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ABSTRACT: Nanocomposites based on poly (methyl
methacrylate) (PMMA) and 3 wt % of clay (montomoril-
lonite) organomodified with alkylammonium cations
bearing alkyl halide function (OCTANBr'BBr-CL) have
been obtained by melt blending. The “nanohybrid” mas-
terbatch approach, already used within other matrices,
has also been tested to produce this type of material.
Accordingly, highly filled (~ 30 wt %) PMMA-OCTAN-
Br'BBr-CL nanohybrid has been synthesized by atom
transfer radical polymerization (ATRP) of MMA as in situ
initiated from the alkyl halide functions decorating the
nanoclay surface. This nanohybrid, i.e., PMMA-grafted
organomodified clay, has been added as masterbatch and
melt-blended within commercial PMMA. A significantly

better clay nanoplatelet dispersion of the samples pre-
pared via the masterbatch process was evidenced by
wide-angle X-ray diffraction (WAXD) and transmission
electron microscopy (TEM). As a result, these exfoliated
nanocomposites proved to be characterized by better
thermal and mechanical properties than the more conven-
tional physical blends, as evidenced by thermogravimetri-
cal analysis (TGA) and dynamical mechanical analysis
(DMTA), respectively. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 121: 1355-1364, 2011
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INTRODUCTION

Poly(methyl methacrylate) (PMMA) exhibits several
interesting properties, combining excellent optical
characteristics (clarity, transparency from near UV to
near IR), thermal stability, mechanical and electrical
properties, weather resistance, and easy shaping.
Accordingly, PMMA-based materials currently find
applications in many technological and productive
fields."” However, PMMA is still suffering from
some drawbacks, e.g., in terms of barrier properties
but also scratch (abrasive) resistance, limiting their
use in some specific areas.
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The reinforcement of polymeric materials with a
few weight percent of nanoparticles (layered-silicate
clay, carbon nanotubes, metallic oxides, or others)
is known to generate nanocomposites, which can
display significantly improved properties in com-
parison with those of the neat polymers at least
when the nanofillers can be finely distributed/dis-
persed throughout the matrix. Likely montmorillon-
ite (MMT) represents the most used layered silicate
for the preparation of polymer—clay nanocompo-
sites.®"® Most of the time, the nanoplatelet surface
of this natural clay has to be organically modified
to reduce its hydrophilic character and ensure
affinity with the organophilic polymer chains.
This polymer—clay compatibility is often established
by cation exchange reaction between sodium cati-
ons, initially existing in the silicate interlayer spac-
ing and an alkylammonium (or phosphonium)
salt."*'” The preparation methods also contribute to
the resultant nanocomposite structure with two
extreme morphologies, i.e., simple clay intercalation
and complete exfoliation/delamination of the
nanoplatelets.
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As far as PMMA /layered-silicate nanocomposites
are concerned, many studies have been reported, of-
ten employing traditional methods known for pre-
paring nanocomposites such as in situ intercalative
polymerization (either in emulsion or in bulk)**>
and melt blending processes.”*’ Recently, a new
approach has been investigated to enhance the clay
nanoplatelet delamination within the nanocomposite
materials, the so-called “reactive masterbatch” pro-
cess. It essentially consists of surface-grafting poly-
mer chains miscible with the polymer matrix onto
the clay nanoplatelets to compatibilize the clay/ma-
trix interface and to facilitate the homogeneous dis-
persion of the nanofillers. This technique is often
based on “grafting-from” intercalative polymeriza-
tion,* followed by dispersion of the resulting
polymer surface-treated clay (actually used as “mas-
terbatch”) in the polymer matrix via conventional
melt-mixing processes. Interestingly, this master-
batch  technique involving poly(e-caprolactone)
(PCL) as surface-grafted polymeric compatibilizer
proved very efficient for dispersing organomodified
MMT within chlorinated polyethylene (CPE)>'"
poly(styrene-co-acrylonitrile) (SAN),**?> poly(vinyl
chloride) (PVC),* and other polyester matrices® ?
yielding nanocomposite materials displaying per-
formances significantly improved when compared to
more conventional melt-blends.

