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ABSTRACT: Poly(methyl methacrylate–maleic anhydride) [P(MMA–MAn)] with active
groups, anhydrides, was synthesized by radical copolymerization. Using P(MMA–MAn)
as a basic polymer, the P(MMA–MAn)/SiO2 hybrid materials were obtained by a sol–gel
process in different ways. The structures of the materials were characterized by IR
spectra, and their properties were studied by thermogravimetric analysis (TGA), dy-
namic mechanical analysis (DMA), and dynamic analysis (DA). The results show that
the hybrids prepared in different ways have different properties, and the contents of
SiO2 also have influence on the properties of the hybrids. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 75: 379–383, 2000

Key words: sol–gel process; inorganic–organic hybrid materials; P(MMA–MAn);
tetraethoxysilane; 3-aminopropyltrimethoxysilane

INTRODUCTION

In recent years, a new kind of inorganic–organic
hybrid material has been prepared by the sol–gel
process.1–4 This kind of material has excellent
application prospects due to its mechanical, opti-
cal, heat-resistant, and other properties. How-
ever, as the polymers are incompatible with SiO2,
there exists separation between inorganic and or-
ganic species in the hybrid systems. To solve the
problem, one can use special polymers with active
groups which can react with functional metal
alkoxides such as 3-aminopropyltrimethoxysilane
(APTMS) and 3-glycidylpropyltrimethoxysilane

(GPTMS) to form chemical bonds to inorganic
species, so making the two species homogeneous.

Huang and Qiu1 prepared poly(methyl meth-
acrylate) [P(MMA)]/TiO2–SiO2 hybrid materials
from the copolymer of methyl methacrylate
(MMA) and methacryloxypropyltrimethoxysilane
(MPTMS) with tetrabutyl titanate and tetra-
ethoxysilane (TEOS). These materials have high
transparency and a high glass transition temper-
ature (Tg). Also, Huang and Qiu5 prepared hy-
brids incorporating the ethylene–propylene–non-
conjugated diene terpolymer (EPDM–ENB) with
tetrabutyl titanate and TEOS. These hybrids are
also highly transparent and are found to have
improved properties over pure EPDM–ENB in
the modulus, etc. Noell et al.6 and Surivet et al.7

also did a great deal of work in this field.
In our work, we first synthesized P(MMA–

MAn) with active groups, anhydrides, and, then,
using it as a prepolymer, hybrid materials were
prepared by the sol–gel process by the following
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ways: (1) mixing P(MMA–MAn) with '4 fumed
SiO2 in an acetone solution, (2) incorporating
P(MMA–MAn) with TEOS in an acetone solution
followed by hydrolysis, and (3) reacting P(MMA–
MAn) with APTMS in an acetone solution fol-
lowed by cohydrolysis with TEOS. In this article,
the properties of hybrid materials prepared by
different methods are compared and studied. The
influence of SiO2 contents on the properties of the
materials is also discussed.

EXPERIMENTAL

Materials

MMA and APTMS, purified grade, were distilled
under a vacuum before use. MAn was fractionally
distilled under a nitrogen pressure of 12 mm of
mercury and the middle fraction, bp 154°C, col-
lected. AIBN was recrystallized three times from
ethanol and once from ethyl acetate. TEOS, bu-
tanone, methanol, and acetone, purified grade,
were used without any further treatment.

Synthesis of P(MMA–MAn)

An appropriate amount of MMA, MAn, and AIBN
was added to a 250-mL, three-necked, round-bot-
tom flask equipped with a reflux condenser, a
nitrogen inlet, and a thermometer. After aspirat-
ing with N2 for 3 min, the reaction mixture was
heated at 60 6 0.2°C in a thermostatic water bath
until the mixture became viscous. The viscous
liquid was then transferred into a tube, sealed
with plastic film, and kept at room temperature
for 7 days and then heated at 80°C for 1.5 h, 90°C
for 1.5 h, and 100°C for 1.5 h. After the tube was
cooled, the mixture was dissolved in butanone.

The polymer was isolated by precipitating from
methanol, filtering, and drying and then it was
dissolved in acetone for the following experiment.

Preparation of P(MMA–MAn)/SiO2

Hybrid Materials

P(MMA–MAn)/SiO2 hybrid materials were pre-
pared by the following three methods:

Method I. An appropriate amount of P(MMA–
MAn) and '4 fumed SiO2 was mixed in an
acetone solution and stirred for 6 h; then,
the mixture was transferred into a mold and
covered with a plastic film to allow low-boil-
ing compounds to evaporate. After being
heated at 60°C for 12 h in an oven, the
hybrid material was obtained.

