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ABSTRACT: A different series of new polystyrene–clay
nanocomposites have been prepared by grafting polymer-
ization of styrene with vinyl-montmorillonite (MMT) clay.
The synthesis was achieved through two steps. The first
step is the modification of clay with the vinyl monomers,
such as N,N-dimethyl-n-octadecyl-4-vinylbenzyl-ammo-
nium chloride, n-octadecyl-4-vinylbenzyl-ammonium chlo-
ride, triphenyl-4-vinylbenzyl-phosphonium chloride, and
tri-n-butyl-4-vinylbenzyl-phosphonium chloride. The sec-
ond step is the polymerization of styrene with different
ratios of vinyl-MMT clay. The materials produced were
characterized by different physical and chemical methods:
(1) IR spectra, confirming the intercalation of the vinyl-cat-
ion within the clay interlayers; (2) thermogravimetric anal-
ysis (TGA), showing higher thermal stability for PS–nano-
composites than polystyrene (PS) and higher thermal sta-

bility of nanocomposites with of phosphonium moieties
than nanocomposites with ammonium moieties; (3) swel-
ling measurements in different organic solvents, showing
that the swelling degree in hydrophobic solvents increases
as the clay ratio decreases; (4) X-ray diffraction (XRD),
illustrating that the nanocomposites were exfoliated at up
to a 25 wt % of organoclay content; and (5) scanning elec-
tron microscopy (SEM), showing a complete dispersion of
PS into clay galleries. Also, transmission electron micros-
copy (TEM) showed nanosize spherical particles of � 150–
400 nm appearing in the images. � 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 103: 3739–3750, 2007
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INTRODUCTION

Polymer–clay nanocomposites (PCNs) have attracted
considerable attention because of their potential appli-
cations in industry.1–4 These materials have been
widely used in areas of electronics, transportation,
and construction products. They offer attractive com-
binations of stiffness and toughness, which are diffi-
cult to attain from the individual component alone.5 A
nanocomposite is defined as a composite in which the
dispersed particle size is < 102 nm in at least one
dimension. Montmorillonite (MMT) is commonly
used as a layered silicate clay in PCNs. PCNs are di-
vided into intercalated and exfoliated hybrids. Inter-
calated hybrids retain registry between the host gal-
leries with an expanded gallery distance. Exfoliated
hybrids retain little or no registry between the silicate
layers, which are separated by as much as 5–15 nm.6

PCN have been prepared by four techniques: exfolia-
tion adsorption,7 in situ intercalative polymerization,8

melt intercalation,9,10 and template synthesis.11

Compared with pristine polymers, the PCNs pos-
sess many desirable properties, such as enhanced gas
barrier; fire retardant, corrosion resistance, and ionic
conductivity; increased thermal stability and mechan-
ical strength; and decreased absorption in organic
liquids.12,13 Because the nanostructures of nanocom-
posites are essentially related to their properties, a
number of fundamental studies have been performed
and have revealed some parameters affecting the
nanostructures, such as the molecular weight and po-
larity of polymers9 and chain length, packing density,
and arrangement of organic modifiers.9,14

The impregnation of a clay by a vinyl monomer,
such as methyl methacrylate,15 acrylonitrile,16 oligo
(oxyethylene) methacrylate,17 or styrene,18–22 followed
by free radical polymerization, has recently been
investigated.

Several attempts to prepare intercalated polysty-
rene–clay nanocomposites, different microstructures,
according to the type of organic modifier and polarity
of the polymer matrix, have been reported.18–21,23,24

Kato et al.18 reported that the intercalation of poly-
styrene in stearyltrimethylammonium cation ex-
changed MMT. Other investigators have prepared
intercalated polystyrene nanocomposites using aceto-
nitrile as a solvent in which the vinylbenzyltrimethy-
lammonium ions were exchanged with the sodium
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ions of MMT.19,20 Doh and Cho22 reported the synthe-
sis of intercalated polystyrene containing dispersed
organophilic MMT.

The modifications of clay with a specific monomers
or polymers improve the interfacial properties be-
tween the organic and inorganic phases of the nano-
composites. Therefore, in the present investigation, the
intercalation of vinyl monomeric cations onto MMT
clay; using N,N-dimethyl-n-octadecyl-4-vinylbenzyl-
ammonium chloride, n-octadecyl-4-vinylbenzyl-am-
monium chloride, triphenyl-4-vinylbenzyl-phosphonium
chloride, and tri-n-butyl-4-vinylbenzyl-phosphonium
chloride; will be prepared. The resulting vinyl–clay
intercalate is directed toward the preparation and
characterization of grafted polystyrene–clay nanocom-
posites that can exhibit the characteristic properties of
the individual components. This can be attained by in
situ free radical polymerization techniques of styrene
monomer between the smectic clay interlayers.