The present work aims at focusing on high-per-
formance PMMA-clay nanocomposites as produced
via the aforementioned “masterbatch” approach.
Purposely, polymer-grafting reaction via atom trans-
fer radical polymerization (ATRP) and melt-blending
process have been combined with each other. Com-
mercial pristine MMT, i.e., Cloisite®Na (Na-CL) has
been first organically modified with [2-(2-bromo-2-
methyl-propionyloxy)-ethyl]-dimethyl-octadecyl-am-
monium bromide (OCTANBr'BBr) to produce a
modified nanoclay decored by halogenated alkyl
species all along the nanoplatelet surface (OCTAN-
Br'BBr-CL). This bromo-functionalized ammonium
was then involved as an initiator in the catalyzed
ATRP of MMA monomer yielding PMMA-grafted
organoclay nanohybrids (PMMA-OCTANBr'BBr-CL).
These nanobybrids (still containing a high content in
clay) were finally dispersed in PMMA matrix in the
melt state, leading to PMMA/PMMA-OCTAN-
Br'BBr-CL nanocomposites containing 3 wt % of
inorganics.

To highlight the interest of using this “master-
batch” technique, other PMMA-based compositions
(with the same final content of 3 wt % of inorganics)
have been prepared directly with the organoclay
OCTANBr'BBr-CL, thus without any polymer chain
grafting. The morphology, thermal, and thermome-
chanical properties of the resulting (nano)composites
have been investigated by wide-angle X-ray diffrac-
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tion (WAXD), transmission electron microscopy
(TEM), thermogravimetrical analysis (TGA), and dy-
namical mechanical analysis (DMTA).

EXPERIMENTAL
Materials

Methyl methacrylate (MMA, 99% from Aldrich) was
passed through a column of basic alumina (Aldrich)
to remove the stabilizer (inhibitor), dried over
calcium hydride (CaH,, 98% Aldrich) for 24 h, and
distilled under reduced pressure prior to use.
Triethylamine (NEt;, 99% from Aldrich) was dried
over barium oxide (BaO, 98% Aldrich) for 24 h and
distilled under reduced pressure before use. N,N-
dimethylethanolamine (from Chem-Lab), 1-bromooc-
tadecane (from Sigma Aldrich), 2-bromoisobutyryl
bromide (98% from Aldrich), magnesium sulfate
(99%, from Aldrich), sodium hydrogenocarbonate
(99%, from Aldrich), copper bromide (98% from
Fluka), and 1,14,7,10,10-hexamethyltriethylenetr-
amine (HMTETA, 97%, from Aldrich) were used as
received without further purification. Commercial
grade PMMA (Plexiglas®8N, M, = 100,000 g/mol)
was supplied by Evonik. Cloisite®Na (CLNa), a so-
dium MMT, was supplied by Southern Clay
Products.

Synthesis of octadecyldimethyl hydroxyethyl
ammonium bromide (OCTANBrOH) (3)

The octadecyldimethyl hydroxyethyl ammonium
bromide was synthesized by a substitution reaction
of N,N-dimethylethanolamine on 1-bromooctade-
cane, as described elsewhere.*°

Synthesis of the ATRP initiator [2-(2-bromo-2-
methyl-propionyloxy)-ethyl]l-dimethyl-octadecyl-
ammonium bromide (OCTANBr'BBr) (5)

To a solution of octadecyldimethyl hydroxyethyl
ammonium bromide (OCTANBrOH) (3) (5 g, 12
mmol) in chloroform (15 mL), triethylamine was
added (3 mL, 25 mmol) followed by an excess of 2-
bromoisobutyryl bromide (3 mL, 24 mmol). The so-
lution was stirred for 24 h at room temperature
(Scheme 1). To ensure the complete conversion of
the hydroxyl groups, the temperature was increased
and maintained at 40°C for 2 h. The solution was
washed first with distilled water and then with satu-
rated sodium hydrogenocarbonate solution. The or-
ganic layer was isolated and dried over magnesium
sulfate, filtered off, and the solvent removed under
vacuum to give the desired product, noted as
OCTANBr'BBr (yield: 80%).

'H-NMR (300 MHz, CDCl;) & 0.88 ppm
(t, —CHj3), 1.24-1.35 ppm (s, —(CHz)15—), 1.78 ppm
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Scheme 1 Three-step synthesis of the [2-(2-bromo-2-methyl-propionyloxy)-ethyl]-dimethyl-octadecyl-ammonium bromide

(OCTANBr'BBr) (5).