Method II. An appropriate amount of distilled
water, TEOS, and acetone was mixed with
the P(MMA–MAn) solution. After stirring
the mixture for 6 h, the following operation
proceeded as for Method I.

Method III. An appropriate amount of APTMS
was dropped into the P(MMA–MAn) solu-
tion under stirring and reacted for 30 min.
Then, a certain amount of distilled water
was mixed with the solution. After vigorous
stirring for 8–10 min, the following opera-
tion proceeded as for Method I.

The results are listed in Table I.

Measurement of Properties of Materials

Solubility of the materials was observed visually
after dissolving them in a good solvent, butanone,
for 1 week. The FTIR spectra was recorded on a

Table I Preparation of P(MMA–MAn)/SiO2 Hybrid Materials

Sample Method
#4 SiO2

(% wt)
SiO2

a

(% wt)
APTMSb

(mol %) Production Description

1 0 0 0 Transparent
2 I 10 0 0 White and opaque
3 II 0 10 0 Half-transparent
4 III 0 10 10 Slightly yellow and transparent
5 III 0 15 10 Slightly yellow and transparent
6 III 0 20 10 Slightly yellow and transparent

Preparation conditions: [H2O] : [Si(OC2H5)4] 5 4 : 1 (mol ratio).
a Contents of SiO2 calculated as absolute hydrolysis of TEOS and APTMS.
b Relative to the monomers of P(MMA–MAn).
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Nicolet–Magna IR 750 instrument. The materials
were mixed with KBr, ground, and made into
pellets for usage. Dynamic mechanical analysis
(DMA) was done using a GDP-3 torsion braid
instrument. The heating rate was 2°/min and the
temperature range was from room temperature to
450 K. Thermogravimetric analysis (TGA) was
carried out on a TGS-2 (PE Co., U.S.) instrument.
The temperature range was from room tempera-
ture to 600°C, with a heating rate of 20°C/min.
Mechanical properties were determined on an
XLD-A rubber measuring engine.

RESULTS AND DISCUSSION

P(MMA–MAn) reacts with APTMS to form amide
bonds and the triethoxysilyl-functionalized poly-
mer was obtained. After the modified polymer
was cohydrolyzed with TEOS in solution, we thus
obtained the hybrid materials in which organic
species were connected with an inorganic network
by chemical bonds. The processes are as follows:

The covalent bonds among polymer chains and
the inorganic network prevent phase separation,
so transparent materials are obtained.

Solubility of Hybrids

After being kept in the good solvent, butanone, for
1 week, the organic species in Samples 1, 2, and 3
were all completely dissolved and the inorganic
species were completely dispersed, indicating
that there are no chemical bonds among polymer

chains and an inorganic network in the hybrids
prepared by Methods I and II. However, Sample
4, prepared by Method III, was neither dissolved
nor swelled, showing that there are chemical
bonds between inorganic and organic species and
that the crosslinking density is too large for it to
swell.

IR Analysis of Hybrids

Figure 1 shows the IR spectra of Samples 1 and 4.
At 1733, 1786, and 1857 cm21 are the absorptions
of the anhydride groups. At 1520–1580 and
1630–1660 cm21, there are new absorptions in
Sample 4. These are the special absorptions of
amide groups. Because of the absorption of
C—O—C in the ester groups and Si—O—Si, the
peak of 1000–1100 cm21 becomes wider. The
peak at 805 cm21 is the absorption of Si—O in
Si—OH, whereas 405 cm21 is the bending vibra-
tion absorption of Si—O—Si.3

DMA of Hybrids

The dynamic mechanical behaviors of the hybrids
are shown in Figure 2. The results show that the

