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Abstract

Two polymerizable cationic surfactants, (11-acryloyloxyundecyl)dimethyl(2-hydroxyethyl)ammonium bromide (hydroxyethyl surfmer) and
(11-acryloyloxyundecyl)dimethylethylammonium bromide (ethyl surfmer), were used for the modification of montmorillonite (MMT) clay. The
modification of MMT dispersions was carried out by ion exchange of the sodium ions in Na*-MMT by surfactants in aqueous media. Modified
MMT clays were then dispersed in styrene and subsequently polymerized in bulk by a free-radical polymerization reaction to yield polystyrene—
clay nanocomposites. An exfoliated structure was obtained using the ethyl surfmer-modified clay, whereas a mixed exfoliated/intercalated struc-
ture was obtained using the hydroxyethyl surfmer-modified clay. Nanocomposite structures were confirmed by small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM). The nanocomposites exhibited enhanced thermal stability and an increase in glass tran-
sition temperature, relative to neat polystyrene. The nanocomposites also exhibited enhanced mechanical properties, which were dependent on
the clay loading. Intercalated polystyrene—clay nanocomposites were obtained using the non-polymerizable surfactant-modified clay (cetyltri-
methylammonium bromide). Nanocomposites made from mixtures of surfmer-modified and CTAB-modified clays were also prepared, showing
intermediate properties. However, when the nanocomposites were prepared in solution only intercalated morphologies were obtained. This was
attributed to the competition between the solvent molecules and monomer in penetrating into clay galleries. These nanocomposites also
exhibited enhanced thermal stability relative to the virgin polystyrene prepared by the same method. Similar temperatures of degradation
(at 50% decomposition) were found for these nanocomposites relative to those prepared by bulk polymerization.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Inorganic fillers were originally incorporated into polymers
to produce cheaper materials. Soon it was discovered that the
use of such fillers resulted in improvements in certain polymer
properties e.g. stiffness, toughness, chemical resistance, bar-
rier properties, and thermal stability. Such changes in proper-
ties depend on several factors: nature and properties of the
filler itself of course, but also (and above all) the size and
shape of the filler particles, and interactions between the
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particles and the polymer matrix. For example, with clay
fillers, the efficiency of reinforcement is dependent on the
aspect ratio (i.e. length to thickness of a clay platelet), the
quality of the dispersion, and the adhesion between the matrix
and the filler [1,2].

The most abundant natural and inexpensive class of filler ma-
terials are the clays. They are extracted as coarse particles made
of tactoids (layered structure) which can, in the case of 2:1 phyl-
losilicates, be exfoliated, giving high aspect ratio particles
(sheets). Depending on the degree of exfoliation, the dispersion
of clay particles in a polymer matrix can give three types of
composite materials, i.e. conventional microcomposites (no
exfoliation), intercalated polymer—clay nanocomposites, and
exfoliated polymer—clay nanocomposites [1—7].
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Exfoliated nanocomposites generally have exceptional
properties relative to all the other composites. The term nano-
composite describes a two-phase material in which one of the
phases is dispersed in the second one on a nanometer scale [6].
Dispersion of clay layers into exfoliated monolayers in non-
hydrophilic polymers is hindered by the intrinsic incompatibil-
ity of hydrophilic layered silicates with hydrophobic polymers
and the inherent tendency to form face-to-face stacks in ag-
glomerated tactoids due to high interlayer cohesive energy.
However, as was first demonstrated by the Toyota research
group [8,9], the replacement of the inorganic exchangeable
cations in the galleries of the native clay by alkylammonium
surfactants can compatibilize the clay surface with hydropho-
bic polymers. The first successful nanocomposite, reported by
the Toyota research group [10,11], was in the form of a poly-
amide 6/clay nanocomposite obtained by in situ intercalative
polymerization, a method viable for production on industrial
scale. The use of organoclays as a route to nanocomposite for-
mation has been extended to other polymer systems, including
epoxies, polyurethanes, polyimides, nitrile rubber, polyesters,
polypropylene, polystyrene, and polysiloxanes [3]. There is
growing interest in the surface chemistry of clays in pursuit
of nanocomposites synthesized using specific monomers,
prepolymers, and polymer melts [2].