EXPERIMENTAL

Materials

Chloromethylstyrene (CMS) [vinyl benzyl chloride]
was obtained from Polyscience as a mixture of m/p-
isomers (% 30/60) and was used as supplied. Sty-
rene (St) is commercial supplied from Aldrich, used
after discharge the inhibitor by washing with 1M
NaOH solution then dried over Na2SO4, followed by
distillation under vacuum. 2,2-Azobisisobutyronitrile
(AIBN) was obtained from Fluka (Switzerland) and
used without further purification. n-Octadecylamine
and N,N-dimethyl-n-octadecylamine were purchased
from Kunimine Industry (Japan) and used as sup-
plied without further purification. Triphenylphos-
phine and tributylphosphine were used as received
from Fluka. Sodium MMT clay (Naþ–O–MMT) with
a cation-exchange capacity (CEC) of � 119 mEq per
100 g was supplied by Kunimine Industry under the
trade name Kunipia-F. Dimethylformamide (DMF)
and toluene were obtained from Adwic (Egypt) and
were used after distillation and drying over an A4
molecular sieve directly before used. Ethanol, metha-
nol, and diethyl ether were used as obtained from
Adwic without further purification.

Analytical procedures

Infrared spectra (IR) were carried out on a Perkin-
Elmer 1430 Ratio-recording infrared spectrophotome-
ter, using the potassium bromide disc technique
within the wavenumber range of 4000–400 cm�1.

1H-NMR and 13C-NMR spectra were carried out in
CDCl3 on an Lambda, Jeol NM300, Japan Instrument.
Thermogravimetric analyses (TGA) were determined
with Rigaku Thermo Plus 2 TG-DTA TG8120. The

heating rate was 5–108C/min under air and argon
atmosphere within the temperature range � 30–9008C.

Calcination was determined by introducing a defi-
nite weight of the sample into a porcelain crucible
and dried in an electric oven at 1208C overnight,
then introduced into an ignition oven; the tempera-
ture was increased to 10008C and was adjusted for
5 h at this temperature. The loading of each sample
expressed as the weight loss by ignition per 100 g of
the dry sample.

The swelling degree was determined by taking a
definite weight (� 0.15 g) of the dry sample and intro-
duced into a small sintered glass and allowed to
imbibe for 24 h in different solvents. The excess sol-
vent was removed by gentle centrifugation. The
swelled sample was weighed and resuspended in the
solvent. This procedure was repeated until obtaining
on a constant weight for the swelled sample. The
swelling degree of each sample is expressed as the
amount of sorbed solvent per 100 g of dry sample.

X-ray diffraction (XRD) measurements were carried
out using a Phillips Powder-Diffractometer equipped
with Ni-filtered Cu-K radiation (l ¼ 1.5418 Å) at a
scanning rate of 0.0058/s, diverge at slit 0.38. Measure-
ments were made for the dried product to examine
the interlayer activity in the composite as prepared.

The morphology of the composite was examined
by two techniques: (1) scanning electron microscopy
(SEM) Joel JXA-840 equipped with an energy-disper-
sive X-ray detector to examine the morphology and
particle size of MMT in the polymer-MMT compo-
sites, with the specimen deposited on double-sided
scotch tape and examined at their surface; and (2)
transmission electron microscopy (TEM) images
of the composites, obtained by a Joel 100 CX at
80 kV; the thin films for TEM were prepared by
immersing the TEM grid in suspension of polymer–
clay material swelled in acetone, and then dried at
room temperature followed by heating at 508C under
vacuum to ensure complete solvent removal.

Preparation of vinyl monomer (Ia-d)
25

Synthesis of triphenyl(4-vinylbenzyl) phosphonium
chloride salt Ia

A mixture of vinyl benzyl chloride (5.8 g, 38 mmol),
triphenylphosphine (10.0 g, 38 mmol), and 0.03 g of
hydroquinone as the free radical inhibitor was dis-
solved in 60 mL of dry DMF in a round-bottom
flask. The solution mixture was stirred at 608C for
6 h and was then poured into 400 mL of diethyl
ether with stirring; the stirring continued for 30 min.
The precipitated product was filtered off then recrys-
tallized from diethyl ether/methanol (1 : 5 v/v), to
give 12.5 g (30 mmol, 79% yield) of triphenyl(4-
vinylbenzyl) phosphonium chloride Ia.
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1H NMR (CDCl3): d ¼ 7.65–6.92 (m, 19 H, ring H),
6.48 (dd, 1H, vinyl H), 5.55 (d, 1H, vinyl H), 5.28 (d,
2H, Ph��CH2), and 5.7 ppm (d, 1H, vinyl H).

13C-NMR (CDCl3): d ¼ 137.2 (¼¼CH2), 137.25, 135.73,
134.78, 134.17, 134.03, 133.58, 133.32, 131.88, 131.81,
131.77, 131.75, 131.49, 131.42, 130.01, 129.85, 128.52,
128.3, 128.22, 126.28, 126.23, 118.1, 115.97 (Ar), 114.55
(Ar��CH¼¼) and 30.76 ppm (P��CH2).

IR (KBr disc): n ¼ 1432, 1157, and 1039 cm�1 for
þP(Ph)3 and at 1614 cm�1 for (��C¼¼C��).

Formation of tri-n-butyl(4-vinylbenzyl) phosphonium
chloride salt Ib

This phosphonium salt, Ib was prepared by similar
procedure described in preparation of Ia, by mixing of
3.8 g (24.7 mmol) of vinyl benzyl chloride with 5.0 g
(24.7 mmol) of tri-n-butylphosphine in presence of
0.02 g of hydroquinone in 50 mL of dry DMF. The so-
lution mixture was stirred at room temperature for
1 h and then poured into an excess of diethyl ether
with stirring. The precipitated product was filtered off,
washed with diethyl ether, and finally dried in vacuum
at room temperature (� 308C), to give 7.5 g of salt Ib,
which corresponds to 85% of the product yield.

