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Surface modification of montmorillonite with novel
modifier and preparation of polystyrene/montmorillonite
nanocomposite by in situ radical polymerization
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Abstract Exfoliated polystyrene/organo-modified mont-
morillonite nanocomposite was synthesized through in situ
free radical polymerization by dispersing a modified
reactive organophilic montmorillonite layered silicate in
styrene monomers. The original montmorillonite (MMT)
was modified by a novel cationic surfactant. A cationic
initiator, consisting of a quaternary ammonium salt moiety,
α-phenyl chloro acetyl chloride moiety, and 9-decen-1-ol
moiety, was intercalated into the interlayer spacing of the
layered silicate. Modified MMT clays were then dispersed
in styrene monomers and subsequently polymerized by a
free-radical in situ polymerization reaction to yield poly-
styrene/montmorillonite nanocomposite. The structure of
obtained modifier was investigated by proton nuclear
magnetic resonance (1H NMR) and Fourier-transform
infrared (FT-IR) spectroscopy. The exfoliating structure of
nanocomposite was probed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Comparing with
pure polystyrene, the nanocomposite showed much higher
decomposition temperature and higher glass transition
temperature (Tg).
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Abbreviations
MMT Montmorillonite
O-MMT Organo-modified montmorillonite

CEC Cation exchange capacity
PS Polystyrene
XRD X-ray diffraction
AIBN Azobisisobutyronitrile
TEM Transmission electron microscopy
Tg Glass transition temperature
DSC Differential scanning calorimetry
TGA Thermogravimetric analysis

Introduction

Nanocomposites, composed of clay and polymer, have been
studied extensively for some time and it has been shown
that most of the properties are enhanced in the presence of a
small amount of clay. For instance, incorporation of a few
percent of clay in many cases increases the modulus,
strength, gas barrier properties, and heat stability, compared
to the pure polymers [1–5]. These improvements in the
properties are the result of the nanometer scale dispersion
of clay in the polymer matrix [6–8]. To make the clay
compatible with the polymers, the sodium ions in clay
(such as sodium montmorillonite) are usually ion-exchanged
with an organic ammonium or phosphonium salt to convert
this material into a hydrophobic ammonium or phosphonium
treated clay. Although complete compatibility between the
long chain of organic modifier and the polymer matrix may be
preferable for better dispersion of clay, it appears that the
modification of clay by introducing surfactants to obtain better
compatibility is less important than the modification of
polymer matrix by introducing polar groups. The role of the
surfactant is mainly to enlarge the interlayer spacing so to
make room for the polymer to penetrate into the gallery space
during the preparation of polymer/clay nanocomposites [9, 10].
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The preparation of a nanocomposite may be accom-
plished either by an in-situ polymerization or by blending,
with melt blending being the preferred industrial process
[11–14]. Nanocomposites are described according to the
dispersion of the clay in the polymer. In order to form a
nanocomposite, the clay must be uniformly distributed. If
this uniform distribution is not achieved, the material is best
described as a microcomposite or as an immiscible nano-
composite. In an immiscible nanocomposite the clay is not
well-dispersed and it is acting as conventional filler and not
as a nano-dimensional material. When the clay is well-
dispersed, two different types of nanocomposites may be
obtained. If the registry between the clay layers is
maintained, intercalated nanocomposites are obtained. If
this registry between the clay layers is lost, the nano-
composite is described as delaminated, also known as
exfoliated. It is generally accepted that delamination is
required for enhanced permeability and mechanical proper-
ties while the type of the nanocomposite, intercalated or
immiscible, does not seem to be important for thermal
properties and fire retardancy of polymer materials [15, 16].

The aims of the present study were the synthesis of
polystyrene/montmorillonite nanocomposite via in situ
free radical polymerization by using a novel cationic
surfactant. This surfactant was synthesized by coupling of
α-phenyl chloro acetyl chloride and 9-decen-1-ol in
diethyl ether and in the presence of pyridine as a catalyst.
Then the product obtained was coupled with trimethyl-
amine in ethanol as the solvent to form the surfactant.
Organophilic montmorillonite (O-MMT) was obtained by
the ion-exchange process by treating montmorillonite with
the surfactant. Finally, modified MMT clays were dis-
persed in styrene monomers and subsequently polymer-
ized by a free-radical in situ polymerization reaction to
yield polystyrene clay nanocomposite.

