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PMMA–mesoporous silica nanocomposites were prepared for the first time through in situ batch
emulsion polymerization of methyl methacrylate in the presence of large pore MSU-F silica with
a mesocellular foam structure (24.8 nm average cavity size) and subsequent compression molding of the
polymer–silica nanoparticle mixtures. For composites containing 5.0 wt % silica, the onset decomposition
temperature and the temperature at 10% weight loss for the nanocomposite increased 41 �C and 50 �C,
respectively, in comparison to pure PMMA. The glass transition temperature of the nanocomposite
increased 9.3 �C, as determined by differential scanning calorimetry. In addition, the storage modulus
determined by dynamic mechanical analysis increased 17% and 80% at 50 �C and 100 �C, respectively.
Substantial improvements in tensile strength (þ50%) and modulus (þ72%), were achieve at 10 wt %
nanoparticle loading. Composites made by compression molding of physical mixtures of PMMA and
MSU-F silica powders provide less improvement in thermal stability, glass transition temperature and
mechanical properties in comparison to the composites made through in situ batch emulsion poly-
merization. Unlike previously reported composites made from nanoclays, the silica composites reported
here show improvements in both thermal stability and mechanical reinforcement.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites have received much attention recently
due to the possibility of improving the mechanical, thermal, optical
and barrier properties in comparison to the pure polymer.
A number of review papers have described polymer-layered silicate
[1–4], polymer–carbon nanotube (CNT) [2,5], polymer–silica [6,7]
and other nanocomposites [8,9]. Poly(methyl methacrylate)
(PMMA) has been widely utilized as a model thermoplastic poly-
mer matrix because it can be easily polymerized by several
different polymerization techniques [10–12]. PMMA exhibits a high
modulus and good thermal stability, but the polymer in nano-
composite form might provide added benefits in mechanical and
thermal properties.

Surfactant-templated mesoporous forms of silica are of mate-
rials interest due in part to their large surface areas, uniform
framework structures and readily controlled pore diameters [13].
These porous solids may be used as catalysts [14,15], absorbents
: þ1 517 432 1225.
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All rights reserved.
and chromatographic materials [16,17], chemical sensors [18],
optical/electric devices [19], and reinforcing agents in polymer
nanocomposites [20]. For nanocomposite applications, the nano-
scale porous silica acts as the host and the polymer acts as the pore
guest. Due to favorable guest–host interactions these nano-
composites can possess substantially improved mechanical and
thermal properties. Various types of monomers, including ethylene
[21,22], propylene [23], aniline [24,25], pyrrole [26,27], vinyl
acetate [28], styrene [29], among others, have been polymerized
within the channels of hexagonal MCM-41, cubic MCM-48 and
hexagonal SBA-15 silicas and the properties of the resulting
nanocomposites have been examined.

We previously showed that rubbery epoxy mesocomposites
formed from framework MSU-J silica with a wormhole framework
structure and large pores (5.3 nm), exhibited an enhanced tensile
modulus, strength, toughness, and extension-at-break, in
comparison to the pure epoxy polymer [30,31]. A new kind of
mesoporous silica with exceptionally large pore size (25 nm) and
a mesocellular foam structure (denoted MSU-F) [32] also is a good
reinforcement agent for rubber epoxy [33] due in part to its large
surface area, pore size and pore volume. Although methyl meth-
acrylate (MMA) has been polymerized within the pores of several
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Fig. 1. N2 absorption and desorption isotherms (left) and window and cavity size distributions (right) for mesoporous MSU-F silica nanoparticles after calcination at 600 �C.
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Fig. 2. FTIR spectra of MSU-F, PMMA and PMMA–MSU-F nanocomposites containing
5.0 and 10.0 wt % mesoporous MSU-F silica made by in situ batch polymerization and
compression molding of the nanoparticle mixture at 250 �C (Method A). The spectra of
the PMMA and PMMA–MSU-F film samples were measured by ATR, whereas the
spectrum of the MSU-F was obtained in transmission mode on a KBr pellet sample.
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forms of mesoporous silica [34–37], mesocellular MSU-F silica has
not yet examined as a reinforcing agent for PMMA. Mollers et al.
[36] have synthesized host–guest composites of PMMA within the
pores of zeolites ZSM-5 and NaY, and the silica mesophases MCM-
41 and MCM-48. The confined polymer did not exhibit a glass
transition temperature, indicating strong interaction of the poly-
mer with the pore surfaces. Run et al. [13] prepared PMMA-cubic
MCM-48 silica composites by in situ polymerization and found that
the thermal stability, glass transition temperature, tensile strength,
and Young’s modulus of the resulting composites increased with
increasing silica loading.