The extent of clay dispersion in polystyrene—clay nano-
composites has mainly been governed by the type of clay, sur-
factant used in the modification of clay, and the synthesis
method. The commonly used clays are montmorillonite
(MMT), hectorite, and saponite [1]. Melt intercalation [12—
16] and in situ intercalative polymerization [17—23] synthesis
methods have been used extensively. Surfactants used for the
modification of clay for the preparation of polystyrene—clay
nanocomposites range from alkyl- and aromatic-containing
ammonium surfactants [6,7,12—14,16,23—31] to alkyl phos-
phonium surfactants [31], and polymerizable surfactants
(surfmers) [7,20—23,31—34]. Many researchers have used ben-
zene ring-containing surfactants and vinyl benzyl-containing
surfmers, mainly because the benzene ring of the surfactants
interacts by van der Waals forces with the benzene rings of
styrene and polystyrene [16,21]. In most cases, the use of con-
ventional surfactant resulted in intercalated polystyrene—clay
nanocomposites. On the contrary, the use of surfmers gener-
ally resulted in exfoliated polystyrene—clay nanocomposites.
This has generally been attributed to the copolymerization be-
tween styrene and the surfmers inside the clay galleries that
causes extensive movement of the clay layers, resulting in
exfoliated nanocomposites [22]. In most cases H-type (poly-
merizable group located in the hydrophilic head) benzene
ring-containing surfmers have been used for the modification
of clay. The use of non-benzene-ring-containing surfmers
has not yet been extensively investigated.

In the work presented in this paper, acrylate-containing
surfmers were used to modify clay for the synthesis of
polystyrene—clay nanocomposites, using the in situ intercala-
tive polymerization technique. It is believed that the polarity
of the acrylate group results in greater interactions with the
clay surface [14]. A non-polymerizable surfactant with a

similar structure was also used to prepare nanocomposites
according to the same method so as to understand better the
role played by the acrylate group on the final composite struc-
ture and properties. Whereas mostly H-type surfmers have
been reported in the literature, this study focuses on two
acrylic based T-type surfmers (polymerizable group located
in the hydrophobic tail) and their use in the preparation of
polystyrene-based clay nanocomposites.

2. Experimental section
2.1. Materials

Sodium montmorillonite clay (i.e. MMT clay containing pri-
marily Na™ ions in the interlayer space) was obtained from
Southern Clay Products, Inc. (USA). It is a fine powder with
an average particle size of 13 um?® by volume in the dry state,
with a cation exchange capacity of 92.6 mequiv/100 g of clay.
Stabilized styrene monomer was obtained from Aldrich. The
stabilizer was removed by washing with a 3 wt% KOH solution
followed by distillation under reduced pressure at 30 °C. Azo-
bisisobutyronitrile (AIBN) was purchased from Aldrich and
was purified by recrystallization from hot methanol. Cetyltri-
methylammonium bromide (CTAB) was obtained from Aldrich
(assay 95%) and used without further purification. The syn-
thesis of the surfmers (11-acryloyloxyundecyl)dimethyl(2-
hydroxyethyl)ammonium bromide (hydroxyethyl surfmer)
and (11-acryloyloxyundecyl)dimethylethylammonium bromide
(ethyl surfmer) has been reported elsewhere [35].

2.2. Ion exchange of Nat-MMT with surfactants

Na"-MMT (3 g, 2.780 mequiv) was dispersed in 250 ml of
deionized water under vigorous stirring (700 rpm). A solution
of hydroxyethyl surfmer (1.426 g, 3.615 x 10> mol) or ethyl
surfmer (1.368 g, 3.615 x 1073 mol) or CTAB (1.318 g,
3.615 x 1072 mol) in 100 ml of deionized water was slowly
added to the dispersion, under continuous stirring. The resul-
tant dispersion was stirred for a further 6 h. The dispersion
was then filtered and the obtained cake was thoroughly washed
with deionized water. Samples of the filtrate were taken at reg-
ular intervals and tested with a solution of 0.1 M AgNO; for
the presence of released bromide counterions. Washing was
discontinued only when the filtrate did not give a positive
test to AgNOj3;. The washed cake was dried overnight under
reduced pressure at 40 °C, ground in a mortar and pestle,
and sieved through a 63-pm mesh to yield very fine, dry
powder (modified MMT clay).

2.3. Reverse ion exchange

Three grams of polymer—clay nanocomposite and 0.9 g of
LiCl were dissolved in 240 ml of THF and refluxed at 70 °C
for 48 h. The reaction was stopped and the polymer precipi-
tated in methanol and dried. GPC analysis was performed on
polymer solutions in THF (8 mg/ml).
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2.4. Synthesis of polystyrene—clay nanocomposites

2.4.1. Polymerization in bulk

Nanocomposites were prepared using clay modified with
hydroxyethyl surfmer, ethyl surfmer, or CTAB. All the poly-
styrene—MMT nanocomposites prepared by bulk polymeriza-
tion were prepared according to the following procedure.
Modified MMT clay (0.250g) and AIBN (0.024 g,
1.46 x 10~* mol) were added into a Schlenk tube containing
freshly distilled styrene monomer (4.750 g, 0.046 mol). The
mixture was degassed by three freeze—vacuum—thaw cycles,
then stirred, and sonicated in a cold water bath for 4 h. The
Schlenk tube was placed in an oil bath at 60 °C for 72 h.
The obtained polymer was dissolved in chloroform, precipi-
tated into methanol, filtered, and dried, yielding an off-white
powder.