1H NMR (CDCl3): d ¼ 7.29�7.21 (m, 4H, ring H),
6.54 (dd, 1H, vinyl H), 5.63 (s, 1H, vinyl H), 5.15 (s, 1H,
vinyl H), 4.17 (s, 2H, Ph��CH2), 2.27 (s, 6H, PhCH2),
1.32 (s, 12H, CH2CH2), and 0.76 ppm (s, 9H, CH2CH3).

13C-NMR (CDCl3): d ¼ 137.28(C��Ar), 135.55
(Ar��CH¼¼), 130.1, 127.87, 127.75, 126.72 (C��Ar),
114.58 (¼¼CH2), 26.74, 26.15, 23.78, 23.58, 23.42, 18.65,
18.03, and 13.159 ppm ((��CH2).

IR (KBr disc): n ¼ 1457, 1211 and 1098 cm�1 for
þP(Bu)3 and at 1605 cm�1 for (��C¼¼C��).

Synthesis of n-octadecyl(4-vinylbenzyl) ammonium
chloride salt Ic

In a round-bottom flask, 10.0 g (37 mmol) of stearyl-
amine was dissolved in 50 mL of dry DMF, followed
by the addition of 0.03 g of hydroquinone; 6.5 g
(37 mmol) of vinyl benzyl chloride was added drop-
wise in a period of 4 h to the stirred solution at
458C. After cooling, the reaction solution mixture
was added dropwise with stirring to an excess of
diethyl ether. The white precipitated product was fil-
tered off, washed with diethyl ether, and then dried
in vacuum at room temperature, to give 12.8 g of
salt Ic with 82% product yield.

1H-NMR (CDCl3): d ¼ 9.81 (s, 2H, þNH2), 7.51–7.37
(m, 4H, ring H), 6.63 (dd, 1H, CH¼¼), 5.7 (d, 1H,
��CH¼¼), 5.24 (d, 1H, ��CH¼¼), 3.98 (s, 2H, Ph��CH2),
2.98–1.18 (m, 34H, CH2CH2), and 0.85 (m, 3H, CH3).

13C-NMR (CDCl3): d ¼ 138.67 (Ar), 135.89 (¼¼CH),
130.60, 129.40, 126.81 (Ar), 115.18 (��CH¼¼), 50.09
(Ar��CH2), 45.91 (NH2��CH2), 39.99, 31.94, 31.90,

31.87, 29.68, 29.58, 29.50, 29.41, 29.33, 29.00, 27.63,
26.77, 25.83, 22.06 (17CH2), and 14.08 ppm (1CH3).

IR (KBr disc): n ¼ 3403 cm�1 for N��H stretching,
2688 cm�1 for��NH3 bending and at 1605 cm�1 for
(��C¼¼C��).

Synthesis of N,N-dimethyl-n-octadecyl(4-vinylbenzyl)
ammonium chloride salt Id

The ammonium salt, Id was prepared by similar pro-
cedure as described in preparation of Ic, by mixing
10.0 g (34.36 mmol) of N,N-dimethyl-n-octadecyl-
amine dissolved 10 mL THF and 5.24 g (34.36 mmol)
of vinyl benzyl chloride Id. The mixture was stirred
2 h at room temperature then diethyl ether (200 mL)
was added, and the mixture was stirred for another
1 h. The precipitated product was filtered off, and
recrystallized from ethyl acetate at 458C, to give 13.8 g
of Id (yield ¼ 91%). The characteristic data correspond
to those reported previously.10

Preparation of vinyl monomer–clay IIa-d
25

Preparation of the phosphonium salt-modified
clay IIa,b

A suspension of 10 g (11.9 mEq) of sodium MMT in
300 mL of distilled water was stirred for 24 h in an Er-
lenmeyer flask to complete swelling. Then, � 30 mL of
methanol was added dropwise with stirring, and the
stirring was continued for 2 h. To the stirred swelled
clay suspension, a solution of 5.0 g (11.9 mmol) Ia in
100 mL of distilled water was added dropwise. After
stirring for 4 h, the white precipitate product was fil-
tered, washed with distilled water several times until
no chloride ion could be detected by an addition of
AgNO3 solution to the filtrate, and then washed twice
with 80 : 20 (v/v) ethanol/water. The white powder
product was dried in a vacuum oven overnight at
room temperature, to give 12.85 g of IIa.

XRD data: 2y ¼ 3.828, d-spacing ¼ 23.12 Å.
Calcination data: inorganic contents ¼ 70.4 (wt %);

organic contents ¼ 29.6 (wt %).
The same procedure was used to produce 12.2 g

of IIb by addition of 4.22 g (11.9 mmol) Ib to 10 g of
swelled clay.

XRD data: 2y ¼ 4.838; d-spacing ¼ 18.29 Å.
Calcination data: inorganic contents ¼ 66.35 (wt %);

organic contents ¼ 33.65 (wt %).

Preparation of the ammonium salt-modified
clay IIc,d

The ammonium salt-modified clay IIc and IId were
prepared carrying the same procedure used in the
preparation of IIa.

The vinyl–clay IIc was synthesized by dropwise
addition a solution of 5 g (11.9 mmol) ammonium
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salts Ic dissolved in 100 mL of water/methanol
[70 : 30 v/v] to 10 g of swelled clay followed by stir-
ring for 8 h, to give 12.8 g of IIc.

