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Effect of the interfacial structure on the thermal stability of
poly(methyl methacrylate)–silica hybrids
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Abstract

Poly(methyl methacrylate)–silica hybrid materials, P(MMA-MA5)–SiO2 or P(MMA-GMA5)–SiO2, were synthesized from
the in situ reaction of the methyl methacrylate (MMA) with maleic anhydride (MA) or glycidyl methacrylate (GMA), then
hydrolyzed with 3-aminopropyl methyl diethoxysilane (APrMDEOS) and tetraethoxysilane (TEOS) by a sol–gel process.
The thermal stability and the apparent activation energies (Ea) of the PMMA moieties in the hybrids under air and nitrogen,
evaluated by van Krevelen’s method, were studied by differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). P(MMA-GMA5)–SiO2 hybrids with the flexible chain of the coupling agent had the lower glass transition temperature
(Tg) andEa. Moreover, the structure of the coupling agent influences the thermal and thermo-oxidative degradation of the
PMMA within the hybrids.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mixture of a tetrafunctional silicon alkoxide
and poly(methyl methacrylate) (PMMA) with the 3-
(trimethoxysilyl)propyl methacrylate (MSMA) coupl-
ing agent, produces poly(methyl methacrylate)–silica,
P(MMA-MSMA)–SiO2, hybrid materials through
variations of the sol–gel method[1–14]. The P(MMA-
MSMA)–SiO2 hybrids have been investigated fo-
cusing on the microstructure[8], morphology [9],
mechanical properties[10], optical properties[11,12],
and thermal stability[13,14]. In our previous work,
the P(MMA-MSMA)–SiO2hybrids were prepared
by in situ polycondensation of alkoxysilanes in the
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presence of trialkoxysilane-functional PMMA, and
the apparent activation energies (Ea) for the random
scission of the PMMA segments in the hybrids were
evaluated. It was found that SiO2 greatly reduced the
thermal stability of PMMA moieties, whereas that
enhanced less the thermo-oxidative stability[15].

Recently, Xie et al.[16] condensed the poly(methyl
methacrylate-maleic anhydride) copolymer with
3-aminopropyl trimethoxysilane coupling agent, and
then hydrolyzed with tetraethoxysilane (TEOS) to pre-
pare the transparent poly(methyl methacrylate-maleic
anhydride)-silica hybrids, P(MMA-MA)–SiO2, with
amide bonds by a two-step process. They demon-
strated the SiO2 content had an influence on the
mechanical properties of the hybrids. However, the
imide-containing P(MMA-MA5)–SiO2 (or amine-
containing P(MMA-GMA5)–SiO2) hybrids were
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prepared by in situ additional polymerization of
MMA, MA (or GMA), and condensation with
3-aminopropyl methyl diethoxysilane (APrMDEOS)
coupling agent, then co-hydrolyzed with TEOS via
the sol–gel technique. We found that the local segment
dynamics and the average spin-diffusion path length
of the hybrids were influenced by the interfacial (cou-
pling agent) structure[17]. The effect of interfacial
structure on the thermal property of the hybrids is
further studied in this work by differential scanning
calorimetry (DSC) and thermogravimetric analysis

Scheme 1.

(TGA). The values of apparent activation energies
(Ea) are evaluated by van Krevelen’s method[18].

2. Experimental

2.1. Materials

The monomer methyl methacrylate (MMA;
Janssen), was purified by distillation before use.
Maleic anhydride (MA; Showa Chemical Inc.),
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glycidyl methacrylate (GMA; TCI), tetraethoxysilane
(TEOS, TCI), and 3-aminopropyl methyl diethoxysi-
lane (APrMDEOS; Gelest Inc.) were used without
purification. Azobisisobutyro nitrile (AIBN; BDH)
was recrystallized from ethanol prior to use. Tetrahy-
drofuran (THF; Aldrich) was fractionally distilled
in the presence of metallic sodium and benzophe-
none under a nitrogen atmosphere. Deionized water
(18 M�) was used during the hydrolysis.