2.4.2. Polymerization in solution

The method used to synthesize the polystyrene—clay nano-
composites in solution was similar to the bulk polymerization
except that a 15 wt% solution of monomer in toluene was
used, and polymerization was carried out at 80 °C for 24 h.

2.5. Measurements

Proton nuclear magnetic resonance spectroscopy ("H NMR)
was performed at 20 °C using a Varian VXR-300 MHz and a
Varian Inova-600 MHz NMR spectrometers. Fourier-transform
infrared (FT-IR) spectroscopy was carried out on a Nexus FT-IR
instrument, by averaging 32 scans with a wave number resolu-
tion of 4 cm ™. Thermogravimetric analysis (TGA) measure-
ments were done on a Perkin Elmer TGA 7 instrument.
Samples of less than 20 mg were used for all analyses and
were analyzed from ambient temperature to 600 °C at 20 °C/
min heating rate. All TGA analyses were done under air atmo-
sphere. Gel permeation chromatography (GPC) was carried out
using a Waters 600E system controller equipped with a Waters
610 Fluid Unit pump and a Waters 410 Differential Refractom-
eter as detector. THF was used as an eluent. Samples were
filtered through a 0.45-pm filter membrane prior to analysis.

Mechanical properties of the nanocomposites were deter-
mined by dynamic mechanical analysis (DMA) using a Perkin
Elmer DMA 7e instrument that employs a parallel plate mea-
suring system equipped with a 1-mm probe. Sample discs
were prepared by pressing using a hydraulic press. Samples
were cooled to —20 °C for 1 min, then the temperature was
raised to 200 °C at a heating rate of 5 °C/min, under nitrogen
atmosphere, and using a frequency of 1 Hz.

Small angle X-ray scattering (SAXS) measurements were
performed at 298 K in a transmission configuration. A copper
rotating anode X-ray source (functioning at 4 kW) with a mul-
tilayer focusing ““Osmic” monochromator giving high flux
(10® photons/s) and punctual collimation was used. An “image
plate” 2D detector was used. Diffraction curves were obtained
giving diffracted intensity as a function of the wave vector g.
The calculation of ¢ values is described elsewhere [36].

Transmission electron microscopy (TEM) was used to
directly visualize the clay particles’ morphology in the nano-
composite. Bright field TEM images were recorded on a
JEM 200CX (JEOL Tokyo, Japan) transmission electron mi-
croscope at an accelerating voltage of 120 kV. Prior to analy-
sis, samples of polystyrene—clay nanocomposites were stained
with OsO,, then embedded in epoxy resin and cured for 24 h at
60 °C. The embedded samples were then cut into slices of
a nominal thickness of 100 nm using an ultra-microtome
with a diamond knife on a Reichert Ultracut S ultra-microtome
at room temperature. The sections were transferred from water
at room temperature onto a 300-mesh copper grid.

3. Results and discussion

3.1. Modification of clay using hydroxyethyl and ethyl
surfmers

The structure of Na™-MMT comprises layers made up of
one octahedral alumina sheet sandwiched between two tetra-
hedral silica sheets. About one in six of the aluminum ions
in the octahedral layers of Na'-MMT is isomorphously
substituted in the sheet structure by magnesium or other diva-
lent ions; this results in negative charges that are in turn
counter-balanced by Na™ cations residing in the interlayer
space [2]. The Na™ ions in the gallery space can be ion ex-
changed by an organic cation (surfactant) to yield surfactant-
modified clay.

The two polymerizable surfactants (i.e. ethyl and hydroxy-
ethyl surfmers) were used to ion exchange sodium cations in
Na"™-MMT. In all cases the amount of surfmer used was in ex-
cess (1.3:1) with regards to the cation exchange capacity
(CEC). TGA was then used to determine the amount of ion-
exchanged surfactant [21,33,37—39] (see Fig. 1). For all sam-
ples analyzed, the total amount of adsorbed surfmer was close
to 70% of the CEC value (i.e. 92.6 mequiv/100 g clay) and the
total quantity of adsorbed surfmer was found to be indepen-
dent of temperature and shear rate.
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Fig. 1. TGA thermograms of Na"™-MMT (i) before, and after ion exchange
with (ii) ethyl surfmer, and (iii) hydroxyethyl surfmer.
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Fig. 2. SAXS patterns of (i) Na"-MMT, (ii) hydroxyethyl-MMT, and (iii) ethyl-MMT.