(s, N—CH,—CH;,—), 1.95ppm (s, CO—C—CHj;), 3.49
ppm (s, (CH;):N), 3.63 ppm (m, —N—CH,—CH,—),
422 ppm (m, —N—CH,—CH,0—), 4.69 ppm (m,
—CH,—0O—).

Organo-modification of Cloisite*Na (CLNa)
with ATRP initiator (5)

Pristine clay (CLNa) was swollen in water at 80°C
for 2 h upon agitation (mixing rate 400 rpm). The
ammonium bromide (1.5 equiv of ammonium/
Na™) was dissolved in water at 60°C and added to
the clay suspension under agitation. After one
night at 80°C, the mixture was filtered off and the
collected organoclay was washed with hot water to
eliminate the excess of ammonium bromide and so-
dium ions, and finally freeze-dried for about 24 h.
The obtained organomodified MMT was noted as
OCTANBr'BBr-CL.

Preparation of PMMA/clay nanohybrids by
controlled radical polymerization

The preparation of PMMA-OCTANBr'BBr-CL nano-
hybrid is based on in situ ATRP of MMA initiated
by bromide groups of the alkyl ammonium cations
(OCTANBr'BBr) covering the clay layer, as illus-
trated in Scheme 2. All experiments were per-
formed under inert atmosphere and the best con-
ditions are mentioned hereafter. The organoclay
(2.2 g) was introduced in a glass reactor equipped

with a three-way stopcock and then dispersed in
toluene (24 mL) for one night. Cu(I)Br (12.2 mmol)
and HMTETA (244 mmol) were transferred
simultaneously into the glass reactor by using a
previously flame-dried stainless steel cannula.
Freshly distilled monomer (49 mmol), bubbled with
nitrogen was transferred into the glass reactor. The re-
actor was subsequently heated up to 80°C for 4 h and
then stopped by cooling down the glass reactor in lig-
uid nitrogen. The resulting composite was purified by
precipitation in cold heptane to remove the residual
monomer, followed by dissolution in THF and precip-
itation in distilled water to remove copper residues.
The obtained masterbatch was dried under vacuum
until a constant weight was obtained (yield: 87%).
The inorganic content (31 wt %) of the recovered
PMMA-OCTANBr'BBr-CL nanohybrid was deter-
mined by TGA.

To confirm the efficient PMMA chain grafting
onto the organomodified MMT, three samples con-
taining equal quantities of organomodified clay,
namely the organomodified clay (OCTANBr'BBr-
CL) alone (vial 1), the PMMA/OCTANBr'BBr-CL
simple blend (vial 2), and the PMMA/PMMA-
OCTANBr'BBr-CL “grafted” nanocomposite (vial 3)
have been stirred in chloroform at room tempera-
ture. After centrifugation at 4000 rpm for 30 min,
the supernatants were collected. Figure 1 shows
the chloroform extracts (supernatants) as obtained
from the organomodified clay and the two nano-
composite samples. The supernatant was totally

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 2 Sketch for the synthetic pathway used to prepare PMMA-organoclay nanocomposites via the masterbach process.

transparent in the case of both the organomodified
clay (vial 1) and the PMMA /organomodified clay
blend (vial 2) because of lack of interaction
between the inorganic and polymeric components.
In opposition, the supernatant in the vial 3 corre-
sponding to the masterbatch-based nanocomposite
shows coloration and turbidity attesting for the
presence of organomodified clay maintained in
suspension via the grafted PMMA chains. These
grafted chains are solvated by chloroform, a good
solvent for PMMA, preventing the complete sedi-
mentation of the nanoplatelets during the centrifu-
gation step. Such a qualitative observation fully
attests for the efficiency of the grafting/polymer-
ization as initiated from the organomodified clay
surface. However it is worth noting that this per-
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manent grafting does not allow for the PMMA
molecular weight characterization by, e.g., size
exclusion chromatography (SEC)

Figure 1 Chloroform extracts (supernatants) of OCTAN-
BriBBr-CL (1), PMMA/OCTANBr'BBr-CL (2), and PMMA/
PMMA-OCTANBr'BBr-CL (3) after centrifugation. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 2 Characteristic XRD pattern of Plexiglas® 8N
PMMA.