Experimental

Materials

Styrene (Merck) was distilled under reduced pressure from
CaH2 before use. Toluene (Merck) was dried by refluxing
over sodium and distilled under argon prior to use.

Azobisisobutyronitrile (AIBN), α-phenyl chloro acetyl
chloride and 9-decen-1-ol (Merck) were used as received
without further purification. Sodium montmorillonite
(MMT) was obtained from Southern Clay Products, under
the trade name of Cloisite NaC. MMT is reported to have
an approximate aspect ratio of 250:1, and is a 2:1
tetrahedral/octahedral aluminum silicate smectite mineral
with an idealized chemical formula of Na0.33[Mg0.33Al11.67
Si4O10](OH)2 and a cation exchange capacity of 95 meq/
100 g. All other reagents were purchased from Merck and
purified according to the standard methods.

Synthesis of undecen-10-enyl-2-chloro-2-phenyl acetate

A solution of α-phenyl chloro acetyl chloride (50 mmol) and
diethyl ether (20 ml) was added dropwise, over 1 h, into a
mixture of 9-decen-1-ol (50 mmol), pyridine (70 mmol), and
diethyl ether (120 ml), and was stirred for 5 h at room
temperature. The pyridine–HCl salt that formed was filtered
out and washed with a total of 50 ml of diethyl ether. The
reaction mixture volume was reduced and washed three times
with 30 ml of distilled water. The ether layer was dried over
MgSO4 or CaCl2 and then removed to yield clear, light
yellow oil. The ester was further purified with silica column
chromatography with hexane solvent (Scheme 1).

Synthesis of N, N, N-trimethyl-2-oxo-1-phenyl-2-
(undecen-10-enyloxy) ethane ammonium chloride

A solution of undecen-10-enyl-2-chloro-2-phenyl acetate
(20 mmol) and trimethylamine (30 mmol) in ethanol (50 ml)
was stirred at 50°C for 60 h. The ethanol was removed, and the
addition of cold ether precipitated the product. The precipitate
was washed four timeswith cold ether (50ml of each), allowed
to sit overnight at -4°C, and then filtered and dried in vacuum
oven at room temperature for 48 h (Scheme 2).

Surface modification of montmorillonite

Organophilic montmorillonite was obtained by the ion-
exchange process by treating montmorillonite with the
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Scheme 1 Synthesis of undecen-10-enyl-2-chloro-2-phenyl acetate
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synthesized modifier. Montmorillonite was first dispersed
in deionized water under ultrasound for 30 min. The
synthesized modifier was prepared in deionized water
separately, and was added to the clay dispersion at an
amount a little higher than the cation exchange capacity
(CEC) of montmorillonite. The resulting suspension was
intensively stirred for 10 h, and was then filtered and
washed with deionized water three times. The final product
was dried in vacuum oven at room temperature for 48 h and
grounded into powder (Scheme 3).

Preparation of polystyrene/montmorillonite
nanocomposite by in situ radical polymerization

The organophilic montmorillonite was mixed with toluene
(10 ml), at a concentration of 3 wt%; and then the mixture
was dispersed under ultrasound for 30 min. The initiator
(AIBN) and the monomer (styrene) were added to the clay
dispersion. The mixture was heated to 80°C in an oil bath
and stirred for 24 h, under flowing N2 to complete the
polymerization. The mixture was poured into 300 ml
methanol for rapid precipitation. The precipitate was
filtered and dried at 50°C under vacuum for 2 days. For
preparation of pure polystyrene the polymer was cleaved
from clay through the refluxing, for about 5 h, of the
nanocomposite in a tetrahydrofuran/methanol solution
(80/20 v/v) of LiBr (ca. 5 wt%), followed by centrifugation
and filtration (Scheme 4).