XRD data: 2y ¼ 3.838, and 7.18; d-spacing ¼ 23 Å,
and 12.4 Å.

Calcination data: inorganic contents ¼ 56.57 (wt %);
organic contents ¼ 43.43 (wt %).

The synthesis of vinyl–clay IId was carried out by
addition dropwise a solution of 5.27 g (11.9 mmol)
ammonium salts Id dissolved in 100 mL of water/
methanol [70 : 30 v/v] to 10 g of swelled clay fol-
lowed by stirring for 8 h, to give 13.9 g of the prod-
uct IId.

XRD data: 2y ¼ 2.638, 4.788, and 7.28; d-spacing ¼
33.6 Å and 18.48 Å, and 12.4 Å.

Calcination data: inorganic contents ¼ 50.76 (wt %);
organic contents ¼ 49.24 (wt %).

Preparation of PS–organoclay nanocomposites IIIa-d

General procedure

In a 50-mL round flask, 0.1 g of organically modified
clay was swelled in 5 mL dry toluene; 9.9 g of styrene
monomer was then added, followed by the addition
of 0.1 g of AIBN as a radical initiator, and then stirred
at room temperature (� 2–3 h) to obtain a swelled sus-
pension. The mixture was heated in oil bath at � 808C
for 2 h. After cooling, the product was precipitated in
methanol. The precipitated PS–MMT hybrid was fil-
tered, washed with methanol, and finally dried under

reduced pressure for 24 h at 608C, to give IIIa(1). The
different composite mixtures were prepared following
the same procedure, and the relevant data are illus-
trated in Table I.

RESULTS AND DISCUSSION

Preparation

The chemical grafting of polystyrene into clay inter-
layers by polymerization was achieved through three
steps as illustrated in Schemes 1 and 2. The first step
includes the preparation of monomeric surfactants
such as triphenyl(4-vinylbenzyl) phosphonium chlo-
ride salt Ia, tri-n-butyl(4-vinylbenzyl) phosphonium
chloride salt Ib, n-octadecyl(4-vinylbenzyl) ammo-
nium chloride salt Ic and N,N-dimethyl-n-octadecyl
(4-vinylbenzyl) ammonium chloride salt Id. The second
step includes the preparation of vinyl monomer–clay
intercalates, by cation exchange between the onium
groups of vinyl monomer, forming an ionic bond
with the negative charges of MMT clay interlayers.
The third step includes complete dispersion of vinyl
monomer–clay (with different ratios; 1, 5, 10, 25, and
40 wt %) in the styrene monomer, followed by free-
radical polymerization to produce the PS–clay inter-
calated or/and exfoliated nanocomposites. The rele-
vant polymerization condition data for the different
series of polystyrene–clay materials were recorded in
Table I.

TABLE I
Preparation Data for Polystyrene–Organoclay Hybrids

Run

Monomer–clay Solvent

St (g)

Product

Type Wt (g) Type ML Grafted

Ungrafted Calcination (%)

(g) (Zrel) Inorg Organic

IIIa(1) IIa 0.1 9.9 Tol 5 0.15 6.4 1.1714 50 50
IIIa(2) IIa 0.5 9.5 Tol 20 0.67 2.7 1.1429 62 38
IIIa(3) IIa 0.5 9.5 Tol þ Diox 20 þ 5 0.71 2.1 1.2000 37 63
IIIa(4) IIa 1.0 9.0 Tol 40 1.34 0.12 1.2000 61.33 38.67
IIIa(5) IIa 2.5 7.5 Tol 70 3.1 0.44 1.1524 66.91 33.09
IIIb(1) IIb 0.1 9.9 Tol 5 0.14 6.5 1.2857 39.21 60.79
IIIb(2) IIb 0.5 9.5 Tol 10 1.03 5.5 1.1619 44.8 55.2
IIIb(3) IIb 0.5 9.5 MeCN 2 1.3 4.42 1.1619 37.56 62.44
IIIb(4) IIb 1.0 9.0 Tol 20 2.19 5.52 — 45.64 54.36
IIIb(5) IIb 1.0 9.0 MeCN 4 1.26 5.0 1.2095 22 78
IIIb(6) IIb 2.5 7.5 Tol 50 4.34 0.5 1.1429 59.64 40.36
IIIc(1) IIc 0.1 9.9 Tol 5 0.3 6.53 1.2190 13.62 86.38
IIIc(2) IIc 0.5 9.5 Tol 15 0.72 6.12 — 52.54 47.46
IIIc(3) IIc 0.5 9.5 — — — — 3.4 96.6
IIIc(4) IIc 1.0 9.0 Tol 45 1.46 2.0 1.1429 55 45
IIIc(5) IIc 2.5 7.5 Tol 50 3.43 0.42 1.1619 55 45
IIId(1) IId 0.5 9.5 Tol 3 9.1 — 2.8 97.2
IIId(2) IId 1.0 9.0 Tol 6 8.7 — 5.8 94.2
IIId(3) IId 2.0 8.0 Tol 15 8.0 — 10.3 89.7
IIId(4) IId 4.0 6.0 Tol 50 7.8 — 21 79