The changes in the interlayer distance (d spacing) before
and after the ion exchange process were monitored using
SAXS measurements. The d spacings were calculated using
the formula: d = 2m/q (where g is the wave vector; associated
Bragg’s peak position). The d spacing found for Na™-MMT
clay, 1.1 nm, was comparable to the values reported in litera-
ture [6,21—23,40]. As shown in Fig. 2, an increased interlayer
distance was found with modified clays relative to unmodified
clay. The interlayer distances of the two surfmer-modified
clays were similar (i.e. 1.76 and 1.74 nm for hydroxyethyl-
MMT and ethyl-MMT, respectively). The results obtained
show that the interlayer distance of modified clays is mainly
governed by the length of the alkyl chain of the modifying
surfactants [22] and the clay charge density [2]. Thus SAXS
patterns also confirmed the TGA results described above,
showing that the ion exchange reaction had indeed taken
place.

The FT-IR spectra of the modified clays showed the appear-
ance of new bands relative to unmodified clay and surfmers
(see Fig. 3 and Table 1).

In the spectra of both the modified and unmodified clays,
the intense peak at 1045 cm ™' and the two bands at 468 and
524 cm™" were assigned to Si—O bonds’ stretching and Si—O
bonds’ bending, respectively [6,33]. The bands around 1632
and 3600 cm™ ' are due to the hydroxyl groups in the clay

4000 3600 3200 2800 2400 2000 1600 1200 800 400

cm™

Fig. 3. FT-IR spectra of Na*-MMT (top), ethyl-MMT (middle), and hydrox-
yethyl-MMT (bottom).

[6,33,41]. The other additional bands observed in the spectrum
of the modified clays arise from surfactant bonds’ stretching or
bending. The absorption peak of the carbonyl group in the
surfmer-modified clays shifts to a lower wave number, i.e.
1714 cm™ ", relative to 1721 and 1725 cm™ ' in the hydroxy-
ethyl and ethyl surfmers, respectively. This could be due to in-
teractions between the surfmer’s acryloyl group and the clay
surface [41], most likely via hydrogen bonding with the hy-
droxyl groups localized on the edges of the clay surface.

3.2. Preparation of polystyrene—clay nanocomposites by
free-radical polymerization

Polystyrene—clay nanocomposites were prepared by free-
radical polymerization in bulk, in the presence of surfmer-
modified clays. Nanocomposites were also prepared using
CTAB-modified clay (CTAB-MMT). CTAB was used as a
classical surfactant with a structure comparable to both of the
studied surfmers, so as to show the effect of the polymerizable
group on the nanocomposites’ morphologies and properties. A
polystyrene devoid of any clay filler was also prepared under
the same polymerization condition, as a standard.

FT-IR spectra of the synthesized polystyrene—clay nano-
composites showed the presence of all the functional groups ex-
pected, i.e. absorptions due to clay, surfactants, and polystyrene.

As shown in Fig. 4a, no peak was observed by SAXS for
the polystyrene—(ethyl-MMT) nanocomposites, indicating
total exfoliation for clay content up to 18.5 wt%, as confirmed

Table 1
FT-IR results of Na*-MMT, hydroxyethyl-MMT, and ethyl-MMT

Assigned  Wavelength (cm ')

groups Nat-MMT Hydroxyethyl- MMT  Ethyl-MMT
Al-0 625 627 627

Si—0 524, 468, 1045 524, 466, 1049 524, 466, 1049
—CH; 1411 1408

—CH,— 1471 1468

>C=0 1714 1714

—C—-H 2845, 2929 2853, 2928
O—H 1632, 3438, 3625 1632, 3430, 3633 1636, 3430, 3633
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Fig. 4. SAXS patterns of (a) polystyrene—(ethyl-MMT) nanocomposites with 2.1 (i), 3.7 (ii), 5.7 (iii), 7.7 (iv), and 18.5 wt% (v) of clay; and (b) polystyrene—
(hydroxyethyl-MMT) nanocomposites with 1.5 (i), 5.3 (ii), 7.1 (iii), 18.5 (iv), and 21.3 wt% (v) of clay.

by TEM (cf. Fig. 6a). This was unexpected as previous re-
search where exfoliation was obtained, had only been carried
out at low clay contents (i.e. less than 10 wt%) [21]. As shown
in Fig. 4b, the SAXS patterns of polystyrene—(hydroxyethyl-
MMT) nanocomposites showed a broad peak around 3.6—
3.8 nm_l, which became broader as the clay content de-
creased. Peak broadening can be attributed to either a partial
exfoliation [42], disordering in the clay tactoids or an insuffi-
cient sensitivity of the apparatus as the clay level decreases. As
shown by TEM (cf. Fig. 6b), the partially exfoliated structure
(intercalated/exfoliated) was confirmed for the polystyrene—
(hydroxyethyl-MMT) nanocomposite. An intercalated struc-
ture was found by TEM and SAXS (cf. Fig. 5) for the
polystyrene—(CTAB-MMT) nanocomposites, in agreement
with similar results reported in the literature [21].