2.2. Preparation of hybrids

P(MMA-MA5)–SiO2 and P(MMA-GMA5)–SiO2
hybrids were prepared in situ by sequential synthe-
sis, as shown inScheme 1. In a typical example, a
mixture of MMA (2.0 g), MA (0.1 g), APrMDEOS
(0.2 g), AIBN (3.63× 10−3 g), and THF (14 ml) was
poured into a 250 ml round-bottom flask under nitro-
gen, and the solution stirred at 60◦C (24 h) to initiate
the copolymerization of the methacrylic monomers.
A desired amount of water (0.43 g), TEOS (1.24 g),
and HCl with THF was added and then vigorously
stirred for 10 min at room temperature. The result-
ing homogeneous mixture was poured onto a Teflon
dish. After drying at room temperature for 24 h under
atmospheric pressure, the film was heated for 3 h at
60◦C, 3 h at 100◦C, and finally 24 h at 150◦C under
vacuum. Hybrid MA5-70 was obtained, where 70 do-
nates that 70 wt.% of 95 mol% MMA with 5 mol% di-
ethoxysilyl functional group condenses with 30 wt.%
of TEOS based on the weight of monomer (MMA,
MA, and APrMDEOS).

Table 1
The characteristic parameters of the degradation (10◦C/min) for hybrid materials

Hybrids Tg (◦C) N2/air

T5 (◦C) Tm (◦C) Yc (wt.%) Ea (kJ/mol)

A: MA5-100 124 281/272 416/402 7.6/3.9 (4.0) 140/90
B: MA5- 90 123 309/291 412/395 13.6/8.0 (8.4) 122/82
C: MA5- 80 125 311/288 411/387 17.0/13.2 (12.2) 115/90
D: MA5- 70 123 309/290 410/374 23.2/18.5 (15.4) 97/111
E: GMA5-100 112 262/253 411/363 8.1/6.3 (2.9) 67/82
F: GMA5- 90 112 266/258 416/361 18.1/15.3 (7.7) 82/85
G: GMA5- 80 91 232/237 412/368 25.4/21.0 (11.8) 81/84
H: GMA5- 70 90 218/226 402/367 29.8/25.8 (15.3) 96/84

Tg: glass transition temperature;T5: temperature of 5% weight loss;Tm: maximum rate temperature of weight loss;Yc: char yield at
800◦C; Ea: activation energy for the degradation. TheYc values in parentheses are evaluated by calculation method.

2.3. Degradation of hybrids

Differential scanning calorimetry (DSC) was con-
ducted in a Perkin-Elmer 7 unit. The sample weight
was 5 mg, and the scanning rate was 10◦C/min under
nitrogen. The kinetics of degradation of the hybrids
were measured using a Perkin-Elmer TGA-2 at a
heating rate of 10◦C/min under air and nitrogen. The
sample weight was about 10 mg, and the gas flow rate
was kept at 100 ml/min.

3. Results and discussion

3.1. DSC of hybrids

The SiO2 particles from the hydrolysis of TEOS
decreases the free volume of the hybrids and makes
the Tg increase. But the microparticles of SiO2
fills in among the polymer molecules, making the
interaction among the polymer molecules to de-
crease, therefore theTg decrease[16]. The Tg of the
P(MMA-MA5)–SiO2 hybrids (∼124◦C) is indepen-
dent of silica content (Table 1). The phenomenon
is also observed in the P(MMA-MSMA)–SiO2 hy-
brids (∼163◦C [15]; ∼150◦C [19]), revealing that
the two effects are comparable in magnitude. On the
other hand, theTg of the P(MMA-GMA5)–SiO2 hy-
brids decreases with increasing silica content. This
dissimilar behavior, as observed from a compari-
son with the P(MMA-MA5)–SiO2 hybrids, may be
due to the uncondensed residual Si(OH)4 [17] that
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tends to create more free volume in the hybrid[20].
Moreover, theTg value of hybrids is in the order
P(MMA-GMA5)–SiO2 < P(MMA-MA5)–SiO2 <

P(MMA-MSMA )–SiO2 hybrid, suggesting that the
structure of the coupling agent affects the flexibility
of the PMMA in the hybrids.

3.2. Thermal degradation

Fig. 1 is the deconvoluted derivative thermo-
gravimetry (DTG) curve of the MA5-70 hybrid under
nitrogen. The broader peak at 360◦C refers to the
scission of inherently weak head-to-head linkages
[21,22] and vinylidene chain-end initiation[23], and
the strong narrow component peaking at 416◦C orig-
inates from random positions by chain scission within
the polymer [21,22]. Additionally, another shorter
peak at 512◦C may be due to degradation of the SiO2
network[15].