Grafted ¼ insoluble part obtained after washing with Soxhlet; ungrafted ¼ soluble part on washing in toluene with
Soxhlet.
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The ungrafted PS was separated by extraction
with toluene, as a good solvent for polystyrene,
using the soxhlet technique. The separated ungrafted
PS with relative viscosity (0.05 g in 10 mL DMF at
room temperature) ranged from 1.1429 to 1.2857. It
was found that there are many samples can not be
separate the ungrafted (if present), as these samples
form a semi-clear solutions. This indicates that the
clay was distributed homogeneously and highly
exfoliated in PS matrix forming organic–inorganic
species. The type of the onium salt group in vinyl
monomer–clay has affected the properties of the pro-
duced composite product, since the salts of vinyl
surfactants IIc and IId leads to high, fast swelling in
styrene monomer than do vinyl salts IIa and IIb.
Also, the structure of the ammonium salt group has
affected the properties of the composite, since the
composites of the disubstituted amine surfactant,
IIId, showed higher swelling and semi-clear solu-

tions in styrene than the composites of unsubstituted
amine surfactant, IIIc. Thus, the bulk polymerization
of styrene in the vinyl–clay interlayers leads to
highly dispersed and exfoliated clay into PS matrix.
For example, in the sample IIIc(3), the organoclay IIc
highly swelled in styrene monomer without solvent,
and free radical polymerized, to give highly sus-
pended product (semi clear solution) in toluene.

The clay content as shown in Table I has also af-
fected the polymerization process, since the amount
of ungrafted PS decreases with increased clay con-
tent. This may be duo to the isothermal character of
MMT, which prevent the complete polymerization
process, since MMT act as chain transfer termina-
tor,13 rather than the solvent used. However, the
amount of grafted PS onto clay does not appear to
be very different between the samples, in using dif-
ferent clay contents. Also, the data in the Table I
show that the type of the solvent used in the prepa-

Scheme 1 Preparation of triphenyl and tributyl(4-vinylbenzyl) phosphonium salt–clay and its polymerization with styrene.

Scheme 2 Preparation of n-octadecyl and N,N-dimethyl-n-octadecyl (4-vinylbenzyl) ammonium salt–clay and its poly-
merization with styrene.
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ration of PS–clay composites is an important factor
affecting the grafted PS into clay interlayers. In sam-
ple IIIa(3), the use of mixed solvent (1,4-dioxane and
toluene) leads to increased the grafted PS into clay
interlayers. Also, in sample IIIb(3), the weight of
grafted PS increased in case of using acetonitrile
than toluene as solvents. The increasing in the
grafted PS may be due to increasing the swelling
degree of vinyl monomer–clay, which leads to
increasing the amount of styrene monomer inside
clay gallery before polymerization.

Properties and characterization

The prepared monomers were found to be soluble in
toluene and in polar solvents such as water, alcohol,
acetonitrile, DMF, and styrene monomer, but were
found to be insoluble in the aliphatic hydrocarbons
and diethyl ether.

Swelling studies

MMT is constructed from an octahedral silica sheets;
it exhibits net negative charges on the lamellar sur-
face attached by cations (Naþ). Thus, in this case
where the interlayer is incorporated with sodium
cation, the hydrophilic properties must be enhanced,
which in turn leads to high degree of water swelling.
Therefore, these phenomena can possibly provide an
effective method for the preparation of hybrid com-
posite intercalated or exfoliated with monomer or
polymer in the layered silicate if an aqueous system
is involved in the intercalation procedure or clay

surface become hydrophobic by exchange sodium
cation by ammonium or phosphonium cation.

The swelling measurements of the organoclay and
the grafted polymer onto clay in different solvents
(e.g., DMF, 1,4-dioxan, acetone, toluene, chloroform,
dichloromethane, and water) are listed in Table II,
expressed as the percentage of sorbed solvent related
to the dry weight of the sample. The data indicate
that the hydrophilic character of the mineral clay has
been changed into hydrophobic character, due to the
intercalation of the vinyl monomers in the clay inter-
layers. In general, the swelling measurement data
show that the hydrophobic characters of all prepared
intercalated compounds were increased in the organic
solvents, and there is great reduction in the water
uptake capacities of grafted polymer clay. It was also
found that the grafted PS–clay has great affinity for
an aprotic solvent like dimethylformamide (DMF)
and nonpolar solvent like toluene. The polar solvents
show a lower degree of swelling, which can be attrib-
uted to the hydrophobic characteristics of PS, leading
to the increased solubility in nonpolar solvents than
in polar solvents. There is no regular order that can
be followed from the swelling measurements.

NMR and IR measurements

The structures of the monomers were identified by
using 1H-NMR, 13C-NMR, and IR. The 1H-NMR
data were recorded for vinyl monomers Ia-d in the
experimental part, in which the H of chloromethyl
group (CH2Cl) was shifted from 4.6 ppm for CMS to
5.3 ppm corresponding to the quaternary salt for Ia,

TABLE II
Swelling Degrees Data for Different Vinyl Monomer–clay and Grafted

Polystyrene–Clay Composites

Sample

Swelling (%)