The difference in the structure of the nanocomposites ob-
tained using the two surfmer-modified clays is most likely a re-
sult of thermodynamic effects. Here it is necessary to look at
the interactions between clay and polymer, clay and surfactant,
and between polymer and surfactant. An optimum balance of
all these interactions generally leads to an exfoliated nano-
composite [38]. The ethyl surfmer can interact with clay
through electrostatic interactions and hydrogen bonding. It

Intensity

g (nm™)

Fig. 5. SAXS patterns of (a) polystyrene—(CTAB-MMT) nanocomposites with
0.8 (i), 1.2 (i), 3.5 (iii), and 6.0 wt% (iv) of clay.

interacts with styrene—polystyrene through dispersion forces
because of the tail hydrophobicity. The hydroxyethyl surfmer
has the same characteristics, except that it possesses an
additional polar 2-hydroxyethyl group, which implies more
interaction with clay [23], leading to an imbalance, hence
allowing only a partial exfoliation.

3.3. TGA analysis of polystyrene—clay nanocomposites

The thermal stabilities of all the polystyrene—clay nano-
composites prepared were higher than that of virgin polysty-
rene, which is in agreement with literature [21—23,26,29].
The enhancement in thermal stability increased only slightly
as the clay loading increased. The improvement in thermal
stability of polymer—clay nanocomposites is explained by
the formation of clay char which acts as mass transport barrier
and insulator between the polymer and the superficial zone
where the polymer decomposition takes place [22,30]. The
thermal stability has also been attributed to restricted thermal
motions of the polymer localized in the galleries [43].

Fig. 7 shows that the thermal stabilities of the nanocompo-
sites are quite similar regardless of the extent of clay
dispersion. Surprisingly, the polystyrene—(CTAB-MMT)
nanocomposite (intercalated) was found to be the most ther-
mally stable, followed by the polystyrene—(hydroxyethyl-
MMT) nanocomposite (intercalated/exfoliated) and lastly the
polystyrene—(ethyl-MMT) nanocomposite (exfoliated). Gian-
nelis found similar unexpected results with polyimide—clay
nanocomposites (10 wt% clay loading), for which intercalated
structure displayed higher thermal stabilities than the exfoli-
ated one [44]. However, our results disagree with Zhang’s find-
ings that the exfoliated polystyrene—clay nanocomposites had
better thermal properties relative to the intercalated ones [22].
We believe that there is a need to have several closely packed
layers of clay (stacked layers) in order to provide an efficient
barrier between the thermal degradation zone and the underly-
ing flammable material that is being gasified. This idea sug-
gests that the intercalated structures will be more stable than
the exfoliated and the partially exfoliated polystyrene—clay
nanocomposites, as is observed in this case. This correlates
with the findings of Gilman et al. [45], who observed that an
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Fig. 6. TEM images of (a) exfoliated polystyrene—(ethyl-MMT) nanocomposite, (b) partially exfoliated polystyrene—(hydroxyethyl-MMT) nanocomposite, and
(c) intercalated polystyrene—(CTAB-MMT) nanocomposite at 5.7, 5.3 and 6.0 wt% clay content, respectively.

exfoliated structure does not necessarily bring about the best
improvement in terms of flammability. The degradation tem-
perature of the surfactants alone may also have an influence
on the degradation temperature of the nanocomposites as it
was observed. Gilman stated that the degradation of the sur-
factant itself can accelerate the flammability due to the release
of degradation products. Thus, intercalated morphologies
would effectively minimize this effect by reducing the disper-
sion of the surfactant degradation products. Chigwada et al.
also found that addition of a highly volatile phosphate to a pol-
ystyrene—clay nanocomposites resulted in its thermal stability
[29]. Here the onset of degradation of the surfactants taken at
10% weight loss, [29], was found to be 240 °C for ethyl
surfmer, 270 °C for hydroxyethyl surfmer and 261 °C for
CTAB. Thus the intercalated and partially intercalated struc-
tures for CTAB and hydroxyethyl surfmer-based nanocompo-
sites together with the high degradation temperatures of the
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Fig. 7. TGA plots of three different nanocomposites with similar clay loadings.
The legend indicates clay percentage and the type of surfactant used to modify
the clay.

surfactants could have resulted in a better thermal stability
relative to the ethyl surfmer-based exfoliated nanocomposites.

3.4. DMA analysis of polystyrene—clay nanocomposites

DMA analysis was used to evaluate the effect of clay load-
ing and degree of exfoliation on the thermomechanical proper-
ties of the polystyrene—clay nanocomposites. Exfoliated
nanocomposites showed better mechanical properties relative
to the other nanocomposites. An increase in the storage mod-
ulus was observed as clay loading increased. A similar trend
has been previously reported in literature [21,24,33,39,46].
As shown in Fig. 8a, the exfoliated polystyrene—(ethyl-
MMT) nanocomposite has a higher storage modulus relative
to the partially exfoliated polystyrene—(hydroxyethyl-MMT)
nanocomposite at the same clay loading. The small peak
that formed just before the drop in the storage modulus of pol-
ystyrene—(ethyl-MMT) nanocomposite is due to stress relaxa-
tion [47]. The enhancement in storage modulus is caused by
the high aspect ratio of the dispersed clay and the interaction
between the polymer chains and clay layers, resulting in
a decrease in the polymer segments’ mobility near the
polymer—clay interface [48].