Characterization

1H NMR spectra were obtained at 25°C on FT-NMR
(400 MHz) Brucker spectrometer. Sample for 1H NMR
spectroscopy was prepared by dissolving about 10 mg of
products in 5 ml of deuterated chloroform. FT-IR spectra were
obtained on Shimadzu 8101 M FT-IR. XRD spectra were
obtained by using a Siemens D 5000, X-ray generator (CuKα

radiation with λ=1.5406Å) with a 2θ scan range of 2 to 80°
at room temperature. Transmission electron microscopy
(TEM) was performed on a Philips EM208 microscope and
operated at 100 kV. The sample was prepared by dispersing
the powder in ethanol. Imaging was enabled by depositing
few drops of suspension on a carbon coated 400 mesh Cu
grid. The solvent was allowed to evaporate before imaging.
The thermal properties of PS and PS/MMT nanocomposite
measurement were performed with a TGA-PL (England).
About 10 mg of the sample were heated between 25–600°C,
at rate of 10°Cmin-1, under flowing nitrogen. DSC analyses
were carried out using a NETZSCH (Germany)—DSC 200 F3
Maia. The sample was first heated to 200°C and kept for 5 min
to eliminate the thermal history. Then the sample was then
reheated to 200°C at a rate of 10 °Cmin-1. The entire test was
performed under nitrogen purging at a flow rate of 50 mlmin-1.

Results and discussion

Synthesis of modifier

The novel reactive modifier was synthesized by coupling of
α-phenyl chloro acetyl chloride and 9-decen-1-ol in diethyl
ether solvent and in the presence of pyridine as a catalyst. The
product obtained was coupled with trimethylamine in ethanol
as the solvent to form new modifier. Figure 1 (a, b) shows the
FT-IR spectra of undecen-10-enyl-2-chloro-2-phenyl acetate
(a) and N, N, N-trimethyl-2-oxo-1-phenyl-2-(undecen-10-
enyloxy) ethane ammonium chloride (b). The FT-IR spectra
of undecen-10-enyl-2-chloro-2-phenyl acetate exhibits an
absorption band at 1,745 cm-1 attributed to carbonyl
stretching bond and absorption bands at 2,855–2,928 cm-1

and 3,070 cm-1 is attributed to –CH aliphatic and aromatic
stretching bond respectively. The stretching bands around
1,163 cm-1 and 1,221 cm-1 are due to the C-O group in the
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Scheme 2 Synthesis of N, N, N-trimethyl-2-oxo-1-phenyl-2-(undecen-10-enyloxy) ethane ammonium chloride

Scheme 3 Surface modification of montmorillonite
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ester and the band at 1,664 cm-1 attributed to C = C
stretching vibration. Figure (b) exhibits additional absorption
bands at 1,024 cm-1 attributed to C-N group and the band
around 3,408 cm-1 is due to the ammonium salt group.

Additional evidence on the synthesis of the new modifier
was also obtained from 1H NMR data. The 1H NMR spectra
of undecen-10-enyl-2-chloro-2-phenyl acetate indicate the
chemical shifts at 1.38–1.64 ppm represent the aliphatic
protons (d), and the characteristic signal at 5.36 ppm is
assigned to the -CHPhCl proton (benzylic proton) in this
product. The 1H NMR spectrum of the new modifier is
shown in Figure (b). Comparison with the 1H NMR
spectrum of undecen-10-enyl-2-chloro-2-phenyl acetate
Figure (b) indicates that the methyl groups of ammonium

salt appears with characteristic signals at 3.45 ppm and the
proton of –CHPhCl appears at 4.95 ppm. Fig. 2.