DMF Dioxane Acetone Toluene CH3Cl CH2Cl2 H2O

IIa 1158 394 190 219 312 190 —
IIb 955 224 701 228 226 155 —
IIc 365 250 143 262 152 187 —
IIIa(1) 1242 906 557 697 481 1123 50
IIIa(2) 1537 376 374 651 248 1291 85
IIIa(3) 1172 373 315 664 361 1277 10
IIIa(4) 1123 367 783 990 315 911 55
IIIa(5) 1001 327 558 547 174 998 106
IIIb(1) 984 459 26 601 10 32 32
IIIb(2) 808 435 26 544 64 31 41
IIIb(3) 900 400 115 700 110 70 50
IIIb(4) 684 159 117 600 10 62 32
IIIb(5) 750 390 140 650 60 65 40
IIIb(6) 763 107 34 352 39 29 114
IIIc(1) 1132 110 78 399 639 625 100
IIIc(2) 744 133 56 392 513 268 92
IIIc(3) 672 183 59 394 175 210 112
IIIc(4) 298 157 17 299 153 88 46
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4.17 ppm for Ib, and to 3.98 ppm for Ic. Also the
peak at about 6 ppm corresponding to amine proton
of stearylamine shifted to 9.8 ppm with integration
of two protons corresponding to (��NþH2). The
peaks at 5.0, 5.6, and 6.6 ppm revealed the presence
of vinyl group. The absorption band of 13C-NMR
spectra corresponding to one carbon of chloromethyl
group (CH2Cl) at 46 ppm was shifted to 30 ppm,
corresponding to the quaternary salt for Ia, 26 ppm
for Ib and to 50 ppm for Ic.

The IR spectra of vinyl monomers and intercalated
vinyl monomers onto MMT clay were studied to
confirm the structural composition of the materials
(Fig. 1). The spectra of vinyl monomers showed a
characteristic band at 1614 cm�1 for Ia, 1630 cm�1 for
Ib and 1605 cm�1 for Ic related to vinyl group
(C¼¼C), and band at 838 cm�1 related to C��Cl of
the chloromethyl groups. The IR spectra of vinyl
monomer–clay IIa-d show that the band at 838 cm�1

related to C��Cl of chloromethyl groups disap-
peared, as well as characteristic bands corresponding
to the phosphonium salt, P� (R)3, at 3414 cm�1, and
the ammonium salt, N� (R)3, at 3433 cm�1.

The IR spectrum of Ia shows characteristic bands
at 1432 cm�1, 1157 cm�1, and at 1039 cm�1 related to
the phosphonium salt attached to the Ph group.
Comparison of these bands of phosphonium salt

with the bands of IIa showed a shift from 1039 cm�1

to 916 cm�1 which indicated that the phosphonium
salt must be interacted to metal oxide similar to the
P��O band.

The IR spectrum of Ib shows characteristic bands
at 1457, 1211, and 1098 cm�1 corresponding to phos-
phonium salt attached to the butyl group. These
bands of phosphonium salt with IIb showed a shift
to 911 cm�1 was reported, indicating that the phos-
phonium salt must be interacted to metal oxide simi-
lar to the P��O band. The broadness of this charac-
teristic band is apparently related to intermolecular
interaction.

The IR spectra of Ic display a characteristic band
at 3600 cm�1 for the OH group, bands at 2649 cm�1,
1794 cm�1 related to the protonated amine (þNH)
group, bands at 1499 cm�1 related to the ammonium
salt itself, and bands at 1348 cm�1 related to C��N.
The presence of extra peaks for modified clay is
� 2920 cm�1 and 2849 cm�1 for CH2 and also � 1831
cm�1 for the presence of þNH group.

The characteristic bands of Na-MMT show the
absorption bands at 1030 cm�1 and 550 cm�1 corre-
sponding to the stretching band of Si��O, the defor-
mation band of Si��O��Al and the Si��O��Si defor-
mation band of MMT. These indicated that organic
material stay immobilized inside and/or on the clay
layers. IR spectra of the grafted PS–MMT composites
illustrate the disappearance of absorption band of
��C¼¼C��.

XRD measurements

The crystal structure of MMT consists of two-dimen-
sional layers formed by fusing two silica tetrahedral
sheets to an edge-shared octahedral sheet of alumi-
num hydroxide. Stacking of layers of clay particles
are held by weak dipolar or van der Waals forces.26

XRD is powerful technique to observe the extent of
the silicate dispersion ordered or disordered struc-
ture in the polymer nanocomposites. Figures 3–6
show typical XRD for the vinyl–clay and PS–MMT
samples. The d001 spacing was calculated and listed
in the experimental part from peak positions using
Bragg’s law of diffraction:

d ¼ l=ð2 sin yÞ;

where d is the space between interlayers; l is the
radiation wavelength of the of X-ray source; y is the
angle of incident radiation.

The XRD results for monomer-MMT are shown in
the experimental part and Figure 2. The data in
Figure 2 shows that the d-spacing of the intercalated
monomers into MMT clay is affected by the molecu-
lar mass of the monomer, since d-spacing was
increased from 1.2 nm (2y ¼ 7.28) for the Na-MMT

Figure 1 IR spectra for CMS, vinyl monomer Ia-c and
vinyl monomer–clay intercalate IIa-c.
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clay to 2.312 nm (2y ¼ 3.828) for IIa; 1.829 nm (2y
¼ 4.838) for IIb; 2.30 nm (2y ¼ 3.838) for IIc; and
3.36, 1.848 nm (2y ¼ 2.638, 4.788) for IId. The results
revealed that the d-spacing in the order of IId > IIc
� IIa > IIb, coinciding with the order of the molecu-
lar weight of the monomers (450, 422, 414, 354). A
small, broad peak at 2y ¼ 78 was shown for the sam-
ple IIc, which may arise from incomplete exchange
process of sodium ion in MMT by the ammonium
ion of vinyl monomer modifier due to the hydropho-
bic nature of the salt. Also, there are two peak at 2y
¼ 2.638 and 4.788 for the vinyl monomer–clay IId.
This may be due to the lack interlayers symmetrical
arrangement of modified clay.