Fig. 8b shows peak broadening and a shift of the tan ¢ peaks
of the nanocomposites to higher temperatures, relative to poly-
styrene. These shifts have been reported before, and are attrib-
uted to a restricted chain mobility brought about by the clay
nanofiller [49,50]. The glass transition temperatures of the
nanocomposites were found to be higher than those of neat
PS, and increased slightly with the clay content. This is in ac-
cordance with the assumption that clay is linked to the PS ma-
trix via copolymerization of the acrylic groups belonging to the
surfmers, themselves attached to the clay surface via ionic
bonds. Since many surfmer molecules are bound to each clay
platelet, surfmer-modified clay platelets can be assimilated as
multi-crosslinking bridges between many PS chains, thus
restricting the overall polymer motion [51]. The resulting
increase in the T, is in accordance with results reported by
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Fig. 8. Variation of (a) storage modulus and (b) tan 6 with temperature for (i)
polystyrene, (ii) polystyrene—(hydroxyethyl-MMT) nanocomposite, and (iii)
polystyrene—(ethyl-MMT) nanocomposite. Both nanocomposites contain
18.5 wt% clay loading.

Tyan et al. [46], whereas it diverges from Fu and Qutubuddin
[21], who reported a decrease in T, with an increase in clay
loading. The latter attributed the decrease in T, to the high vis-
cosity of the organophilic MMT—styrene dispersion that affects
the diffusion of initiator molecules and chain propagation
during polymerization, thus favoring termination. This latter
phenomenon apparently did not occur in the present work, as
the molecular masses of all nanocomposites were found to be
higher than that of the virgin polystyrene (cf. Table 2).

The high molecular masses were attributed to a low proba-
bility of termination caused by low polymerization tempera-
ture (i.e. 60°C) and high viscosity associated with bulk
polymerization. The high viscosity is further exacerbated by
the modified clay dispersion. Further, termination is not possi-
ble between two propagating chains situated on opposite sides
of a clay platelet, hence the high molecular masses of nano-
composites relative to virgin polystyrene. Reverse ion ex-
change reactions were carried out on both surfmer-based
nanocomposites so as to ascertain whether copolymerization
of styrene with the reactive surfactants has an impact on the
molecular weight. This was done in order to show whether
there is a difference or not in the molecular weights of

Table 2
GPC results of PS and PS nanocomposites obtained by polymerization in bulk
Sample Clay M, M,, M., /M,
content  (g/mol)  (g/mol)
Wt%)  (x10%)  (x10%)
Polystyrene - 170 510 3.1
Polystyrene—(hydroxyethyl-MMT) 1.5 230 740 32
nanocomposite 5.3 240 690 2.8
7.1 200 860 42
18.5 170 440 2.6
21.3 400 1190 3.0
Polystyrene—(ethyl-MMT) 2.1 190 690 3.7
nanocomposite 3.7 190 580 3.1
5.7 210 630 2.9
7.7 140 840 59
18.5 240 1120 4.7
Polystyrene—(CTAB-MMT) 0.8 120 480 4.0
nanocomposite 1.2 80 540 6.8
35 80 540 6.8
6.0 80 540 6.4

polymers formed inside and outside the clay galleries. GPC
chromatograms of a polystyrene—(ethyl-MMT) nanocompo-
site (containing, respectively, 5.7 and 5.3 wt% of clay) before
and after reverse ion exchange reaction are shown in Fig. 9.
Very little differences in the molecular masses were observed
before and after reverse ion exchange. Assuming that any clay
aggregates were eliminated during the filtration process prior
to analysis, the similarity in the molecular weight distributions
can be interpreted in two ways, namely (1) grafted and non-
grafted polymer chains have the same weight distribution or
(2) no true copolymerization of styrene with surfmers occurred
in the course of polymerization. The first hypothesis is more
relevant, taking into account the changes in the nanocompo-
sites” morphology/properties observed when the surfactant
contained an acrylic polymerizable group. Extensive move-
ment of clay platelets during copolymerization of the ion-
exchanged surfmers with the growing polystyrene main chain
has been reported as the driving force of exfoliation [22].