For sake of comparison, ATRP of MMA was also
initiated from OCTANBr'BBr in the absence of clay
and under the same experimental conditions. Interest-
ingly enough, the recovered “free” PMMA chains
could be analyzed by SEC attesting for a control over
the polymerization reaction and the polymer molecu-
lar parameters (M,,:18,000 g/mol, M,,/M,, = 1.19).

Preparation of nanocomposites by melt blending
process

The nanocomposites containing 3 wt % of inorganics
were prepared by melt blending commercial grade
PMMA with either OCTANBr'BBr-CL or PMMA-
OCTANBr'BBr-CL nanohybrid in a twin-screw mini
extruder Thermo Haake following well-defined
operating conditions, i.e., at 230°C for 8 min (at 80
rpm). The collected samples were then compression-
molded to obtain 3-mm thick plates. For the sake of
comparison, the unfilled PMMA matrix was also
processed under the same conditions.

Characterization

WAXD patterns were recorded with a Siemens D5000
diffractometer using the Cu K, radiation (AL = 0.15406
nm). The data were recorded from 1.65° to 30° by step
of 0.04° and scanning rate of 10°/min, generator ten-
sion was 40 kV and the current was 50 mA. TEM
micrographs were obtained with a Philips CM200
electron microscope using an acceleration voltage of
120 kV. The samples were ~ 50 nm thick and pre-
pared by ultracryomicrotome cutting at —100°C with
a diamond knife. TGA was performed under air flow
(69 cm®/min) and helium flow (74 cm®/min) using a
TA Instruments Q50 apparatus with a heating rate of
20 K/min from ambient temperature to 800°C. DMTA
were performed with a DMTA 2980 from TA instru-

ment in the temperature range of 20°C-200°C with a
heating rate of 3 K/min in the dual cantilever mode
at 1 Hz with a deformation amplitude of 15 pm.
Measurements were carried out on 50 x 12 x 2 mm®
compression-molded samples. Fire behavior qualita-
tive test were performed on 50 x 12 x 2 mm® com-
pression-molded plates of PMMA and PMMA/
PMMA-OCTANBr'BBr-CL nanocomposite. Samples
were simultaneously ignited from one extremity to
determine the time of combustion.

RESULTS AND DISCUSSION
Morphology
(Nano)composites obtained by simple melt blending

The amorphous thermoplastic PMMA matrix used
in this study is a commercial formulation named
Plexiglas“8N. Therefore, a morphological characteri-
zation by XRD of virgin PMMA has been first car-
ried out after processing in the mini-extruder under
the preparation conditions used for processing the
nanocomposites. The XRD pattern of PMMA pre-
sented in Figure 2 only shows a very broad peak
centered at 20 = 13.3°. The (nano)composites pre-
pared by simple melt blending have been also char-
acterized by XRD. The basal spacing dop of the
nanocomposites was determined from the 20 posi-
tion of the (001) diffraction peak using Bragg’s equa-
tion (nk = 2dsin 0, where n is an integer determined
by the order given, A is the wavelength of X-rays, d
is the spacing between the planes in the atomic lat-
tice, and 0 the angle between the incident ray and
the scattering planes).'” The obtained XRD patterns
are presented in Figure 3. The (001) plane peak of
the clay shifts toward lower values of 20 angle after
replacement of the Na™ ions by the organic modifier.
The diffraction peak of PMMA / OCTANBr'BBr-CL is

20=2.02%d,, =4224

12000 |
10000
PMMA/PMMA-OCTANBriBBr-CL
8000
2 20=6.00% d,, =147 A
2 68000
S h PMMA/OCTANBY'BBr-CL
4000 20=4.22%d,, =208 A

OCTANBr'BBr-CL

2000 | 20=732%d, =12
\M*,//w
0
T T T T T T T T 1
2 3 4 5 6 7 8 9 10
20

Figure 3 XRD patterns for OCTANBr'BBr-CL, PMMA/
OCTANBr'BBr-CL, and PMMA /PMMA-OCTANBr'BBr-CL
nanocomposites (3 wt % of inorganics). (Inset number
denotes the interlayer distance (dyo1) of organoclay).
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PMMA/ PMIMA-OCTANBrBBr-CL

Figure 4 TEM micrographs for PMMA/OCTANBr'BBr-CL and PMMA/PMMA-OCTANBr'BBr-CL nanocomposites

