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ABSTRACT: The present work analyzed the possibility of
obtaining and producing syndiotactic polystyrene (sPS)–
based nanocomposites. The work first focused on possible
technology to use for intercalation from solution and melt
intercalation. Using a blend of sPS with atactic polystyrene
(aPS) as the matrix was also considered. Thermal analysis
techniques, such as differential scanning calorimetry (DSC)
and thermogravimetry (TGA), were used to study the ther-
mal properties and stability of the nanocomposites obtained
and to select the most appropriate nanocharges. The effect of
the introduction of nanofillers on these properties also was
evaluated. X–ray diffraction was used to investigate the

degree of clay exfoliation. Finally, mechanical characteriza-
tion of the nanocomposites obtained was performed and
compared to that of the pure material. The tests demon-
strated that nanodispersion of phyllosilicate layers im-
proved the mechanical behavior of the polymers analyzed,
especially the annealed sPS. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 100: 4957–4963, 2006
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INTRODUCTION

The possibility of industrially exploiting the capacity
of clay to be dispersed on a nanometer scale in a
polymer matrix has been extensively investigated
since the early 1990s, when Toyota researchers an-
nounced the synthesis of a montmorillonite/nylon 6
nanocomposite, in which polymer performance was
noticeably improved by the synergy with the nanore-
inforcement.1

Since then, several polymer/clay combinations
have been analyzed. Only some of these formulations
led to fully exfoliated (also known as delaminated)
nanocomposites, that is, to nanoscaled hybrids char-
acterized by the largest contact area between polymer
and clay platelets. In fact, depending on how compat-
ible the organo–modified phyllosilicate and the poly-
mer matrix are, it is also possible to obtain either a
microcomposite (with the clay acting as a distinct
phase) or a merely intercalated structure (with the
organic macromolecules not sufficiently penetrating
the clay galleries to destroy the original stacking of the
platelets).2

Syndiotactic polystyrene (sPS) is a very promising
engineering polymer. It is synthesized with a specific
metallocene catalyst, which enables a merely 100%
stereo–regular conformation (having the phenyl rings
regularly alternated from side to side with respect to
the polymer chain backbone)3 to be achieved. This
opens the possibility of obtaining a semicrystalline
arrangement. In contrast, atactic polystyrene (aPS) is
characterized by a completely amorphous microstruc-
ture.4 For this reason, sPS has the optimal combination
of applicative properties, such as high melting point
(about 270°C), good thermal and dimensional stabil-
ity, low dielectric constant, low gas permeability, good
chemical resistance, and remarkable mechanical prop-
erties; furthermore, its manufacture is not too expen-
sive.5,6

Unfortunately, the intrinsic brittleness of this poly-
mer has hindered its use. Thus far, this problem has
been overcome by making blends with elastomers or
by adding toughening additives, worsening the ver-
satility of the resulting material. In this context, an
interesting possibility is presented by the production
of organoclay/sPS nanocomposites, as the presence of
intercalated or fully exfoliated nanoreinforcement
could toughen the polymeric matrix without worsen-
ing other properties.7

The aim of this work was to thoroughly investigate
the effects of dispersed nanoclay (Cloisite�) particles
on the processability and the mechanical behavior of
syndiotactic polystyrene. In particular, X–ray diffrac-
tion was used to analyze the intercalation of the poly-
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mer within the clay platelets. Thermogravimetric anal-
ysis (TGA) was conducted to evaluate the thermal
stability of both nanoreinforcement alone and PS–
based nanocomposites. In addition, both dynamic and
isothermal differential scanning calorimetry (DSC)
analyses were performed to examine the effect of the
nanofiller on the thermal properties and the crystal-
linity of the nanocomposites.

Finally, it must be emphasized that the formation
process is a key factor in achieving complete exfolia-
tion. Several techniques for the production of sPS-
based nanocomposites have been reported,2–6,8 but
the melt intercalation and solvent intercalation tech-
niques seemed the most promising and therefore were
used to synthesize the materials analyzed in the
present study.

