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ABSTRACT: Poly(methyl methacrylate) (PMMA) and
poly(methyl methacrylate)/clay nanocomposite (PMMA/
OBT) were successfully prepared in dioxan at room tem-
perature via in situ radical polymerization initiated by a
new Ni(II)a- Benzoinoxime complex as a single compo-
nent in presence of 3% by weight of an organically modi-
fied bentonite (OBT) (originated from Maghnia, Algeria)
and characterized by FTIR, 1H-NMR and viscometry.
Mainly intercalated and partially exfoliated PMMA/OBT
nanocomposite was elaborated and evidenced by X-Ray
diffraction (XRD) and transmission electron microscopy
(TEM). The intrinsic viscosity of PMMA/OBT nanocompo-
site is much higher than the one of pure PMMA prepared
under the same conditions. Differential scanning calorime-

try (DSC) displayed an increase of 10�C in the glass tran-
sition temperature of the elaborated PMMA/OBT
nanocomposite relative to the one of pure PMMA. More-
over, the TGA analysis confirms a significant improve-
ment of the thermal stability of PMMA/OBT
nanocomposite compared to virgin PMMA: the onset deg-
radation temperature of the nanocomposite, carried out
under nitrogen atmosphere, increased by more than 45�C.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 3227–3233,
2011
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INTRODUCTION

Extensive research has been carried out in the last
decades on the elaboration of polymer-clay nano-
composites involving both thermoplastics and ther-
mosets.1–4 Many of these polymer-clay nanocompo-
sites show significant improvements mainly in their
mechanical, barrier and thermal properties com-
pared to micro and macro composites.5–8

Poly(methyl methacrylate) (PMMA) is one of the
largely investigated thermoplastic-clay nanocompo-
sites. Various methods of preparation of PMMA/
Clay nanocomposites that produced intercalated or
exfoliated structures of improved properties have
been reported.9–11

Significant progresses are recently made in the
field of transition metal complexes as catalysts for
olefin polymerization.12–14 However, their combina-
tion with organically modified clay have attracted
less interest in the preparation of polymer/clay
nanocomposites via coordination polymerization
owing to its challenging sensitivity problem to mois-
ture and tiny impurities. Several approaches were
therefore developed to achieve this kind of nano-
composites. Tudor et al.15 first treated the layered
silicate with a large amount of methylaluminoxane
(MAO) and then immobilized the metallocene cata-
lyst on the surface of MAO-modified silicates nano-
whiskers to subsequently initiate the polymerization
of ethylene. Mariott et al.16 prepared stereochemi-
cally controlled PMMA-exfoliated silicate in which
metallocene cationic complexes were effectively
anchored inside the silicate galleries via a noncation-
exchange approach involving protonolysis. He
et al.17 combined a traditional Ziegler–Natta catalyst
with modified-montmorillonite to prepare exfoliated
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polypropylene nanocomposites. Zhang and co-
workers18 prepared polyethylene nanocomposites
using a Nickel a-diimine complex catalyst (bis(4,40-
methylene-bis-(2,6-diisopropylimino) acenaphthene
dibromide (NiLBr2) supported covalently on the
AlEt3-activated organoclay. Very recently, Woo and
coworkers19 reported the in situ preparation of
PMMA/clay nanocomposite using intergallery-anch-
ored Nickel(II)acetylacetonate (Ni (acac)2)/MAO
coordination catalyst.

A previous paper,20 described the polymerization
of methyl methacrylate (MMA) with a new neutral
Ni(II)a-Benzoinoxime complex (NBO) as a single
component initiator via radical redox mechanism in
the 25–60�C temperature range. This complex is easy
to prepare and soluble in common organic solvents.
Moreover, it is air and moisture stable and can be
handled easily in open air. To the best of our knowl-
edge, this complex has not been so far used to
prepare polymer/clay nanocomposites at room
temperature.

Based on these advantages and with the aim to
improve the poor heat resistance of virgin PMMA
without a significant loss of its exceptional optical
clarity, PMMA and nanocomposite based on PMMA
and an organically modified Maghnia bentonite (ori-
ginated from Algeria) were prepared via in situ
intercalative polymerization initiated by this NBO
complex in dioxan at room temperature.