Preparation of organophilic montmorillonite

Figure 3 (a, b) shows the FT-IR spectra of the unmodified
montmorillonite (a) and modified montmorillonite (b). In
the spectra of both the modified and unmodified clays, the
intense peak at 1,045 cm-1 and the two bands at 467 and

Scheme 4 Preparation of poly-
styrene/montmorillonite nano-
composite

Fig. 1 FT-IR spectra of undecen-10-enyl-2-chloro-2-phenyl acetate
a and N, N, N-trimethyl-2-oxo-1-phenyl-2-(undecen-10-enyloxy)
ethane ammonium chloride b

Fig. 2 1H NMR spectra of undecen-10-enyl-2-chloro-2-phenyl
acetate a and N, N, N-trimethyl-2-oxo-1-phenyl-2-(undecen-10-eny-
loxy) ethane ammonium chloride b
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525 cm-1 were assigned to Si-O bonds’ stretching and Si-O
bonds’ bending, respectively [17, 18]. The bands around
1,637 and 3,630 cm-1 are due to the hydroxyl groups in the
clay [19]. The other additional bands observed in the
spectrum of the modified clays arise from surfactant bonds’
stretching or bending. The FT-IR spectra of modified clay
exhibits an absorption band at 1,740 cm-1 attributed to
carbonyl stretching bond. In additionally intercalation of
modifier instead of sodium ions can be confirmed by the
-CH stretching vibration at 2,855 and 2,925 cm-1.

Figure 4 (a, b) shows the XRD patterns of the parent
montmorillonite (a) and the organomodified montmorillonite
(b). An increase of the basal spacing (d001) of the modified
clay is observed after the insertion of the surfactant. More
specifically, the pristine montmorillonite shows a d001-
spacing of 12.6Å which correspond to an interlayer space
D=12.6-9.6=3Å, where 9.6Å is the thickness of the
individual clay sheet. In the case of the organomodified
montmorillonite, the basal spacing d001 becomes 18.53Å,
with corresponding interlayer space D=8.93Å.

Preparation of polystyrene/montmorillonite nanocomposite
(PS/MMT)

Figure 5 (a, b) shows the FT-IR spectra of the pure
polystyrene (a) and polystyrene/montmorillonite nanocom-
posite (b). The FT-IR spectra of pure polystyrene shows the
characteristic absorption bands due to stretching vibration
of -CH (3,100-2,850 cm-1), weak aromatic overtone and
combination bands in the 2,100-1,650 cm-1 region, C = C
stretching vibrations (1,606 cm-1 and 1,510 cm-1), CH2

bending vibrations (1,445 cm-1 and 1,372 cm-1), and γ(C-H)
in the aromatic ring (752 cm-1 and 702 cm-1). Apparently the
FT-IR spectrum of PS/MMT nanocomposite (Figure b)
shows the combination of organomodified montmorillonite
and polystyrene. The bands around 1,637 cm-1 and
3,630 cm-1 are due to the hydroxyl groups in the clay. These
FT-IR spectra assignments verify that the O-MMT layers
have been doped into the polymer matrix during the in situ
polymerization and thus form the PS/MMT nanocomposite.

X-ray diffraction, XRD, provides information on the
changes of the inter layer spacing of the clay upon the
formation of a nanocomposite. The formation of an
intercalated structure should result in a decrease in 2θ,
indicating an increase in the d-spacing; the formation of an
exfoliated structure usually results in the complete loss of
registry between the clay layers and no peak can be seen in
the XRD trace. In some cases, a disordered immiscible
system is obtained and this also shows no peaks, so the
absence of an XRD peak cannot be taken as definitive
evidence for the formation of an exfoliated nanocomposite
and additional evidence, usually transmission electron
microscopy (TEM), is required. Figure 6 presents the
XRD patterns for the PS/MMT nanocomposite. For the
nanocomposite no peaks are observed. Nanocomposite,
which could mean either that an exfoliated or an immiscible
nanocomposite has been formed.