EXPERIMENTAL

sPS supplied by Dow Chemicals and aPS supplied by
EniChem were used as polymeric matrices, to which 5
wt % of an organo-modified phyllosilicate was added
as nanoreinforcement. Two modified montmorillo-
nites (supplied by Southern Clay Products, Inc.,
Gonzalez, TX) were studied: Cloisite� 15A (MMT
modified by dimethyl-dihydrogenated tallow–quater-
nary ammonium cation; modifier concentration: 125
meq/100 g clay) and Cloisite� 20A (MMT modified by
dimethyl-dihydrogenated tallow–quaternary ammo-
nium cation; modifier concentration: 95 meq/100 g
clay). The chemical structures of the organo-modifiers
are presented in Table I. The choice of organo-modi-
fiers was grounded in the considerations of the com-
patibility of the selected polymer matrices with the

organic part of the nanofillers (more information is
provided in the Cloisite� selection chart, at the South-
ern Clay Products Web site, http://www.nanoclay-
.com/c/c.html)9.

It was previously decided to use the intercalation
from solution method.4,10,11 This method consists of
forming a nanocomposite film by solvent evaporation,
followed by hot pressing to produce the desired shape
of the nanocomposite. There were several reasons for
choosing this method, including that it made possible
the use of material in small amounts and that better
clay dispersion in the polymer would be obtained.
Atactic polystyrene, because of its amorphous struc-
ture, easily dissolves in weak solvents like toluene.
Therefore, aPS-based nanocomposites were prepared
using a two-step process: first, the nanopowder was
dispersed in toluene through sonication treatment (for
3 h at 80°C); then the polymer was added and sonica-
tion continued under the same conditions for about
5 h in order to obtain a homogeneous blend.

As syndiotactic polystyrene is highly resistant to
solvents (even to aggressive liquids like 1,2-dichloro-
benzene), it was necessary to adopt the melt interca-
lation method5,6,10–14 in order to prepare sPS-based
nanocomposites. The nanocomposites were prepared
by mixing sPS with Cloisite� in a Bausano MD30 twin-
screw extruder (with a temperature profile ranging
from 250°C to 290°C) at the maximum extrusion speed
(90 rpm). The extrusion process must be as fast as
possible in order to prevent the thermal degradation
of the nanoreinforcement (i.e., extrusion time should
be very short relative to degradation onset time).
Blends of aPS/sPS/Cloisite� (weight proportions:
47.5:47.5:5) also were prepared by melt intercalation.

Thermogravimetric analysis (TGA) was performed
both in nitrogen and air atmospheres using a Seiko
Instruments Exstar 6000. The scanning rate was 10°C/
min, unless stated otherwise. Differential scanning cal-
orimetry (DSC) was performed using a Mettler
DSC822e/400 in a temperature range of 30°C–300°C at
a heating and cooling rate of 10°C/min. To eliminate
the influence of thermal history, the data from the first
heating and cooling cycles were discarded for any
analyzed material. Wide-angle X-ray scattering tests
were performed using a CuK� (� � 1.5428 Å) appa-
ratus.

Finally, mechanical (tensile) tests were performed
on a Lloyd Instruments LK30 universal dynamometer.

RESULTS AND DISCUSSION

Thermogravimetric analysis

To select the most appropriate nanofiller for all the
types of polystyrene considered, it was necessary to
perform a TGA analysis, mainly because of the rela-
tively high processing temperatures of aPS and the