Ethyl Surfmer, before reverse ion-exchange

— — — Ethyl Surfmer, after reverse ion-exchange

----- Hydroxyethyl Surfmer, before reverse ion-exchange
— - — - Hydroxyethyl Surfmer, after reverse ion-exchange

Elution time (min)

Fig. 9. GPC traces (RI detection) of polystyrene—(ethyl-MMT) nanocomposite
and polystyrene—(hydroxyethyl-MMT) nanocomposite before and after
reverse ion exchange reaction.
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3.5. Preparation of polystyrene—clay nanocomposites
using mixtures of modified clays

Exfoliated nanocomposites are mainly achieved by the use
of surfmer-modified clays. However, surfmers are generally
expensive to make, increasing drastically the production cost
of exfoliated nanocomposites [16]. To our knowledge, there
is no literature available on the use of mixtures of classical
surfactant-modified clay and surfmer-modified clay to synthe-
size exfoliated polymer—clay nanocomposites. In the present
work, mixtures of (i) ethyl-MMT clay and CTAB-MMT clay
and (ii) hydroxyethyl-MMT clay and CTAB-MMT-modified
clays were used, in different proportions, in bulk polymeriza-
tion of styrene. The molecular masses were found to be of the
same range as those obtained when clay that was modified
with only one surfactant was used (see Table 3).

SAXS analysis was carried out on the resulting polymers,
the objective being to determine whether exfoliation took
place even while using only a fraction of surfmer-modified
clay. The clays were thoroughly mixed in known ratios
(percentage by mass of surfmer-modified clay to classical

Table 3
GPC results of polystyrene and polystyrene nanocomposites obtained using
mixtures of modified clay

surfactant-modified clay), and the total mass of the modified
clay mixtures relative to the amount monomer was kept con-
stant at 5% in all cases. As shown by SAXS patterns of poly-
styrene—(hydroxyethyl-MMT—CTAB-MMT) nanocomposites
(cf. Fig. 10a), predominantly partially exfoliated structures
were obtained, for all modified clay ratios investigated. In
the case of polystyrene—(ethyl-MMT—CTAB-MMT) nano-
composites, a similar partially exfoliated structure was ob-
tained for a 25/75 modified clay ratio (see Fig. 10b (ii)).
With ratios 50/50 and 75/25, no noticeable peak was observed
in the SAXS patterns. This may be due to a totally exfoliated
morphology, the exfoliation of ethyl-MMT promoting the
exfoliation of CTAB-MMT neighbours. This is difficult to
explain, considering the accepted driving force for clay exfo-
liation, unless a small but significant amount of surfmer may
have partitioned between the two clays by moving through
the monomer—polymer medium.

The thermal stability of polystyrene—(hydroxyethyl-
MMT—CTAB-MMT) nanocomposites is comparable to that
of the partially exfoliated hydroxyethyl-MMT polystyrene
nanocomposites. This was expected, as both structures were
of the same morphology, i.e. exfoliated/intercalated. On the
other hand, the polystyrene—(ethyl-MMT—CTAB-MMT)
nanocomposite was found to be thermally more stable than
the ethyl-MMT polystyrene. This improvement is remarkable
as shown by SAXS results, clay was predominantly exfoliated

Sample Ratio of - M, M., Mu/Ma 0 the ethyl- MMT—CTAB-MMT polystyrene nanocomposite
modified (g/mol) (g/mol) . . . .
clays (<109 (x10%) (cf. Fig. 11)..Th1s result pmpts 01'1'[ a new and convenle'nt

Polystyrene _ 170 <10 1 way of preparing nanocompos1te§ Wlt.h optlrpal therm.al stabil-

ity and mechanical properties using in situ intercalative poly-

Polystyrene—(hydroxyethyl- - 100/0 230 690 28 merization of surfactant-modified and surfmer-modified clay

MMT—-CTAB-MMT) 75125 60 290 5.3 .
nanocomposites 50/50 40 230 56 mixtures.
25175 60 300 5.1
0/100 80 540 6.8
Polystyrene—(ethyl- 100/0 210 630 29 3.6. Preparqtzon~ of pol)fstyrene—clay nanocomposites by
MMT—CTAB-MMT) 75125 40 230 5.8 polymerization in solution
nanocomposites 50/50 80 400 5.2
25175 60 450 7.9 Preparation of nanocomposites by polymerization in solu-
0/100 80 540 6.8 tion (toluene) was carried out in order to show the solvent’s
(@) (b)
2
5 (iii) 50/50 (iii) 50/50
c
= (ii) 25/75
(ii) 25/75
(i) 75125 (i) 75/25
T T T T T T T T T T T T T T T T T

q (nm)

o 1 2 3 4 5 6 71
q (hm™)

