (75/25)PS/

TeDeeSPS0.75/Mmt.
of single platelets and stacks reflects the degree of dispersion
in these composites, i.e., the higher the number of platelets and
stacks, the better dispersed and delaminated was the clay.
(75/25)PS/TeOceSPS0.75/Mmt, (90/10)PS/TeOceSPS0.75/
Mmt and (75/25)PS/TeDeeSPS0.75/Mmt had a much larger
percentage of single platelets than the (100/0)PS/SPS/Mmt
composite. Depending on the percent contribution of single
platelets, the various nanocomposites were classified as exfoli-
ated/intercalated or immiscible. The histogram for (100/0)PS/
SPS/Mmt composite had no tactoids smaller than 10 platelets,
and that nanocomposite was considered to be immiscible.
The ionomer-compatibilized nanocomposites exhibited 65e
80% exfoliation depending on the counter-ion used to neutralize
the ionomers, and those compounds were considered exfoliated/
intercalated. Although the statistics for the compounds that used
the TeOc and TeDe-ammonium ionomers are probably not sig-
nificantly different to allow any conclusions as to the effect of
the longer alkyl chain lengths of the counter-ion on exfoliation,
both were significantly better at compatibilizing the clay than
the TeBu-ammonium ionomer.

The lack of substantial exfoliation in the composites con-
taining TeBueSPS0.75 ionomer compared to the TeOc and
TeDe salts suggests that an optimum level of interlayer sepa-
ration is essential to achieve exfoliated morphologies. One
might expect that nanocomposites with ionomers having
quaternary counter-ions with shorter alkyl chains such as tet-
rabutyl ammonium should exchange easily with Naþ in the
intergalleries, but the smaller cation is also expected to pro-
vide the lowest reduction of the cohesive forces between adja-
cent platelets and, therefore, the smallest change in the gallery
spacing. The tetrabutyl ammonium ion between the galleries

Fig. 4. Histogram of number of platelets per particle of (a) (100/0)PS/SPS/

Mmt, (b) (75/25)PS/TeDeeSPS0.75/Mmt, (c) (75/25)PS/TeOceSPS0.75/Mmt,

(d) (90/10)PS/TeOceSPS0.75/Mmt, and (e) (75/25) PS/TeBueSPS0.75/Mmt.
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will mask a relatively small amount of silicate surface from
the polymer chain, which would lead to more unfavorable con-
tacts of the polymer chains with the silicate surface. The better
degree of exfoliation (65e80%) using the TeOc- and TeDe-
ionomers may be due to the strong driving force for intercala-
tion provided by ion exchange of Naþ in the galleries with the
quaternary ammonium ions on the polymer chain. The initial
intercalation of the ammonium ions swells the galleries, de-
creasing the interlayer interactions and thus facilitating the
penetration by the polymer at the edges of clay particles.

3.2. Thermal properties

Addition of an inorganic filler to a polymer can affect the
thermal properties such as Tg and melting point. There are
contradictory conclusions in the literature as to what changes
in Tg to expect for intercalated/exfoliated PLSNs. Some re-
searchers have shown either slight [30] or large increases in
Tg [31], while others have shown no increase [32e34]. Chen
et al. [35] report a decrease in Tg for poly(ethylene oxide)/
clay/LiClO4 nanocomposites. There are also reports of an
absence of a glass transition in neatly intercalated nano-
composites [36e39] at relatively high concentrations of the
inorganic species.

The change in the heat capacity (DCp) for PLSNs at Tg is
reduced by the presence of inorganic clay particles [37]. In
this study, modulated DSC (MDSC) was used to provide
better resolution and sensitivity of the changes in DCp, as other
researchers have reported difficulties in detecting changes in
Tg for clay nanocomposites [40] using conventional DSC. Ta-
ble 2 compares transition temperatures for nanocomposites
and PS/SPS polymer blends without clay. For the same com-
position, different samples were run at least in triplicate.
There is no substantial difference in the Tgs of the filled and
unfilled systems, except for the (75/25)PS/TeBueSPS0.75/
Mmt compound. This nanocomposite showed an increase in
Tg of w8e9 �C over the unfilled blend. Although the TEM
images and WAXD results indicate that intercalation and
partial exfoliation of the silicate layers occurred in both (90/
10)PS/TeOceSPS0.75/Mmt and (75/25)PS/TeDeeSPS0.75/
Mmt nanocomposites, no changes in the Tg were observed
for those compounds compared to the unfilled blends with
the same polymer composition.