Fig. 2 shows the TGA and DTG curves of the
P(MMA-MA5)–SiO2 hybrids under nitrogen at a heat-
ing rate of 10◦C/min. Table 1 lists the characteris-
tic data of the 5% weight loss temperatures (T5), the
maximum rate temperature of weight loss (Tm) and
the char yield (Yc) at 800◦C. The T5 value of the
P(MMA-MA5)–SiO2 hybrids (∼309◦C) is larger than

Fig. 1. The deconvoluted derivative thermogravimetry (DTG) curve
of MA5-70 hybrid under nitrogen.

Fig. 2. TGA and DTG thermograms of hybrids (A) MA5-100;
(B) MA5-85; (C) MA5-70 at the heating rate 10◦C/min under
nitrogen.

that in literature (∼260◦C) [16]. This suggests that in-
terfacial structure in this study is imide bonding rather
amide bonding. On the other hand, theTm value of
the P(MMA-MA5)–SiO2 hybrids decreases with in-
creasing silica content. The results reveal that SiO2 re-
tards the thermal scission of head-to-head linkage and
vinylidene chain-end initiation, but enhances the ran-
dom scission within the polymer chain. Moreover, the
values ofYc increase with increasing silica content,
indicating that more three-dimensional silica network
develops as the TEOS proportion increases.

The weight loss (TGA) and DTG curves of the
P(MMA-GMA5)–SiO2 hybrids under nitrogen display
two main reaction steps (Fig. 3). The degradation at
lower temperatures is due to scission of head-to-head
and unsaturated chain ends of the polymer, while
degradation at higher temperature is associated with
random scission[24]. Interestingly, the value ofT5
of the P(MMA-GMA)–SiO2 hybrids decreases with
increasing silica content, while the value ofTm is
around 411◦C. This indicates that SiO2 enhances the
initial thermal degradation of the PMMA segments
containing amine bonds.

Fig. 4 shows the TGA and DTG curves of the
MA5-70, GMA5-70 and MSMA5-70 hybrids under
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Fig. 3. TGA and DTG thermograms of hybrids (A) GMA5-100;
(B) GMA5-85; (C) GMA5-70 at the heating rate 10◦C/min under
nitrogen.

nitrogen. The T5 value of hybrids is in the or-
der MSMA5-70 < GMA5-70 < MA5-70. On the
other hand, theTm value of hybrids is in the or-
der MSMA5-70 (402◦C) ≈ GMA5-70 (402◦C) <

Fig. 4. TGA and DTG thermograms of hybrids (A) MA5-70; (B)
GMA5-70; (C) MSMA5-70 at the heating rate 10◦C/min under
nitrogen.

MA5-70 (410◦C) hybrid. This suggests that the struc-
ture of the coupling agent affects the thermal stability
of the PMMA in the hybrids. The char yields (Yc) are
notably more than the calculated values (Table 1), and
the difference between the calculated and experimen-
tal values is proportional to silica content. The results
imply that other degradation products are produced.
Moreover, the P(MMA-GMA5)–SiO2 hybrids have
the higherYc compared with P(MMA-MA5)–SiO2
hybrids. This may be due to the contribution of
amine interfacial structure that decreases the pyrolitic
temperature, retards carbonization of PMMA, and
increases pyrolysis residue.

3.3. Thermo-oxidative degradation

The deconvoluted DTG curve of MA5-70 hybrid
under air is also fitted by three main reactions (Fig. 5).
It can be seen that the temperature of maximum rate
of weight loss (Tp) of each degradation step is about
360, 396 and 524◦C, respectively. The first stage is
due to degradation of partially oxidized groups. These
polymer chains are formed by oxygen trapping of the
radicals that are generated from the weak linkages
[21,22]. The second-step is an oxygen attack on the
radicals that are generated by random scissions within

Fig. 5. The deconvoluted DTG curve of MA5-70 hybrid under air.
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Fig. 6. TGA and DTG thermograms of hybrids (A) MA5-100; (B)
MA5-85; (C) MA5-70 at the heating rate 10◦C/min under air.

the polymer chains[21,22]. The third degradation step
may be due to the SiO2 network[15]. Fig. 6shows that
the T5 of P(MMA-MA5)–SiO2 hybrids (∼290◦C) is
larger than that of copolymer (272◦C), and theTm of
the hybrids decreases with increasing silica content.
Therefore, SiO2 retards the initial thermo-oxidative
degradation of the PMMA segments, but it enhances
the random scission.