Fig. 10. SAXS patterns of polystyrene—clay nanocomposites obtained using mixtures of modified clays: (a) polystyrene—(hydroxyethyl-MMT—CTAB-MMT) nano-
composites (ratios hydroxyethyl-MMT/CTAB-MMT clay); (b) polystyrene—(ethyl-MMT—CTAB-MMT) nanocomposites (ratios ethyl-MMT/CTAB-MMT clay).
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Fig. 11. TGA plots of polystyrene—clay nanocomposites at the same clay loading prepared using mixtures of modified clays. The legend indicate the ratio of
surfmer to CTAB in the modified clay mixture, the thermogram of neat polystyrene was inserted as a reference.
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Fig. 12. SAXS patterns of (a) polystyrene—(hydroxyethyl-MMT) nanocomposites containing 2, 11, and 17 wt% clay and (b) polystyrene—(ethyl-MMT) nanocom-
posites containing 1.5, 9.7, and 14 wt% clay. The arrows in the diagrams show the directions of clay increase.

effect on the final polystyrene—clay nanocomposite’s structure
and its thermal properties.

SAXS patterns for both polystyrene—(hydroxyethyl-MMT)
nanocomposites and polystyrene—(ethyl-MMT) nanocompo-
sites showed them to be intercalated nanocomposites (cf.
Fig. 12). Exfoliation was not achieved and this has been attrib-
uted to the competition between the monomer and the solvent
(toluene) for intercalation into the clay galleries [12], thus de-
creasing the interfacial polymer density inside the clay galler-
ies. The resulting pressure exerted by the polymer chains on
the clay platelets is insufficient to promote clay exfoliation
[52], resulting in intercalated structure.

As shown by SAXS (cf. Fig. 12), the average interlayer dis-
tances for the polystyrene—(hydroxyethyl-MMT) and poly-
styrene—(ethyl-MMT) were 2.55 and 2.49 nm, respectively.
These interlayer distances are greater than those reported by
Akelah and Moet (i.e. between 1.72 and 2.45 nm) [19] for
polystyrene—clay nanocomposites prepared by in situ solution
polymerization using a different polymerizable surfactant-
modified clay.

When compared to bulk polymerization, solution polymer-
ization yielded polymers with lower molecular weights and

narrower polydispersity indexes (cf. Table 4). This is due
to lower viscosity, higher diffusion rates, and a higher concen-
tration of propagating radicals (due to a higher temperature of
polymerization) in solution polymerization, hence favoring
termination of growing chain.

Nanocomposites prepared by polymerization in solution
were thermally more stable than neat polystyrene prepared
with the same procedure, and the thermal stability improved

Table 4
GPC results of polystyrene and polystyrene nanocomposites obtained from
solution polymerization

Sample Clay M, M, M, /M,
content  (g/mol)  (g/mol)
(Wt%)  (x10%)  (x10%)
Polystyrene 0 10.2 19.0 1.9
Polystyrene—(hydroxyethyl-MMT) 2 7.9 14.6 1.9
nanocomposite 11 6.4 14.6 2.3
17 7.1 15.9 22
Polystyrene—(ethyl-MMT) 1.5 8.1 15.2 1.9
nanocomposite 9.7 8.3 15.4 1.9
14 7.8 14.6 1.9
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slightly as the clay loading increased. The temperatures of on-
set decomposition taken at 10% weight loss [29] of the nano-
composites prepared in solution were found to be lower than
those of the nanocomposites prepared in bulk, showing that
the temperature of the onset of thermal decomposition was
in these cases related to the difference in the molar masses
of the polystyrene matrix [53]. Nevertheless, nanocomposites
prepared with both methods (i.e. polymerization in solution
and polymerization in bulk) had lost 50% of their original
weight at the same temperature.

4. Conclusions

Hydroxyethyl and ethyl surfmers were used for the modifi-
cation of clay and, subsequently, for the preparation of poly-
styrene—clay nanocomposites by free-radical polymerization
in bulk and in solution. In bulk polymerization, the use of
ethyl-MMT clay resulted in fully exfoliated polystyrene—
clay nanocomposites, whereas the use of hydroxyethyl-MMT
clay gave partially exfoliated (exfoliated/intercalated) nano-
composites. The prepared nanocomposites exhibited improved
thermal stability relative to neat polystyrene. The highest ther-
mal stability was found with the intercalated nanocomposite
made using CTAB-MMT-modified clay. The nanocomposites
also exhibited enhanced mechanical properties which were
dependent on the extent of clay dispersion. Nanocomposites
prepared using mixtures of modified clays, ethyl-MMT and
CTAB-MMT, were found to have mainly exfoliated structures,
combined with enhanced thermal stability. When prepared by
free-radical polymerization in solution, nanocomposites ex-
hibited better thermal stabilities relative to neat polystyrene.
Their molar weights were found to be relatively low, and
exclusively intercalated structures were observed. Exfoliation
was not achieved in nanocomposites prepared in solution by
polymerization and this was attributed to the competition
between the solvent molecules and monomer in penetrating
into clay galleries.
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