Fig. 3 FT-IR spectra of the unmodified montmorillonite a and
modified montmorillonite b

Fig. 4 XRD patterns of
the parent montmorillonite
a and the organo-modified
montmorillonite b

Fig. 5 FT-IR spectra of the polystyrene a and polystyrene/montmo-
rillonite nanocomposite b
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TEM characterization of nanocomposite

Transmission electron microscopy, TEM, provides an actual
image of the morphology of the nanocomposite. TEM is
complementary to XRD, especially when peaks are not
observed in XRD. Figure 7 shows the TEM image for the
PS/MMT nanocomposite. The light regions represent poly-
styrene and the dark lines indicate silicate layers. 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 nanocomposite. In the TEM
image micronsized clay tactoids are absent because of
swelling and expansion by polymer and further exfoliation
during polymerization. The TEM image shows that there were
mostly well-dispersed silicate layers in the PS matrix. This
delineated an exfoliated morphology for the PS/MMT sample.

Glass transition of PS/MMT nanocomposite

Figure 8 (a, b) shows the DSC traces of the neat PS (a) and
PS/MMT nanocomposite (b). The neat PS exhibits an

endothermic peak approximately at 75°C, corresponding to
the glass transition temperature (Tg). The Tg of the PS/MMT
nanocomposite is 79°C, slightly higher than the pure PS. In
the addition to that, the glass transition temperature was also
increased slightly in the presence of the clay. The increased
Tg resulted from the restricted segmental motion of the
polymer chain at the organic-inorganic interface, due to the
confinement of the PS chains between the silicate layers, as
well as the silicate surface polymer interaction in the nano
structured hybrids. This result also indicates nano platelets
were reasonably well exfoliated and dispersed. It was also
reported in the literature that the majority of the other well-
dispersed polymer nanocomposites also exhibited higher Tg

than their corresponding pristine polymer [20].

Thermal stability of PS/MMT nanocomposite

Characteristic TGA curves of PS and PS/MMT nano-
composite are shown in Figure 9 (a, b). TGA results
indicate improvement of the thermal stability for PS/MMT
nanocomposite compared to the neat polystyrene. The data
of the onset of the degradation temperatures (at which 10%
degradation occurs), the midpoint of the degradation
temperatures (at which 50% degradation occurs) and the
residue that was at 600°C, were shifted to higher in PS/

Fig. 7 TEM image for the PS/MMT nanocomposite

Fig. 6 XRD patterns of PS/MMT nanocomposite

Fig. 8 DSC traces of the neat PS a and PS/MMT nanocomposite b

Fig. 9 TGA thermograms of PS/MMT nanocomposite a and Pure PS b

962 M. Jaymand



MMT nanocomposite. The residue that was at 600°C, for
PS and PS/MMT nanocomposite were 7.26 wt% and 9.83
wt% respectively. Thus 9.83-7.26=2.57 wt% remained at
600°C, indicating that the silicate content of this sample
was at most 2.57 wt%.

The thermal stability as well as the combustion behavior of
the polymer-clay nanocomposite is affected by the degrada-
tion mechanism of the surfactant molecules. During the
thermal treatment of nanocomposite at elevated temperatures,
acidic proton sites are formed via the Hoffman decomposition
of the alkylammonium modifier of clay, giving protonated
montmorillonite that can act as a protonic acid catalyst.
Camino et al. ascribed the lower thermal stability of an epoxy
resin composite, if compared to the other filled composites, to
the larger catalytic activity related to the monoalkyl structure
of its organic modifier as compared to the di to tetra alkyl
substitution of the other clays [21].

Conclusion

The exfoliated polystyrene/organo-modified montmorillon-
ite nanocomposite was successfully synthesized through in
situ free radical polymerization by dispersing montmoril-
lonite that was modified with novel surfactant in styrene
monomers. This novel surfactant was synthesized by
coupling of α-phenyl chloro acetyl chloride and 9-decen-
1-ol and then, the product obtained was coupled with
trimethylamine to form the surfactant. The structure of
obtained modifier was investigated by 1H NMR and FT-IR
spectroscopy.

The XRD and TEM analyses showed that the PS/MMT
nanocomposite has a completely exfoliated structure and
the O-MMT layers were well dispersed in the polystyrene
matrix. The thermal stability and glass transition tempera-
ture of PS/MMT nanocomposite improved observably in

comparison with pure polystyrene. In conclusion, the
unique properties of the nanocomposite result from the
strong interactions between the silicate structural layers and
the polymeric chains.
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