Very few studies are reported for the preparation of polymer–
mesoporous silica nanocomposites via emulsion polymerization in
water media. Wei and Zhang [38] provided a recent example of
nanocomposite formation through ethylene emulsion polymeri-
zation in the presence of vinyl-functionalized mesoporous silica
nanoparticles. Emulsion polymerization also is an effective and
environmental-friendly method for forming PMMA with high
molecular weight, but to our knowledge, this approach is not
reported for the preparation of PMMA–mesoporous silica nano-
composites. In this paper we report for the first time PMMA–
mesoporous silica nanocomposites made by compression molding
of large pore MSU-F mesocellular silica and PMMA nanoparticle via
batch emulsion polymerization and subsequent compression
molding.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA, 99%), reagent grade ammonium
persulfate (APS, 98%), sodium dodecyl sulfate (SDS), and nonionic
surfactant TERGITOL NP-9 were purchased from Sigma–Aldrich Co.
J.T. Baker chemical Co. provided analytical reagent grade aluminum
sulfate. Sodium bicarbonate (reagent grade) was from Spectrum
Quality Products Inc. MMA was distilled under reduced pressure
before use. The remaining reagents were used as received. Deion-
ized water was used in all experiments. Mesocellular foam silicate
MSU-F was prepared from sodium silicate, Pluronic P123 surfactant
and mesitylene as the cosurfactant according to literature methods
[32]. The as-made MSU-F was calcined at 600 �C for 6 h to remove
the surfactant from the mesopores.

2.2. Preparation of PMMA–MSU-F nanocomposites by emulsion
polymerization and compression molding

Emulsion polymerization reactions were carried out in a 250-ml
glass reactor equipped with a reflux condenser, stainless-steel
stirrer, and thermometer. The polymer content of the emulsion was
w40% by weight. For the in situ batch emulsion polymerization
procedure (denoted Method A), water (90 g), MMA monomer
(60 g), NP-9 (1.2 g), SDS (1.2 g), sodium dicarbonate (0.2 g), APS
(0.18 g) and MSU-F (3.0 g or 6.0 g) were charged in the reactor in
the order stated. The reaction mixture was sonicated for 20 min to
form the emulsion, followed by purging with nitrogen for 20 min to
remove oxygen, and then heated to 75 �C to initiate polymerization.
After a reaction time of 3 h, the emulsion was demulsified by the
addition of a 10% aqueous solution of Al2(SO4)3. The solid products
were filtered, washed thoroughly with water, and then dried at
60 �C in a vacuum oven for 24 h. The final PMMA–MSU-F silica
nanocomposites were formed by compression molding at 250 �C
and 170 MPa pressure.

We also investigated two alternative methods of combining the
PMMA and MSU-F silica particles prior to forming the final nano-
composite by compression molding. In one case (method B), an
aqueous suspension of MSU-F silica and a pure PMMA emulsion
made by batch emulsion polymerization were sonicated for 30 min
and then demulsified, filtered, washed, and dried prior to forming
the nanocomposite by compression molding. In the other alterna-
tive procedure (Method C), dry powders of MSU-F and PMMA are
blended for 30 min in a Venie 2 vortex blender (Fisher Science Co.)
prior to compression molding.
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2.3. Physical measurements