The structure, morphology, and thermal behavior
of these materials were investigated by FTIR, 1H-
NMR, X-Ray diffraction (XRD), TEM, DSC, and
TGA.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA) was distilled under
reduced pressure. Ni(II)a-Benzoinoxime (NBO) com-
plex was prepared according to literature.21 The age
of the NBO complex used in this study was
37 months old that has a prominent effect on its
activity, as evidenced previously in MMA
polymerization.20

Bentonite from Maghnia (Algeria) was kindly sup-
plied by Bentonite Company of Algeria and ana-
lyzed by the central laboratory of the ENOF. This
clay contains SiO2 (55–65%), Al2O3 (12–18%), Fe2O3

(1–3%), Na2O (1–3%), CaO (1–5%), K2O (0.76–1.75%),
and MgO (2–3%).

This bentonite was organically modified by Hexa-
decylammonium chloride (HDA) as previously
reported.22 The organically modified bentonite
(OBT) was dried in a vacuum oven for several days
at 75�C and kept in a dessicator.

Preparation of PMMA and PMMA/OBT
nanocomposite

PMMA and PMMA/OBT systems were prepared by
in situ polymerization. MMA polymerization was
carried out as previously reported20 in a bottom
flask, equipped with reflux condenser and dropping
funnel, under nitrogen and magnetic stirring. At
room temperature, the MMA and dioxan (volume
ratio 1/1) were introduced into a flask and flushed
with oxygen–free nitrogen for 30 min. Concurrently,
an appropriate amount of Ni(II)a-Benzoinoxime
(NBO) complex (1% w/w) was dissolved in dioxan,
placed in the dropping funnel under nitrogen flux
and finally added into the mixture flask kept at 30�C
for 4 h. The reaction was terminated by exposing to
air.
Similarly, PMMA/OBT was prepared by in situ

polymerization method in dioxan. Organically modi-
fied Maghnia bentonite (3% by weight) was dis-
persed in dioxan under magnetic stirring overnight
at room temperature. The clay suspension was then
added to MMA solution and stirred vigorously for
24 h under inert atmosphere. The NBO solution was
finally added to the mixture allowed to react for 4 h
at 30�C.
The polymer and nanocomposite obtained by pre-

cipitation in a large excess of methanol were puri-
fied by dissolution/precipitation and dried in a vac-
uum oven at 50�C for several days. The yields
obtained for virgin PMMA and PMMA/OBT com-
posite were 9.6% and 5.5%, respectively.
It is well known that the solvent effect together

with clay–polymer interactions plays an important
role in the control of the morphology and properties
of the nanocomposites.
Lim and cowokers23 reported the effect of water

on the intercalation and exfoliation behavior of alkyl
ammonium substituted polysilsesquioxane surfac-
tant-modified clay in the preparation of PMMA/
MMT nanocomposites via free radical polymeriza-
tion. Thus, highly intercalated nanocomposites were
produced in supercritical scCO2 solvent, while par-
tially exfoliated ones were formed in aqueous scCO2

solvent. On other hand, the activity of the complex
NBO towards MMA polymerization was very sensi-
tive to the polarity of the solvent used, as evidenced
previously.20 Indeed, the monomer conversion
decreased significantly upon increasing solvent
polarity. So, all experiments were carried out exclu-
sively in dioxan that led to the highest yield among
several other tested solvents.

Characterizations

FTIR spectra of thin films of PMMA and PMMA/
OBT cast from THF solutions onto KBr disks were
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recorded at room temperature on a Perkin–Elmer
1000 one spectrometer. Sixty scans were signal aver-
aged at a spectral resolution of 2 cm�1.

1H-NMR spectra were performed on a Bruker
Advanced spectrometer operating at 200 MHz in
CDCl3 at 25�C, using tetramethylsilane (TMS) as the
internal reference standard.

Viscosity measurements of each polymer were
conducted at 30�C in dioxan using an Ubbelhode-
Schott Geräte automatic dilution viscometer. Both
solution samples were twice prefiltered using
swinny stainless Millipore filers (1 and 0.45 lm pore
sizes).

X-Ray diffractograms of pure (PBT) and modified
Maghnia bentonite (OBT), virgin PMMA and
PMMA/OBT composite (prepared in presence of 3%
by weight of OBT) were recorded on a Philips
PW3710 diffractometer in the range of 2h (2–50).
The monochromatic radiation applied was CuKa
(k ¼ 1.5406 Å) under 0.5�/min scan rate.

The morphology of the nanocomposites was
examined by transmission electron microscopy
(TEM) as a complementary technique to XRD on a
JEOL 1400 equipped with a MORADA SIS numerical
camera at an acceleration voltage of 120 kV.