Figure 1 IR absorption spectra: (a) sample 1; (b) sam-
ple 4.
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glass transition temperatures (Tg’s) of Samples 2
and 4 are lower than that of P(MMA–MAn). For
Sample 2, the microparticles of SiO2 filled in
among the polymer molecules and the particles
are too big to infiltrate into the free volumes in
the polymers, making not only the interaction
among the polymer molecules to decrease but also
the free volumes of the system to increase, there-
fore making the chain segments move more easily
and the Tg decrease. For Sample 4, the long
chains of APTMS connected with the polymer
chains by amide bonds form the flexible interfaces
between the organic and inorganic species, and
the SiO2 particles from the hydrolysis of TEOS
are filled in among the molecules of the polymers,
making the interaction of the polar molecules
weaker, which causes the Tg’s of the hybrids to be
lower. On the other hand, the crosslinks hinder
the chain-segment motion to make the Tg in-
crease. The overall effect makes the Tg decrease.
However, for Sample 3, the Tg increases. This is
because, during the process of hydrolysis, the
molecules of TEOS diffused into the free volumes
of the polymers and then hydrolyzed to form mi-
croparticles, which decreases the free volumes of
the system and makes the Tg increase, whereas
the SiO2 particles filled in among the molecules
make the Tg decrease. However, the former effect
is larger than the latter, making the Tg’s of the
hybrids increase.

Figure 3 shows the dynamic mechanical behav-
iors of Samples 4, 5, and 6. All the Tg’s are lower
than that of P(MMA–MAn) (lower about 2–5 K).
The Tg increases with the SiO2 content increase.
This can be attributed to decrease of the free
volumes of the systems with increasing contents
of SiO2

TGA OF HYBRIDS

Figure 4 shows the thermogravimetric behaviors
of the hybrids. From Figure 4, we can see that all
samples have the same rate of weight loss over
the temperature range from 160 to 260°C. This
may be attributed to the condensation of the un-
reacted Si—OH and the dehydration of —COOH
with —CONH—.8 The subsequent rates of weight
loss (above 260°C) of Samples 2, 3, and 4 are all
lower than that of P(MMA–MAn), and that of
Sample 4 is the lowest. The crosslinks between
the polymer and silica decrease the degree of
thermodegradation of Sample 4. The residues of
Samples 2 and 3 are equal to the theoretical con-
tents of SiO2, but that of Sample 4 is larger,
showing that the connection of the organic mole-
cules with the inorganic network by chemical
bonds can improve the heat-resistant ability.

Figure 2 Dynamic mechanical spectra of P(MMA–
MAn)/SiO2 hybrids by different processes.

Figure 3 Dynamic mechanical spectra of P(MMA–
MAn)/SiO2 hybrids with different SiO2 contents.

Figure 4 TGA curve of P(MMA–MAn)/SiO2 hybrids
by different processes.
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From Figure 5, we can see that the rate of
weight loss above 260°C decreases with the in-
creasing of content of SiO2 in the systems. This is
probably because the inorganic network prevents
the chain segments of the polymers from the mo-
tion and degradation of the molecules. To provide
energy, to make the molecular chains break in the
heating process, one needs higher temperatures.

Mechanical Properties of the Hybrids

Figure 6 shows the relationship between the ten-
sile strength and SiO2 content. The results show
that at low SiO2 content (#20% wt) the hybrid
materials prepared by Methods I and II, in which
there are no chemical bonds between inorganic
and organic species, have lower tensile strength
than that of P(MMA–MAn), but the tensile
strength of hybrids prepared by Method III is
higher than that of P(MMA–MAn) and the tensile
strength increases with increasing SiO2 contents
in all the materials. So, we can draw the conclu-
sion that the hybrids with chemical bonds be-
tween inorganic and organic species prepared by
the sol–gel process have higher mechanical prop-
erties than those from the coblending of inor-
ganic–organic species, because the dispersion
and reinforcement of inorganic particles in the
latter are different from that in the former.

CONCLUSIONS

The hybrid materials prepared by modified poly-
mers of P(MMA–MAn) have high transparency.

However, the hybrid materials prepared by the
coblending of the inorganic–organic species are
opaque.

The hybrid materials prepared in different
ways have different dynamic mechanical, thermo-
gravimetric, and mechanical behaviors. The hy-
brids in which there are chemical bonds between
the inorganic and organic species have improved
properties over pure P(MMA–MAn) and coblends
of the polymers and SiO2 in regard to heat-resis-
tant, mechanical, optical, and other properties.
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Figure 5 TGA curve of P(MMA–MAn)/SiO2 hybrids
with different SiO2 contents.

Figure 6 Relationship of tensile strengths with SiO2

contents: (Œ) hybrids prepared by cohydrolysis of mod-
ified P(MMA–MAn) and TEOS; (F) hybrids prepared by
cohydrolysis of P(MMA–MAn) and TEOS; (■) hybrids
prepared by coblending of P(MMA–MAn) and '4 SiO2.
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