N2 adsorption–desorption isotherms were obtained at 77 K on
a TRISTAR 3000 volumetric adsorption analyzer. MSU-F silica was
oven-dried at 150 �C overnight. The cavity size and window size of
the mesocellular foam structure were determined by applying the
BJH model to the adsorption and desorption legs of the nitrogen
isotherms, respectively. IR spectra of compression molded thin film
samples were obtained on a PerkinElmer FT-IR spectrometer
equipped with a universal ATR sampling accessory. A PerkinElmer
Pyris analyzer operated in air over the temperature range 30–
600 �C provided thermogravimetric analysis (TGA) curves in analog
and differential mode. The heating rate was 10 �C/min. A TA Q100
differential scanning calorimeter (DSC) afforded the glass transition
temperatures of the nanocomposites under a nitrogen atmosphere.
The scan rate was 10 �C/min over the temperature range 30–180 �C.
The Tg values for pure PMMA and PMMA–MSU-F nanocomposites
were obtained from the second scan of the DSC curve. A TA dynamic
mechanical analyzer DMA Q800 V20.8 Build 26 operated at a fixed
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Fig. 3. Thermogravimetric analyses (TGA) and differential thermal gravimetric (DTG) curve
taining MSU-F silica. The polymer and silica nanoparticles were mixed by different method
frequency of 1 Hz was used to obtain values of Tan d and the storage
modulus (E0). The heating rate was set as 3 �C/min over the range
30–180 �C. The sheet samples were cut to 30� 6.5� 0.4 mm
specimens for analysis. The same instrument was used to carry out
stress–strain experiments in strain. The strain rate was set as 0.1%
per min at 30 �C. The morphology of specimens was observed using
a JEOL JEM-100CX II transmission electron microscope (TEM)
operated at an accelerating voltage of 120 kV.

3. Results and discussion

3.1. MSU-F silica nanoparticles

Nitrogen absorption–desorption isotherms for MSU-F meso-
cellular foam silica, along with the BJH cavity and window size
distributions obtained from these isotherms, are presented in Fig. 1.
This silica mesophase affords a specific BET surface area of 393 m2/g,
average window and cavity sizes of 18.4 and 24.8 nm and a pore
volume of 2.2 cm3/g. In comparison to mesoporous MCM-41 and
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s for compression molded PMMA and the PMMA–MSU-F silica nanocomposites con-
s prior to compression molding.
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Fig. 4. DSC curves and Tg values for PMMA and PMMA–MSU-F nanocomposites
prepared by different nanoparticle mixing method prior to compression molding.

Table 1
Thermal decomposition temperatures for PMMA and PMMA–MSU-F
nanocomposites.

MSU-F silica
content (%)

Nanoparticle
mixing
methoda

Ton-set
�
C T10

�C T50
�C Tmax

�C Tend
�C

0 – 307 299 333 297,323,364 360
5 A 348 349 371 366 396
10 A 336 342 374 365 406
5 B 330 316 356 346 388
5 C 317 313 342 304,334,380 367

a In Method A the PMMA particles were formed by in situ batch emulsion poly-
merization in the presence of MSU-F silica; in Methods B and C, the PMMA and silica
nanoparticles were mixed in aqueous suspension and by dry powder blending prior
to compression molding, respectively.
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MCM-48 silicas with one-dimensional hexagonal and three-
dimensional cubic pore system symmetries and small mesopores
sizes (<3.5 nm), the MSU-F mesocellular foam structure exhibits an
order of magnitude larger pore size. Thus, the larger and more open
pore structure of MSU-F is more likely to facilitate polymer pene-
tration of the intraparticle pores.

3.2. Fourier transform infrared spectra (FTIR) studies

Fig. 2 provides the FTIR spectra of PMMA, MSU-F silica and
PMMA–MSU-F nanocomposites containing 5% and 10% (w/w)
mesoporous MSU-F silica nanoparticles. The composites were by in
situ emulsion polymerization in the presence of MSU-F silica, fol-
lowed by compression molding at 250 �C to form the final
composite (Method A). Pure PMMA exhibits a very strong C]O
ester carbonyl stretching vibration at 1723 cm�1. Two C–H
stretching vibrations at 2950 and 2993 cm�1, two strong bands at
1434 and 1448 cm�1 originating from the O–CH3 bending vibra-
tions, one very strong absorption at 1143 cm�1 associated with C–O
stretching, and two adsorption bands at 1386 and 1482 cm�1