(3 wt % of inorganics).

shifted to higher angle value with an mterlayer spacing
value of 14.7A. Indeed, as illustrated in Figure 3, the
peak of the nanocomposite is situated between the
peak of the clay before and after organo—modification
This decrease in the interlayer spacing from 20.9 to 14.7
A(~6A) suggests a collapse of the platelets probably
because of two combined effects: (a) the presence of
bromide groups may increase the interaction energy of
clay and modifier, leading to relatively lower interac-
tion energies between the polymer and the organomo-
dified nanoclay, (b) the lower degradation temperature
of the intercalant (~ 200°C), which is in the range of the
processing temperature leading to a stack up of the sili-
cate layers. As a result, no evidence of exfoliation is
concluded as confirmed by TEM [Fig. 4(a)]. This result
is in agreement with literature,*' > where such a clay
interlayer collapse has been observed and accounted
for by some rearrangement of the used intercalants
triggered by processing at high temperature.

Nanocomposites obtained via masterbatch process

The diffractogram of PMMA/PMMA-OCTAN-
Br'BBr-CL (Fig. 3) attests for some level of clay

Journal of Applied Polymer Science DOI 10.1002/app

delamination (at least destructuration of the clay
tactoids). The diffraction peak shifts to a much
lower angle (20 = 2.04° doyy = 4327 A). This
result indicates that the PMMA segments grafted
on the intercalant through ATRP may increase the
interaction energy between the surface-grafted clay
and the matrix and favor the insertion of further
macromolecules into the clay galleries. It is worth
noting that low intensity diffraction peaks are
also observed at 20 = 5° and 6° and could be
again attributed to degradation of some intercalant
molecules along with the high temperature melt
processing.

The representative TEM images [Fig. 4(b) at high
and low magnifications] of PMMA /PMMA-OCTAN-
Br'BBr-CL nanocomposites display a homogeneous
dispersion of nanoplatelets throughout the matrix
without any visible remaining stacks. They attest for
a high extent of exfoliation in case of the nanocom-
posite as produced starting from the preformed
nanohybrid. These observations thus confirm that
the masterbatch approach leads to much finer dis-
persion of the silicate nanoplatelets in the PMMA
matrix.
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Figure 5 Thermogravimetric analysis curves of PMMA,
PMMA /OCTANBr'BBr-CL, and PMMA/PMMA-OCTAN-
Br'BBr-CL with 3 wt % of inorganics in air at 20 K/min.

Thermal properties
Thermogravimetric analysis
The effect of nanoclay dispersion on the PMMA

thermal stability was assessed by thermogravimetric

PMMA

Weight(%)

Deriv.Weigt (%/°C)

T T T T T T
200 250 300 350 400 450 500

Temperature (°C)
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analysis (TGA) with a heating rate of 20 K/min
under oxidative and inert atmosphere.** Figure 5
shows the thermogravimetric curves of PMMA,
PMMA /OCTANBr'BBr-CL, and PMMA/PMMA-
OCTANBr'BBr-CL  (nano)composites as recorded
under air flow. As shown in Figure 5, the maximum
degradation temperature of pristine PMMA is
located at 378°C under helium versus 370°C in air.
This maximum is recorded at 389°C under helium
versus 373°C in air for the PMMA /OCTANBr'BBr-
CL direct blend, thus showing a limited delay of
weight loss between the degradation temperature in
air and in helium. The use of the PMMA-OCTAN-
Br'BBr-CL nanohybrid as masterbatch triggers the
most important delay of weight loss under oxidative
conditions: with respect to unfilled PMMA the maxi-
mum degradation temperature is only increased by
3°C in case of PMMA/OCTANBr'BBr-CL direct
blend, while it is increased by about 26°C for
PMMA /PMMA-OCTANBr'BBr-CL.  nanocomposites.
Thus it comes out that the degradation behavior of
nanocomposite produced starting from the PMMA-
OCTANBr'BBr-CL nanohybrid is almost similar in
air and in helium (Fig. 6). Such a behavior has been

PMMA/PMMA-OCTANBr'BBr-CL

T
200 250 300 350 400 450 500

2,0+

Deriv.Weigt (%/°C)