The XRD results for grafted polystyrene-MMT are
shown in Figures 3–6 for the composites IIIa(1–5),
IIIb(1–6), IIIc(1–5), and IIId(1–4). Figures 3–6 show that
there is no peak in all the PS–clay composites,
except for a few samples. This indicated that the
d001 reflection was shifted to lower diffraction-angle
(2y < 28) as a result of increasing the gallery height
of the clay interlayers due to increasing the amount
of polymer between lamella. Thus, the clay was
homogeneously dispersed and exfoliated in the
polymer matrix forming exfoliated nanocomposite
materials.

Figure 5 shows that the nanocomposites IIIc(5) (25
wt % organoclay) has a broad peak at 2y ¼ 4.78 with
low intensity and a small broad peak at 2y ¼ 7.18.
Figure 6 shows that the sharp peak at 2y ¼ 2.58 with
high intensity in IId was diminished, broadening to

2y ¼ 2.5–2.78. Also, in Figure 6, the sample IIId(4)
with high organoclay contents (40%) with the peak
intensity at 2y ¼ 4.78 disappeared. This can be
explained as the unhomogeneously distributed poly-
mer in the clay interlayers which leads to a little dis-
persion of the clay stacks in the styrene matrix. Also,

Figure 3 XRD for vinyl monomer–clay intercalates IIa
and grafted PS–clay materials IIIa.

Figure 4 XRD for vinyl monomer–clay intercalates IIb
and grafted PS–clay materials IIIb.

Figure 2 XRD for MMT clay and vinyl monomer–clay
intercalates IIa-d.
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it can be explained by the possibility of occurrence
of a Hofmann elimination reaction to produce an
olefin and amine,27 according to the mechanism in
Scheme 3, leaving a proton occupying the cationic
position on the clay. It is well known that onium
salts will participate in such a reaction,28 and the
thermal degradation of an ammonium counter ion in

clays has been reported to lose ammonia and give a
proton counter ion.

Thermal properties

The thermal stability of the prepared materials was
determined by measuring the thermogravimetric
analyses (TGA) within the temperature range of � 30–
8508C, as shown in Figures 7 and 8 and Table III. In
general, the data and the figures indicated that the
intercalated samples have higher thermal stability
than the pure polymer. This can be attributed to the
restriction of the motion of organic chains attached to
the MMT clay.

The TGA data listed in Table III show the onset tem-
perature of the degradation at which 5% and/or 10%
degradation occurs is affected by the quaternary
onium groups attached to the MMT clay. It was found
that the degradation temperature is lower for materi-
als attached through ammonium group compared
with materials attached through phosphonium groups.
It was also found that the amount of char was increased
with increasing the clay contents. These results were
correspond with those of Blumstein,29 suggesting that
the clay offers a templating effect.

Figure 7 shows that the thermal decomposition of
some PS–MMT materials IIIa(c) takes place in one step

Figure 6 XRD for vinyl monomer–clay intercalates IId
and grafted PS–clay materials IIId.

Figure 5 XRD for vinyl monomer–clay intercalates IIc
and grafted PS–clay materials IIIc.

Figure 7 TGA thermograms of vinyl monomer–clay inter-
calates IIa,b and some grafted PS–clay materials IIIa,c.

Scheme 3 Degradation of ammonium salts according to
Hofmann elimination reaction.
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starting from � 3608C to � 4758C with the remaining
residual materials. But the thermal decomposition of
linear PS sample occurs in one step and takes place
completely in the range of � 196–4168C. This may be
due to the thermal decomposition of PS chains attached
to MMT and formation of black charred residues.

Table III and Figure 8 depict the TGA curves of
linear PS and grafted PS–MMT IIId with different
clay contents. It was found that the thermal behavior
of the PS–MMT nanocomposite was characterized by
increasing the thermal properties in compared with
the pure PS polymer. Also, the thermal decomposi-
tion was occurred in two stages: the first stage was

occurred in the temperature range � 280–4108C with
weight loss ranged from 60 to 90 (wt %). This stage
was attributed to the thermal decomposition of the
PS on the surface and ungrafted PS in the interlayers
of MMT. The second step of weight loss ranged
from 10 to 20 wt %, takes place at the temperature
range from � 410–5758C due to the thermal decom-
position of PS chains grafted to MMT and formation
of black charred residues. The degradation rates of
the nanocomposite samples in the second step are
slower than the homo PS sample and the rates
decrease with increasing the vinyl aliphatic chain con-
tent in the nanocomposite samples. This beneficial
effect can illustrate the hindrances effect of grafted
polystyrene on the MMT layer, which increases the
interface between MMT and PS, which leads to the
prevention of diffusion of oxygen and volatile prod-
ucts throughout the composite materials.