assigned to the C–H bending vibrations also are observed. As
expected, PMMA–MSU-F nanocomposites show absorption peaks
characteristic for the two phases. The carbonyl absorption remains
at 1723 cm�1, and the C–H stretching vibration (2950, 2993 cm�1),
O–CH3 stretching bands (1435, 1448 cm�1), C–O stretching band
(1143 cm�1) and C–H bending vibrations (1386 and 1482 cm�1) are
similar to those observed for pure PMMA. A strong absorption peak
at 1061 cm�1 associated with Si–O stretch appears in the spectra for
the MSU-F silica and PMMA–MSU-F nanocomposites. These results
are in good agreement with previous papers describing PMMA
nanocomposites [13,36].

Nanocomposites made by compression molding of PMMA and
MSU-F nanoparticles mixed by dispersion in water (Method B) or
by blending of dry powders (Method C) exhibit analogous IR
spectra. Thus, the nature of the polymer–silica interface, as judged
by infrared spectroscopy, is not greatly affected by the method used
to achieve nanoparticle mixing prior to compression molding.

3.3. Thermogravimetric analysis (TGA)

The thermogravimetric curves provided in Fig. 3 for represen-
tative PMMA–MSU-F nanocomposites show that the thermal
stabilities of the polymers are improved in the presence of MSU-F
silica, regardless of the method used to mix the nanoparticle phases
prior to compression molding. As shown in Table 1, the onset
decomposition temperature (Tonset), the temperature at 10% (T10)
and 50% weight loss (T50), the temperature at maximum weight loss
rate (Tmax) and the end decomposition temperature (Tend) are all
increased. For example, Tonset, T10 and Tend for the nanocomposite
containing 5% MSU-F silica made by Method A increase 41 �C, 50 �C
and 36 �C, respectively, compared with pure PMMA. Additionally,
the nanocomposites made by physical mixing Methods B and C
exhibit higher thermal stability than pure PMMA, but the corre-
sponding decomposition temperatures are lower in comparison to
those obtained for the composites made by in situ polymerization.
This indicates that in situ polymerization Method A provides
a better dispersion of MSU-F silica particles in the initially formed
polymer (hence, a better compression molded composite) in
comparison to Methods B and C, wherein the initial mixtures of
PMMA and MSU-F particles are formed by mixing aqueous
suspensions and dry powders of the two phases, respectively.

Fig. 3 provides the thermogravimetric analyses (TGA) and
differential thermal gravimetric (DTG) curves for PMMA and the
PMMA–MSU-F silica nanocomposites. In accord with previous
observations [39], pure PMMA undergoes thermal decomposition
in two main stages. The lower temperature process involves
unzipping of the chain starting at both the vinylidene end groups
and the weaker head-to-head linkages. This unzipping process
occurs at a higher temperature in air than in nitrogen due to the
formation of more stable peroxide radical intermediates under
aerobic conditions [40]. Because the vinylidene end groups and
head-to-head linkages represent 28% and 36% of the total fraction
of polymer molecules, respectively, the unzipping process is an
important degradation pathway [40]. The second stage decompo-
sition involves random scission of the polymer chains.

Under aerobic conditions, pure PMMA clearly displays these two
reaction stages, whereas the PMMA–MSU-F nanocomposites
display mainly the second decomposition stage. It is unlikely that
the presence of silica substantially reduces the relative abundance
of vinylidene end groups and head-to-head linkages because the IR
spectrum of the polymer is qualitatively identical for both the pure
polymer and the nanocomposites (c.f., Fig. 2). Previous studies of
PMMA composites made from montmorillonite clay and synthetic
zeolites suggested the scavenging of radical species by silicate
phase, thus contributing to an improvement in thermal stability
[41,42]. The MSU-F silica used in the present work may play an
analogous radical scavenging role toward improving the thermal
stability of the polymer matrix. On the other hand, the improved
thermal stability may be a manifestation of the intrinsic stiffening
of the polymer chains in the nanocomposite. As indicated by the
substantial increases in Tg values (see below), interfacial
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interactions between the silica and polymer leads to a polymer
interphase that extends between silica nanoparticles and results
a restriction of segmental motions along the polymer chain. Such
restricted motions also may be manifested as a reduction in
intrinsic thermal reactivity.