TABLE I
Chemical Structures of Organo-Modifiers used in

Cloisite 15A and 20A clays

Material Organo-modifier

Cloisite� 15A

Modifier concentration:
125 meq/100 g clay

Cloisite� 20A

Modifier concentration:
95 meq/100 g clay

HT is hydrogenated tallow (�65% C18; �30% C16; �5%
C14). Source: Southern Clay Products, Inc.
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high melting temperature of sPS. It was therefore im-
portant and necessary to evaluate the thermal stability
of the nanopowders in order to avoid degradation or
evaporation of the compatibilizer during processing.
Both dynamic (heating from 50°C to 500°C at a rate of
10°C/min) and isothermal tests were performed for
each type of Cloisite� preliminarily selected. Figure 1
shows the results of degradation rate versus temper-
ature obtained with a dynamic heating scan in a ni-
trogen atmosphere. Two main peaks, corresponding
to two processes, could be clearly observed. The first
peak, at a temperature of around 100°C, could be
attributed to first weight loss mainly because of mois-
ture evaporation. Conversely, the second peak (which
actually had two parts) resulted from degradation of
the organo-modifiers, which in the present study were
alkylammonium ions.6,13,15 Investigating the degrada-
tion process was actually beyond the scope of this
study, so the only interesting information obtained
was on the thermal stability of the nanopowders
(closely related to their processing window). In par-
ticular, the results of TGA indicated that the Cloisite�

20A was more stable because it had a lower degrada-
tion rate in the temperature range of 200°C–300°C,
which corresponds to the typical process conditions of
aPS and sPS. The results were confirmed by the iso-
thermal tests, shown in Figure 2, performed according
to the processing conditions of the polymers studied
(to simulate the operating condition of a process such
as extrusion or injection molding, the nanoclays were
held at 250°C for a relatively long time). Figure 2
shows plots of weight loss versus isothermal holding
time. Only a small weight loss (about 2% after 350 s)
was observed for Cloisite� 20A, whereas the other
reinforcement experienced more significant degrada-

tion. Therefore, to produce PS nanocomposites by
melt intercalation, the most indicated reinforcement
was Cloisite� 20A, as the utilization of less stable
compatibilizer would have restricted the gallery be-
tween the layers, hindering intercalation of the poly-
mer.

Thermogravimetric tests also were performed on
the nanocomposites produced in order to evaluate the
effect of the nanofiller on thermal stability and the
degradation behavior. Figure 3 shows the weight loss
curves, obtained by heating in air four types of sam-
ples (pure aPS, pure sPS, sPS/Cloisite� 20A nanocom-
posite, and aPS/sPS/Cloisite� 20A nanoreinforced
blend) from 50°C to 500°C at a rate of 10°C/min.
Enhanced thermal stability of the nanoreinforced ma-

Figure 1 TGA dynamic scans of the nanoclays (in a nitro-
gen atmosphere). The degradation rate (dm/dt) was plotted
as a function of temperature. A detail of the behavior in the
temperature range of 200°C–270°C is represented in the
upper left box. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 TGA isothermal scans (at 250°C) of the nanoclays
(in a nitrogen atmosphere). The relative mass (m/m0) was
plotted as a function of time. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 3 TGA dynamic scans (in air) of both matrices (aPS,
sPS) and nanoreinforced materials (sPS-based nanocompos-
ite and aPS/sPS-nanoreinforced blend). Weight loss fraction
(m/mo) was plotted as a function of temperature. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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terials was evident, especially for the sPS/C20A nano-
composite (but also in the aPS/sPS/C20A blend the
intercalation of the nanoclay seemed to counterbal-
ance the lower thermal resistance resulting from the
presence of aPS). This effect could be ascribed to the
barrier effect produced by dispersion of the phyllosili-
cate within the polymer.11,16,17

Wide-angle X-ray diffractometry

Once Cloisite� 20A was chosen to be the reinforcement
for the nanocomposites to be analyzed, a set of sPS-
based samples was produced by injection molding.
These materials then underwent an annealing treat-
ment, which consisted of maintaining the samples at a
temperature of 200°C for 2 h and then cooling them
slowly to room temperature in order to maximize the
fraction of crystalline phase within the polymer ma-
trix. This procedure was necessary in order to obtain
materials with nearly uniform characteristics, as injec-
tion in a cold mold yielded samples with totally amor-
phous (transparent) surfaces, as shown in Figure 4.