The thermo-oxidative degradation of the P(MMA-
GMA5)–SiO2 hybrids (Fig. 7) is different from that
of the P(MMA-MA5)–SiO2 hybrids. TheT5 value
of the P(MMA-GMA)–SiO2 hybrids decreases with
increasing silica content, while the value ofTm is
around 365◦C. The results imply that SiO2 enhances
the degradation of the interfacial amine bond at initial
stages.

Fig. 8 shows the TGA and DTG curves of the
MA5-70, GMA5-70 and MSMA5-70 hybrids un-
der air. TheT5 and Tm value of hybrids is in the
order MSMA5-70 < GMA5-70 < MA5-70. The
results reveal that the latter has the more stable
interfacial structure. Thus, the apparent activation
energy (Ea), evaluated by van Krevelen’s method
[18], for the hybrids in thermo-oxidative degrada-
tion may be in the order P(MMA-MSMA5)–SiO2 <

P(MMA-GMA5)–SiO2 < P(MMA-MA5)–SiO2.

Fig. 7. TGA and DTG thermograms of hybrids (A) GMA5-100;
(B) GMA5-85; (C) GMA5-70 at the heating rate 10◦C/min under
air.

3.4. Kinetic analysis

Figs. 9 and 10represent the logarithmic plots for
the degradation rateg(α) of the PMMA segments

Fig. 8. TGA and DTG thermograms of hybrids (A) MA5-70; (B)
GMA5-70; (C) MSMA5-70 at the heating rate 10◦C/min under
air.
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Fig. 9. Plot of lng(α) vs. lnT for thermal degradation of hybrids
(A) MA5-100; (B) MA5-90; (C) MA5-80; (D) MA5-70 at heating
rate10◦C/min under nitrogen.

in the hybrids versus temperature under nitrogen.
The Ea values of random scission for PMMA seg-
ments in hybrids, evaluated from slopes in a plot of
ln g(α) versus lnT, are listed inTable 1. TheEa value
of the P(MMA-MA5)–SiO2 hybrids under nitrogen

Fig. 10. Plot of lng(α) vs. lnT for thermal degradation of hybrids
(E) GMA5-100; (F) GMA5-90; (G) GMA5-80; (H) GMA5-70 at
heating rate10◦C/min under nitrogen.

decreases with increasing silica content, whereas that
under air increases. However, theEa values of random
scission in the homopolymer are around 230 kJ/mol
under nitrogen and 70 kJ/mol under air[25]. This
indicates that the reduction inEa by nitrogen is very
large, whereas the enlargement by air is very small.
This large difference reveals that chain scission of the
PMMA segments in hybrids may be more complex
than in the homopolymer. At present, the reduction in
Ea may be associated with the higher thermal conduc-
tivity of SiO2 (5 mcal/cm s◦C) compared to that of
PMMA (0.5 mcal/cm s◦C) [26]. However, the reason
for enlargedEa value in the degradation under air is
not clear at present. On the other hand, theEa value of
the P(MMA-GMA5)–SiO2 hybrids is independent of
the silica content under nitrogen (∼86 kJ/mol) and air
(∼84 kJ/mol). TheEa value of the PMMA moieties
in hybrids is in the order P(MMA-MSMA5)–SiO2 <

P(MMA-GMA5)–SiO2 < P(MMA-MA5)–SiO2 hy-
brid, as compared with the P(MMA-MSMA)–SiO2
hybrids [15]. The result reveals that the stable inter-
facial structure, even only small amount (5% molar
ratio), has the more thermal and thermo-oxidative
stability of the PMMA.

4. Conclusions

MA and GMA, two coupling agents, were used to
bond the PMMA and SiO2. The effect of the SiO2
content and interfacial structure on the flexibility
and stability of the PMMA–SiO2 hybrids was chara-
cterized by DSC and TGA. However, theEa value
of the PMMA moieties in hybrids was in the order
P(MMA-MSMA5)–SiO2 < P(MMA-GMA5)–SiO2
< P(MMA-MA5)–SiO2 hybrid, as compared with
the P(MMA-MSMA)–SiO2 hybrids. The result indi-
cated that the stable interfacial structure had the more
thermal and thermo-oxidative stability of the PMMA.
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