00

T T T T T T T T T T T
200 250 300 350 400 450 500

Temperature (°C)

Figure 6 Thermogravimetric analysis curves of PMMA and PMMA / PMMA-OCTANBr'BBr-CL with 3 wt % of inorganics

in air (---) and in helium (—) at 20 K/min.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 DMTA traces of pristine PMMA and PMMA
nanocomposites recorded in the dual cantilever mode
(1 Hz, 3 K/min).

assigned to the so-called “nano-effect.”*>***” Indeed,
homogeneously dispersed organoclay are known to
behave as physical barriers that are able to inhibit or
at least refrain the diffusion of both the volatile
thermo-oxidation products to the gas phase and oxy-
gen from the gas phase to the polymer and limits
then the degradation of polymer matrix. This effect
is in accordance with the morphology of the
PMMA /PMMA-OCTANBr'BBr-CL.  nanocomposites
with clay sheets finely dispersed as evidenced by
TEM. In conclusion, PMMA-clay nanocomposites
prepared by the nanohybrid-based masterbatch pro-
cess present the most improved properties in terms
of thermal degradation recorded under both oxida-
tive and inert atmospheres. Accordingly, imperme-
ability, i.e.,, gas barrier properties, of the resulting
nanocompositions (not investigated in the present
contribution) can be expected to be improved as
well.

Dynamic mechanical thermal analysis

The impact of this new type of nanofiller on the
viscoelastic properties of PMMA has been investi-
gated using dynamic mechanical analysis. Figure 7
shows the temperature dependence of the storage
modulus and tan 6 of PMMA and two correspond-
ing nanocomposites. The storage modulus is not
affected by the presence of the filler, whatever the
preparation method. Only slight increase due to
the presence of the filler is detected. The glass
transition temperature determined by the maxi-
mum of the tan § peak is decreased for the micro-
composite. This phenomenon is generally observed
when interaction between nanofiller and polymeric
matrix is lost.**°

Journal of Applied Polymer Science DOI 10.1002/app
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Clearly, this new method, leading to more dis-
persed nanoclays in PMMA does not affect the
viscoelastic properties of PMMA.

Fire testing

To shed some light on the flame retardancy proper-
ties of PMMA-based nanocomposites, a simple vis-
ual fire testing has been performed (Figure 8). It con-
sists in burning two specimens (unfilled PMMA and
PMMA /PMMA-OCTANBr'BBr-CL  nanocomposite)
and recording their combustion behavior. As
expected, the unfilled PMMA sample burns with
continuous dripping during the whole process. The
combustion is achieved after 100 s. It is worth noting
that the nanocomposite obtained by direct melt
blending shows a similar combustion behavior (not

Figure 8 Qualitative fire behavior test of unfilled PMMA
(left) and PMMA /PMMA-OCTANBr'BBr-CL nanocompo-
site (right) with 3 wt % of inorganics. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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presented here). Interestingly enough, the PMMA /
PMMA-OCTANBr'BBr-CL. nanocomposite prepared
via the masterbatch process burns more slowly with
extinguishment occurring after 148 s. These observa-
tions reveal the interest of the PMMA-grafted clay
nanohydrid used as masterbatch for the preparation
of PMMA-based nanocomposites with enhanced
flame retardant properties, actually in agreement
with the previously discussed thermogravimetric
analyses.

CONCLUSIONS

PMMA /layered silicate nanocomposites were pre-
pared by two processes: a simple blending of orga-
nomodified clay and PMMA in the melt and via
masterbatch approach. The clay platelets were first
organically modified with OCTANBr'BBr, a func-
tionalized ammonium able to initiate the ATRP of
MMA monomer. To promote clay dispersion and
nanoplatelet delamination, a highly filled PMMA-
OCTANBr'BBr-CL (containing 31 wt % of inor-
ganics), previously synthesized by ATRP, was used
as masterbatch to obtain nanocomposites with 3 wt
% of inorganics. This methodology permits to
achieve an exfoliated nanostructure as evidenced by
XRD and TEM analyses of these nanomaterials.
Their properties are improved in terms of thermal
stability and flame retardant properties without
affecting the viscoelastic properties. This contribu-
tion underlines the interest of using the nanohybrid-
based masterbatch route to optimize the dispersion
state of silicate nanolayers in PMMA and enhance
their final thermal properties.
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