The improvements in thermal stability for the composites made
by Method A are superior to those reported for PMMA–layered
double hydroxide (LDH) and PMMA–organoclay composites. For
instance, the respective T10 values for the latter composites are 19
and 35 �C higher than the pure polymer, whereas an improvement
of 50 �C is realized for the PMMA–MSU-F composite made by
Method A [43]. It is noteworthy, however, that PMMA–carbon
nanotube composites provide a 60 �C improvement in T10 [43].
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3.4. Differential scanning calorimetry (DSC)

Fig. 4 illustrates the transition behavior of pure PMMA and the
PMMA–MSU-F nanocomposites as measured by DSC. Tg for the pure
PMMA is 107.3 �C, whereas all the PMMA–MSU-F nanocomposites
exhibit substantially higher Tg values. For the PMMA–MSU-F
nanocomposites made by in situ emulsion polymerization Method
A, the Tg increases to 116.6 and 120.3 �C at loadings of 5% and 10%
MSU-F, i.e., increases of 9.3 and 13 �C, respectively. The 5 wt%
composites made by nanoparticle mixing Methods B and C exhibit
a somewhat lower Tg in comparison to the composite made by
Method A, but the Tg values remain substantially higher than
observed for the pure polymer. Nevertheless, substantial interfacial
interactions between the polymer and silica also are achieved
through compression molding of powdered polymer and silica
mixtures. The superior stability of the composite made by in situ
batch polymerization is attributed to the more intimate initial
mixing of the nanoparticles in comparison to the physical mixing of
PMMA and MSU-F powders (see TEM results below).

As shown by several earlier studies, the confinement of PMMA
in the gallery region of layered silicate clays [43], in the micropores
of zeolites [36] and the mesopores surfactant-templated silica
[13,36] results in the loss of a second-order phase transition.
Although not supported by a low frequency shift in carbonyl
stretching frequency, the physical interaction of the PMMA fila-
ments with the wall of host silicate is sufficiently strong to form an
interphase region that extends tens of nanometers from the silicate
surface and restricts the segmental motion of the chains. The
reduction in the pore-wall contrast in the TEM images described
below indicates that PMMA penetrates the 22 nm mesopores of the
MSU-F silica under compression molding conditions (250 �C,
170 MPa). Consequently, we do not expect a Tg for the polymer
fraction confined in framework mesopores. This means that the
observed increase in Tg almost certainly is associated with the
PMMA external to the pores of the silica and reflects the reduction
in segmental motions for the polymer fraction that occupies space
between particles (w90% of the total polymer at 5.0 wt % loading).
3.5. Dynamic mechanical analysis (DMA) and tensile properties

The storage modulus of PMMA–MSU-F nanocomposites con-
taining different loadings of MSU-F silica were determined over the
temperature range 30–180 �C. For a PMMA–MSU-F nanocomposite
with a 5 wt % silica loading, the storage modulus increases 17% and
80% at 50 �C and 100 �C, respectively, in comparison to the pristine
polymer. The maximum in the tan d plots shifts from 123.7 �C for
pure PMMA to 139.4 �C at 5% MSU-F loading. Thus, in addition to
improving the thermal stability of the PMMA matrix and restricting
the segmental motion of the bulk polymer chains in the matrix,
MSU-F silica functions also as a reinforcing agent. As shown in
Fig. 5, a 5 wt% PMMA–MSU-F nanocomposites prepared by nano-
particle mixing Methods B and C exhibit a lower storage modulus in
comparison to Method A, though still higher than pure PMMA. In
addition, the Tg values as determined from the maxima in the tan
d plots (128.7 and 129.2 �C, respectively) are lower than the
composite made by Method A, but still higher than the Tg for pure
PMMA.