The glass transition temperatures (Tg) of the syn-
thesized PMMA and its bentonite nanocomposite
PMMA/OBT were determined by differential scan-
ning calorimetry using Mettler Toledo 823 DSC
under nitrogen at 10�C/min in the range 25–180 �C
temperature range. The Tg values were determined
at the midpoint of the second scan.

Thermogravimetric experiments were carried out
with a Mettler Toledo 851 analyzer using a scanning

rate of 10�C/min under air and nitrogen atmosphere
in the ranges 30–500�C and 30– 650�C, respectively.

RESULTS AND DISCUSSION

FTIR

Figure 1 shows the FTIR spectra of PBT (pure ben-
tonite), OBT (modified bentonite), virgin PMMA,
and PMMA/OBT. The characteristic vibration bands
of bentonite are shown at 3630 cm�1 (AOH stretch-
ing from lattice hydroxyl), 3349 cm�1 (AOH stretch-
ing from free H2O), 1036 cm�1 (SiAO stretching),
523 cm�1 and 470 cm�1 (AlAO stretching). The
organo-modification of this clay by the ammonium
salt (HDA) is in a first step confirmed by FTIR from
the appearance of characteristic new bands at 2850
and 2919 cm�1 as well as at 1473 cm�1 correspond-
ing to the stretching and deformation vibration of
the saturated CAH, respectively. The characteristic
absorptions of clay (1036, 523 and 470 cm�1) are also
observed in the composite sample. This confirms the
presence of all components used to prepare the
nanocomposite.

1H-NMR analysis

The PMMA obtained with NBO complex in presence
of modified bentonite was analyzed by 1H-NMR
spectroscopy and compared to pure one. As shown
in Figure 2 the 1H-NMR spectrum of PMMA/ben-
tonite system displays singlets at d 0.98–1.15, 1.95,
and 3.72 ppm due to the methyl, methylene and
methoxy protons, respectively. In addition to the
large absorption of the main chain repeat units, the
enlarged spectrum (inset) exhibits the characteristic
signal of the intercalation agent (HAD) around 2.38
ppm for the protons of methylene group adjacent to
nitrogen of the alkyl ammonium ion, indicating the

Figure 1 FTIR spectra of (a) pure bentonite (PBT), (b)
organo-bentonite clay (OBT), (c) virgin PMMA, and (d)
PMMA/OBT composite.

Figure 2 1H-NMR spectra of PMMA and PMMA/OBT
nanocomposite obtained with Ni(II)a-Benzoinoxime com-
plex initiator in CDCl3.
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presence of the organophilic clay in polymer matrix.
On the other hand, the expected proton signal on
the nitrogen of the amine salt in the 6–8.5 ppm
range is not observed. However, the striking broad-
ening of solvent peak can be assigned to the interfer-
ence of these two peaks. It should be noted that the
high intensity signal at 1.38 ppm is tentatively
ascribed to monomeric water absorption derived
from the molecules entrapped in clay galleries dur-
ing its purification step and the dissolved ones in
deuterated chloroform used as solvent. The chemical
shifts at 3.8 ppm due to residuals solvents protons
(dioxan, methanol) are also observed.

X-ray diffraction

XRD is useful for measurements of d-spacing of
intercalated polymer/clay nanocomposites but insuf-
ficient for the characterisation of exfoliated ones. The
organoclay dispersion has to be checked by both
SEM and TEM.

The d-spacing must increase when an intercalated
nanocomposite is formed; this latter is evidenced by

the appearance of an XRD peak. The absence of
XRD peak is however a necessary condition but not
sufficient to identify an exfoliated nanocomposite. A
mixture of intercalated and exfoliated structures is
often observed with nanocomposites.
Figure 3 illustrates the XRD patterns of pristine

bentonite, organo-modified bentonite, PMMA and
PMMA/OBT composite.
The d001 peak of pure Maghnia bentonite appeared

as relatively broad at 2h ¼ 6.60� corresponding to a
d-spacing of 1.35 nm. As shown in Figure 3, the
increase of the d-spacing observed with OBT (1.70
nm) is an evidence of the intercalation of the HDA
ion into the layer of this clay. Virgin PMMA did not
show any diffraction peak in the low angle region
while a broad weak peak only is observed with
PMMA/OBT at an angle of 5.60� relating to a d-spac-

ing of 1.57 nm, intermediate between those of pure
and organo-modified bentonite. This peak may be
due to the presence of some unexfoliated tactoids.
The absence of the peaks of OBT may be considered
at this step as due to the eventual presence of mixed
exfoliated and intercalated nanocomposite.