X-ray diffraction tests were performed in order to
check the effective degree of clay dispersion within the
polymer. The patterns of both pure sPS and the sPS–
Cloisite� 20A nanocomposite in different processing
conditions are shown in Figure 5. According to the
results of several previous studies,2,3,5,6,12,18–21 a peak
appears at 2� � 1.25°–3.75° for the composites con-
taining Cloisite�, indicating the presence of an inter-
calated structure, with a gallery space of about 3.4 nm
for the d001 reflection (see Table II for further informa-
tion). The interlayer distance does not seem to depend
on the processing conditions, as the annealing process
simply lowers the intensity of the corresponding peak.
On the other hand, the annealing process favors the

Figure 4 Comparison of pure sPS samples (a) before and
(b) after annealing. The amorphous (transparent) phase was
replaced by the semicrystalline (matt) phase after thermal
treatment. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 5 WAXS diffractograms [CuK� radiation: � � 1.5428 Å) before and after annealing for both sPS and sPS–Cloisite�

20A nanocomposites. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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formation of crystalline forms within the polymer, as
testified by the appearance of secondary peaks (addi-
tional information on identification of the characteris-
tic peaks can be found in refs. 21–24). Note that the
crystalline form corresponding to the peak at 2�
� 5.0°–7.5°, which also was present in the neat poly-
mer (but only after the annealing process), was
strongly enhanced by the presence of the nanofiller, as
the peak was present in the nanocomposite even be-
fore the annealing process (and did not seem to de-
pend on the thermal history of the material).

Differential Scanning Calorimetry

DSC tests were performed in order to evaluate the
effect of the nanocharges and the blending on the
thermal properties of the nanocomposites. In the first
stage, DSC tests were performed to determine the
effect of nanoreinforcement on the glass-transition
temperature (Tg) of both the atactic and syndiotactic
polymer matrices, because this parameter strongly af-
fects the choice of processing conditions.

The results are shown in Table III. A strong reduction
in the Tg was observed only for composites obtained
from solution, whereas the composites obtained by melt
intercalation showed Tg values approximately equal to
that of pure polymer.

These data could be interpreted taking into consid-
eration the state of dispersion of the nanopowder
within the polymer: the combined effect of both solu-
tions in toluene and sonication process probably did
not favor intercalation of the polymer enough, so
Cloisite� particles remained dispersed on a microme-

ter scale. This produced an increase in the free volume
of the polymer, thus lowering the Tg of the nanocom-
posite materials. Furthermore, a small amount of sol-
vent entrapped in the blend may have plasticized the
polymer. On the other hand, in the extrusion process
a powerful mechanical mixing at a temperature above
the melting point of the polymer seemed to be strong
enough to produce its intercalation within the clay
galleries. For this reason, the behavior of the nanocom-
posite materials did not differ so much from that of the
pure polymer.

Mechanical testing

Tensile tests were performed to check whether the
dispersion of a nanofiller improvee sPS toughness,
thus allowing the use of this polymer in structural
applications. Only injection-molded samples were an-
alyzed, as the samples obtained through the interca-
lation-from-solution method were porous and showed
poor characteristics.

A tensile deformation of 5 mm/min [according to
UNI-EN ISO 527-2(97) regulations] was first applied to
samples not subjected to thermal treatment. Figure 6
shows the results obtained for the three kinds of ma-
terials: pure sPS, sPS nanoreinforced with Cloisite�

20A, and the aPS/sPS/C20A nanocomposite blend. It
can be seen how the elastic modulus was almost the
same for all three materials, whereas the tensile
strength and/or elongation at break were appreciably
lower for the nanocomposite materials. These results
were in agreement with those reported in the litera-
ture.8

The above-described behavioral changes occurred
when the materials were subjected to an annealing
treatment. Figures 7 and 8 show the effects of anneal-
ing on the pure sPS and the sPS-based nanocomposite,
respectively. An expected increase of the Young mod-

TABLE II
Nanofiller Gallery Spacing for sPS-Based

Nanocomposites

Material
Gallery spacing,

d001 (nm)

C20A (neat powder) Source:
Southern Clay Products, Inc.