The intercalation of polymer in the intergalleries has been
shown to reduce the DCp [41]. The addition of 3 wt% clay,
whether it was intercalated, exfoliated or not, had little or no
effect on DCp of the PS/SPS blends and clay nanocomposites.
However, when a higher silicate composition, 10 wt%, was
used, i.e., the (75/25)PS/TeOceSPS0.75/Mmt-10 nanocompo-
site, DCp decreased, as shown in Table 2. The reduction of
DCp for an amorphous polymer is usually due to lower mobil-
ity of the polymer chains, which might be expected in the
more highly loaded and exfoliated compounds. This result is
consistent with the report by Winberg et al. [42] for nanocom-
posites containing 10 wt% clay or higher.

3.3. Dynamic modulus

Exfoliated polymer silicate systems generally exhibit
higher mechanical properties than the unfilled polymer [43],
in addition to maintaining optical clarity due to nanoscale dis-
persion of the silicate layers. The effect of silicate reinforce-
ment caused by molecular dispersion of the silicate layers
on the modulus of these compounds was probed using DMA.
Fig. 5a compares dynamic storage modulus curves of (75/
25)PS/TeBueSPS0.75/Mmt and (90/10)PS/TeOceSPS0.75/
Mmt with unfilled polymer blends. These unfilled polymer
blends were prepared in the same way as the composites using
DACA extruder, but without the addition of clay. The moduli
of the PS/ionomer/clay nanocomposites were higher than
those of the unfilled materials over the entire temperature
range under investigation. This is seen more clearly from the
ratio between storage modulus of the composite ðE0compositeÞ
to the storage modulus of unfilled polymer blend ðE0blendÞ as
shown in Fig. 5a as a function of temperature.

Enhancement in the modulus was greater in the glass tran-
sition region and above Tg. The modulus enhancement below
Tg was about 20e40%, while above Tg the improvement of the
softer elastomeric matrix was as high as 90%. No improve-
ment in stiffness was achieved in the immiscible blends of
Na-Mmt in PS; in fact, the addition of the clay seemed to
decrease the modulus. This may be a consequence of the poor
and heterogeneous dispersion of the clay in PS. Data for a com-
posite of PS/clay with the addition of a low molecular weight
quaternary ammonium salt, Te-OA are also shown in Fig. 5b.
That blend showed about a 10% modulus increase below the
Tg, but the modulus dropped precipitously above 60 �C.

4. Conclusions

The length of the alkyl chain length used on the quaternary
ammonium counter-ions in sulfonated polystyrene ionomers
plays a major role in the ability of the ionomer to inter-
calate and exfoliate Na-montmorillonite clays. When mixed
with polystyrene, the alkyl ammonium-neutralized ionomers
prove to be effective compatibilizers for the dispersion and
Table 2

Tg and DCp values of filled and unfilled blends

Sample (75/25)PS/TeBueSPS0.75/Mmt (75/25)PS/TeDeeSPS0.75/Mmt (75/25)PS/TeOceSPS0.75/Mmt

wt% Clay 0 3 0 3 0 3 10

Tg (�C) 96.8 105.2 94.36 93.3 91.3 91.9 92.1

Derivative heat

capacity (J/g/�C/�C)

0.2405 0.247 0.2042 0.1935 0.214 0.193 0.149
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exfoliation of the clay in nanocomposites. The percentage ex-
foliation depends on the extent of the platelet separation caused
by the quaternary ammonium ion which exchanges with the
Naþ in the intergalleries. No increase in Tg was observed for
60e80% ionomer/PS/clay nanocomposites with 60e80% of
the clay exfoliated, but a nanocomposite wherein most of the
clay was intercalated rather than exfoliated, i.e., (75/25)PS/
TeBueSPS0.75/Mmt showed a 8e9 �C increase in Tg. The
dynamic storage modulus increased with the addition of clay
for all the compatibilized nanocomposites, the PS/clay nano-
composites exhibited no increase in modulus compared with
the unfilled polymer. Of the quaternary salts studied here
tetra-octyl ammonium appeared to provide the best balance
of exfoliation and improvement in the properties of the blends.
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