At 50% weight loss, the thermal decomposition
temperatures of pure PS and PS–MMT IIId containing
5, 10, 20, and 40 wt % organoclay were determined as
3698, 4078, 3728, 3728, and 4008C, respectively.The data
presented in Figure 8 illustrate that the clay contents
play an effective reason for increasing the thermal
properties of these materials. The PS–MMT IIId(1)
(containing wt-5% of organoclay) show higher ther-
mal stability, which can be explained by the increas-
ing homogeneous dispersion and the number of exfo-
liated individual layers, leading to the increased ther-
mal stability of the material. It was found that the
thermal decomposition temperature of PS–MMT
IIId(1), IIId(2), and IIId(4) was higher than pure PS with
438, 88, and 368C, respectively. These results reflect the
effect of clay contents on the increasing the thermal
stability of the composite materials. Also, the thermal
decomposition temperature of PS–MMT IIId(2) and

Figure 8 TGA thermograms of ungrafted PS, vinyl mono-
mer–clay intercalate IId and grafted PS–clay materials IIId.

TABLE III
Thermal Analysis Data for Vinyl Monomer–Clay IIa-d and Some Grafted

Polystyrene–Clay Composites

Sample

TGA data

T0.05 T0.1 T0.5

DTR

Char (%)Start End Wt loss (%)

IIa 384 425 — 315 511 18 79
IIc 241 366 — 100 461 23 70
IId 241 369 — 219 635 39 55
PS 262 302 364 196 416 100 0

IIIa(4) 380 400 — 359 467 24 71
IIIb(2) 364 391 502 356 494 49 49.5
IIIb(3) 363 391 459 340 499 57 42
IIIc(4) 360 385 449 342 496 56 40
IIIc(2) 247 356 — 119 477 38 59
IIId(1) 325 347 407 379 449 91 6
IIId(2) 282 305 372 269 419, 575 91 8
IIId(3) 270 300 372 251 407, 585 88 10
IIId(4) 270 313 400 231 434, 595 78 19

DTR, degradation temperature range.
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IIId(3) nearly the same, this may be due to the use of
insufficient solvent during preparation.

SEM and TEM results

The examination of the surface of the deposition-
molded samples was followed by scanning electron
microscopy (SEM). The SEM indicates that the PS
was intercalated in the interlayer of MMT in a ho-
mogeneous manner to produce new polymer–MMT
composite materials. The SEM does not show the
MMT particles at the micron (mm) level. Figure 9
presents an SEM of the surface at different magnifi-
cations for the sample IIIa(3). The absence of MMT
particles indicates that the agglomerate did not
reveal the inorganic domains at the possible magnifi-
cation. The particle size of MMT (0.1–10 mm) is not
visible because it is well adherent to the polymer
and the size of particle is below the resolution of

SEM. This indicates that the mineral domains are
submicron and homogeneously dispersed in the
polymer matrix. It also, indicates that the polymer
was intercalated in the interlayer of MMT in a ho-
mogeneous manner to produce new PS–MMT nano-
composite materials.

The TEM of a thin film fabricated from acetone
suspension of composite IIId(2) is illustrated in Fig-
ure 10. The TEM shows that the PS–MMT interca-
lates have spherical particles in which the polymer
is bound to the clay, homogeneously dispersed in
the polymer matrix. The diameter of the spherical
particles ranged within 150–400 nm, with an average
size of 350 nm. This indicates that the composite is
actually a mixture of homo-polystyrene and spheri-
cal particles with a good particle–matrix adhesion. A
related morphology has been observed previously
for polystyrene and poly(styrene-co-maleic anhy-
dride) intercalated clay nanocomposites.19,20,30

Figure 9 (a)–(d) SEMs of grafted PS–clay materials IIIa(3) at different magnifications.
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CONCLUSIONS

New polystyrene–organoclay nanocomposites have
been prepared by grafting polymerization of styrene
onto a vinyl monomer–MMT. The preparation was
carried out by modification of the MMT with different
vinyl monomers, such as N,N-dimethyl-n-octadecyl-4-
vinylbenzyl-ammonium chloride, n-octadecyl-4-vinyl-
benzyl-ammonium chloride, triphenyl-4-vinylbenzyl-
phosphonium chloride, and tri-n-butyl-4-vinylbenzyl-
phosphonium chloride; in situ polymerization of the
styrene monomer with different ratios of vinyl mono-
mer–MMT was then carried out.

The characteristic properties of the prepared materi-
als were investigated by different physical and chemi-
cal analytical methods. Verification of the intercalation
of the vinyl monomer–cation within the clay inter-
layers was achieved by IR spectra. The thermal proper-
ties were determined from the TGA, which exhibited
higher thermal stability for PS–MMT nanocomposites
than polystyrene (PS). Also, the TGA showed that for-
mation of PS–MMT nanocomposites through phos-
phoniummoieties between the MMT and polymer has
higher thermal stability than the formation of PS–
MMT nanocomposites through ammonium moieties.
The swelling measurements in different organic sol-
vents showed that the swelling degree in hydrophobic
solvents increases as the clay ratio decreases. XRD
analysis illustrates that the nanocomposites were exfo-
liated at � 25 wt % of organoclay contents. SEM shows
a complete dispersion of PS into the clay galleries.
Also, TEM shows the formation of spherical particles
within a nanosize range of 150–400 nm.
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Figure 10 (a,b) TEM of grafted PS–clay material IIId(2).
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