TEM

Complementary information on PMMA/OBT nano-
morphology is obtained by TEM. At low magnifica-
tion (5000 nm scale bar) Figure 4(a), the OBT exists
as relatively small tactoids, randomly dispersed and
coexisting with some aggregates weakly intercalated
within the PMMA matrix. In agreement with XRD,
as displayed in Figure 4(b), the formation of interca-
lated nanocomposite structure is evidenced at higher
magnification by the presence of bundles randomly
dispersed in the polymer matrix, with thickness
ranging from 13 to 32 nm and length varying
between 80 and 140 nm and some exfoliated silicate
sheets. Moreover, the d-spacing of the silicate layers
varied between 2.5 and 5 nm.
In conclusion, mainly intercalated PMMA/OBT

nanocomposites coexisting with very small amount

Figure 3 XRD patterns of (a) PBT, (b) OBT, (c) pure
PMMA, and (d) PMMA/OBT nanocomposite. (d)-Spacings
are indicated in the peak position.

Figure 4 TEM micrographs of PMMA/OBT nanocomposite at (a) 5000 nm scale bar and (b) 200 nm scale bar.
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of exfoliated structures, evidenced from both XRD
and TEM techniques were synthesized by in situ
polymerization at room temperature in dioxan using
a new Ni(II)a- Benzoinoxime complex as a single
component.

PMMA/MMT intercalated nanocomposites were
also synthesized by Huskic and Zigon via one-step
in situ intercalative polymerization method involving
simultaneous modification of MMT with quaternary
ammonium salts and polymerization at 70�C using
ammonium persulfate as initiator.24 On the other
hand, Tsai et al.25 prepared PMMA/MMT nanocom-
posites by in situ radical polymerization using
cocoamphodipropionate (C24H44N2O6Na2) and coca-
midopropylhydroxysultaine (C20H42N2O5S) salts as
modifying agents. Conversely, the obtained mor-
phology with same clay loading (3 wt %) was
mostly exfoliated due to the presence of acrylic
group in the modifiers that provides more compati-
bility with monomer and sometimes leads to
exfoliation.

Viscosimetric measurements

The intrinsic viscosity value of the virgin PMMA of
0.533 dL/g corresponding to a molecular weight,
Mv, of 0.234 � 105 g/mol was estimated from Mark-
Houwink-Sakurada relationship established by Don-
dos for PMMA/Dioxan system.26

½g� ¼ 7:7 � 10�2 Mv
0:65 in mL g�1 (1)

In a similar way, intrinsic viscosity measurements
were carried out for the PMMA in situ polymerized
PMMA/OBT nanocomposite. The viscometry solu-
tions filtered twice were homogeneous and clear and
led to an intrinsic viscosity of 1.378 dL/g. All large
tactoids confirmed by XRD and TEM are expected to

be separated; their presence would certainly affect
significantly the viscosity measurement and there-
fore the application of Mark-Houwink-Sakurada
equation for molecular weight evaluation. As mainly
intercalated PMMA/OBT nanocomposites were ela-
borated and in agreement with literature
reports,24,27–29 it is difficult to extract the whole frac-
tion of the polymer with intercalated nanocomposite
even by heating. The intrinsic viscosity increase of
the PMMA synthesized in presence of OBT com-
pared to the virgin one was so important that the
presence of any eventual remaining OBT after filtra-
tion would not affect significantly the viscosity of
the solution. Such increase of intrinsic viscosity may
be mainly attributed to an increase of molecular
weight. The presence of OBT increased significantly
the intrinsic viscosity but reduced the yield by inhib-
iting the free radical mechanism.30,31

DSC analysis

Figure 5 displays DSC thermograms of pure PMMA
and PMMA/OBT nanocomposite. The glass transi-
tion temperature of the nanocomposite (at the mid-
point) of 109�C increased by about 10�C relative to
the one of pure PMMA of 99.5�C prepared under
the same conditions.
Similar increase of the Tg of PMMA nanocompo-

sites are reported in the literature by several
authors9,24,32,33 as due to the interactions that
occurred between the PMMA chains and the OBT
layers. The confinement of intercalated polymer
chains within the clay galleries which prevents seg-
mental motions of polymer chains may explain the
observed increase of the glass transition tempera-
ture. Natarajan and coworkers34 observed however
lower Tg of PMMA/clay nanocomposites compared
to pure PMMA.