Fig. 6 displays stress–strain curves for the PMMA and PMMA–
MSU-F nanocomposites. These curves show that Young’s modulus
increases substantially upon incorporation of MSU-F silica in the



Fig. 7. TEM images for (A) a MSU-F silica nanoparticle, (B) pure PMMA nanoparticle made by emulsion polymerization, (C) the PMMA–MSU-F mixture made by in situ emulsion
polymerization Method A and (D) a thin sectioned specimen of the 5.0 wt% nanocomposite formed by compression molding a MSU-F and PMMN nanoparticle mixture formed by
in situ batch polymerization Method A.
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PMMA matrix. The strength and modulus increase by 50% and 72%,
respectively, at a 10% loading. In addition, the nanocomposite made
by in situ emulsion polymerization Method A exhibits a higher
modulus in comparison to composites made by Methods B and C.
The results further show that MSU-F silica is a very effective rein-
forcement agent for PMMA especially when nanoparticle mixing is
achieved through in situ emulsion polymerization prior to
compression molding.
3.6. Transmission electron microscopy (TEM) images

The TEM image in Fig. 7 (a) shows the mesopore morphology of
typical MSU-F silica. The window and cell sizes of the mesocellular
foam structure are in agreement with the values obtained from the
nitrogen adsorption and desorption isotherm in Fig. 1. The image in
Fig. 7 (b) shows the regularity of the spherical PMMA nanoparticles
(w100) nm made by emulsion polymerization. Fig. 7 (c) shows that
the in situ batch polymerization of PMMA in the presence of MSU-F
silica (Method A) results in an intimate nanoparticle mixture in
which the PMMA particles cling to the silica particles. Analogous
electrostatic interactions are absent in physical mixtures of parti-
cles made by Methods B and C, most likely because these latter
methods do not expose the particles to the pH conditions
encountered in Method A. The lack of such interparticle interac-
tions reduces the level of silica dispersion in the PMMA polymer
and in the corresponding compression molded composites, thus
accounting for the reduction in performance properties in
comparison to specimens made by Method A.

The high contrast between the silica walls and the open
framework pores of the silica mesostructure indicates that the
pores are open and occupied by PMMA during the polymerization
process. However, for the compression molded specimen made by
Method A (Fig. 7 (d)), the contrast between the silica walls and
pores is diminished, which is indicative of the penetration of PMMA
into the framework under melt processing conditions. As noted
above, the intercalated fraction of polymer does not contribute to
the observed Tg. Only the polymer fraction external to the pores
exhibits a second order transition temperature.
4. Conclusions

Mesoporous MSU-F silica with a mesocellular foam structure
and window and pore sizes of 18.4 and 24.8 nm is very effective in
forming PMMA nanocomposites by compression molding of
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nanoparticle mixtures prepared by in situ batch free radical emul-
sion polymerization. The resulting nanocomposites exhibit
a substantially improved thermal stability, an elevated glass tran-
sition temperature, and an enhanced storage modulus, Young’s
modulus and tensile strength in comparison to the pure polymer.
Qualitatively analogous benefits are reported for PMMA composites
made from small pore (3.0 nm) MCM-48 silica by bulk polymeri-
zation methods. However, the bulk polymerization approach
requires mesopore pore out-gassing prior to polymerization and
faces inherent problem of non-uniform particle dispersion in the
polymer matrix.

The improvements in thermal and mechanical properties ach-
ieved for PMMA in the present work exceed those reported for
PMMA–organoclay nanocomposites. The dispersion of clay nano-
particles in PMMA normally requires organic modification of the
clay surface [42,43] or the introduction of cationic sites on the
PMMA chains to achieve compatibility [44]. Neither modification is
needed for particle dispersion using the methodology described in
the present work. Purely inorganic sodium montmorillonite clay is
known to provide some improvement in thermal stability for
composites made by emulsion polymerization and subsequent melt
processing [44]. However, the clay provides only marginal increases
in tensile strength (15%) and Young’s modulus (19%) at 10 wt %
loading. The benefits in tensile properties most likely are limited by
the plasticizing effect of the organoclay surface modifiers. The
PMMA–MSU-F silica composites described in the present work are
free of organic surface modifiers and afford improvements of 50%
and 72% in strength and modulus, respectively, at 10% loading.
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