2.42

sPS/C20A nanocomposite
(Just formed)

3.38

sPS/C20A nanocomposite
(after annealing)

3.38

TABLE III
Glass-Transition Temperatures of Analyzed Materials

Material Forming method Tg (°C)

Pure aPS 90
aPS/C15A Intercalation from solution 70
aPS/C20A Intercalation from solution 65
Pure sPS 95
sPS/C20A Melt intercalation 93
aPS/sPS/C20A Melt intercalation 90

Figure 6 Stress–strain curves of the analyzed materials
before annealing. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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ulus was observed for in both cases. In the meantime,
the mechanical behavior of the neat polymer wors-
ened considerably, whereas the annealed nanocom-
posite was characterized by a noticeable increase in
both stress and elongation at break. As shown in Fig-
ure 9, the presence of an intrinsically amorphous
phase, such as the blending with aPS, did not com-
pensate for the stiffening of the nanocomposite blend,
which behaved like the pure sPS.

Table IV gives a comparison of the performance of
the analyzed materials before and after annealing
(toughness was calculated as a numerical integration
of the stress–strain curve). It must be emphasized that
the annealed sPS–based nanocomposite, whose
Young modulus, stress at break, and elongation at
break were very close to those of the just-formed neat
polymer, showed a toughness increase of about 20%

and an elongation at break that was double that of the
annealed sPS.

CONCLUSIONS

Thermal and mechanical characterization of three
kinds of polystyrene-based materials (pure sPS, sPS/
Cloisite� nanocomposite, and aPS/sPS/Cloisite�

nanocomposite blend) was performed in order to
study the influence of nanoreinforcement and to eval-
uate its effects on the mechanical and thermal prop-
erties. DSC tests showed that the glass-transition tem-
perature of these three materials was strongly depen-
dent on the methodology used to intercalate the
nanocharges in the polymer. The Tg decreased when
the nanocomposite was obtained through the solution
intercalation method, whereas it remained somewhat
unchanged after the melt intercalation process. This
suggests that the latter method assured there was
enough energy to produce clay intercalation, thus
lowering the free volume of the polymer.

The TGA test was used to select the most appropri-
ate nanoreinforcement and to evaluate its stability
during processing. Furthermore, the thermogravimet-
ric analysis showed enhanced thermal stability of the
nanoreinforced materials, which was a result of the
barrier effect produced by the dispersion of the phyl-
losilicate in the polymer.

The X-ray patterns indicated that intercalated struc-
tures were obtained in the nanocomposites when
Cloisite 20A was used.

Mechanical tests showed that the dispersion of the
nanoclay (combined with a proper thermal treatment
of the nanocomposite samples) enhanced polymer
toughness. Although the presence of intercalated
nanoclay seems to be effective in reducing polymer
brittleness, the results differed somewhat from the
huge increase in mechanical properties obtained with

Figure 9 Stress–strain curves of the analyzed materials
after annealing. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 7 Stress–strain curves of pure sPS before and after
annealing. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 8 Stress–strain curves of sPS/Cloisite� nanocom-
posite before and after annealing. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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other polymer-based nanocomposites.10,11,25 This ef-
fect could be ascribed to the lack of clay exfoliation.
Therefore, it is clear that improved melt processing is
required in order to achieve better exfoliation of the
clay, thus widening the range of possible applications
of syndiotactic polystyrene.

The authors acknowledge Professor A. M. Maffezzoli of the
University of Lecce for useful discussion and suggestions.
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TABLE IV
Mechanical Properties of Analyzed Materials Before and After Annealing

sPS sPS � C20A aPS � sPS � C20A

Young modulus before annealing (GPa) 3.1 3.2 2.9
Stress at break before annealing (MPa) 46.9 38.3 22.5
Deformation at break before annealing (%) 2.6 2.4 1.6
Young modulus after annealing (GPa) 3.8 3.5 3.4
Stress at break after annealing (MPa) 31.7 43.2 27.8
Deformation at break after annealing (%) 1.2 2.5 0.9
Toughness before annealing (MJ/m3) 63.5 41.1 16.5
Toughness after annealing (MJ/m3) 21.1 75.6 13
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