TGA analysis

TGA analysis of PMMA and its corresponding bi-
nary nanocomposites was carried out under nitrogen
and in presence of air. In general, the degradation
under nitrogen atmosphere of PMMA prepared by
free radical polymerization occurs in three stages.35

Indeed as shown in Figure 6, three steps of degrada-
tion were observed with virgin PMMA under nitro-
gen. The first step as a small peak between 100 and
200�C is attributed to the decomposition of the head-
to-head linkages in the chain and any eventual
traces of impurities or solvent. The second step, as a
shoulder that occurred in the 200–300�C region, is
initiated by scission at the vinylidene chain-end
units. The major decomposition peak, observed
around 364�C, is due to random scission of polymer
main chain. Such degradation behavior is also

Figure 5 DSC thermograms of pure PMMA and PMMA/
OBT nanocomposite.
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considered as an evidence of the mechanism sug-
gested previously.20

Figure 6, also confirmed a significant increase of
thermal stability of the PMMA/OBT nanocomposite
that is mainly attributed to the thermal resistance of
OBT and the nanodispersion of OBT sheets in the
PMMA matrix. The nanocomposite decomposition
appeared to be different from that of virgin polymer.
A significant stabilisation occurred in the first and
second steps of degradation with the second step
mainly due to the decomposition of surfactant which
is consistent with literature.36 Compared to virgin
PMMA, the weight loss % of the second step, rela-
tive to the vinylidene chain-end degradation, was
less significant than that of PMMA. This result pro-
vides strong support to the occurrence of irreversible
termination polymerization mostly by recombination
reactions, which led to higher average molecular
weight than disproportion ones, in agreement with

viscosity measurements. The third step which con-
cerns the main chain random scission degradation
also shifted to higher temperature. In addition,
nano-dispersing OBT sheets prevent the release of
degraded PMMA fragments, due to their excellent
barrier property, and thus enhanced the overall ther-
mal stability of the system. The fraction that is not
volatilized at 650�C � char � is significant. Similar
decomposition behavior with a slight decrease of the
thermal stability was observed with PMMA in pres-
ence of air, as shown in Figure 7. A broader and
higher fraction of PMMA degraded in the second
step. The PMMA/OBT nanocomposite showed less
thermal stability in the presence of air, while higher
char was observed under nitrogen atmosphere.
The overall TGA data shown in Table I where

Td(10%) was considered as a measure of the onset
degradation temperature, Td(50%) as the temperature
at which 50% degradation occurred and char at
500�C or 650�C as the amount of material which was
not volatile, confirmed the significant enhanced ther-
mal stability of PMMA/OBT compared to virgin
PMMA prepared under the same conditions due to
the presence of the clay. Intercalated nanocomposites
are reported to show better thermal stability than
exfoliated ones.37,38

CONCLUSION

This study showed that mainly intercalated and par-
tially exfoliated PMMA nanocomposites were suc-
cessfully prepared by in situ polymerization at room
temperature in dioxan using a new Ni(II)a-Benzoi-
noxime complex as a single component in presence
of 3% by weight of an organically Maghnia
bentonite.

Figure 6 TG and d(TG) curves of virgin PMMA and
PMMA/OBT nanocomposite under nitrogen.

Figure 7 TG and d(TG) curves of virgin PMMA and
PMMA/OBT nanocomposite in presence of air.

TABLE I
Thermogravimetric Parameters of PMMA and
PMMA/OBT nanocomposite Under Nitrogen

Atmosphere and in Presence of Air

Sample/char
atmosphere (%) Td(10%) (

�C) Td(50%) (
�C) Td(max) (

�C)

In presence of aira

PMMA 253 343 368
2.99
PMMA/OBT 285 354 358
16.50

Under nitrogenb

PMMA 261 352 364
3.48
PMMA/OBT 307 370 368
22.67

a Thermogravimetric temperature range 30–500�C.
b Thermogravimetric temperature range 30–650�C.
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The structure of this nanocomposite was
evidenced by FTIR, XRD, and TEM.

The nano-scale dispersion of OBT was evidenced at a
macroscopic scale by the significant increase of the
Tg of PMMA/OBT nanocomposite, by about 10�C
compared to its virgin PMMA and an important
improvement of its thermal stability as evidenced by
TGA. The onset degradation temperature of PMMA/
OBT nanocomposite, carried out under nitrogen
atmosphere, was increased by more than 45�C.

Further work on the effects of polymerization
media, organo-modified bentonite loading on final
PMMA nanocomposites morphologies is in progress.
Elaboration of nanocomposites based on other
monomers through the same approach is being car-
ried out.
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