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Effect of the Interfacial Structure

on the Local Dynamics of

Poly(methyl methacrylate)-Silica Hybrids

Y. T. Wang, T. C. Chang, and Y. S. Hong
Department of Applied Chemistry,
Chung Cheng Institute of Technology,
NDU, Tahsi, Taoyuan, Taiwan

H. B. Chen
Chemical Systems Research Division,
Chung Shan Institute of Science and Technology,
Lungtan, Taoyuan, Taiwan

Poly(methyl methacrylate-maleic anhydride)-silica hybrid materials,
P(MMA-MA5)-SiO2, were synthesized from the in situ reaction
of methyl methacrylate (MMA) with 5mol % maleic anhydride
(MA), then hydrolyzed with 3-amino-propyl methyl diethoxysilane
(APrMDEOS) coupling agent and tetraethoxysilane (TEOS) by a
sol-gel process. By the same method, the poly(methyl methacrylate-gly-
cidyl methacrylate)-silica hybrids (P[MMA-GMA5]-SiO2), reacted
with 5mol % glycidyl methacrylate (GMA), were obtained. The struc-
ture and relaxation of the hybrids were characterized by IR, and 29Si- and
13C-NMR spectroscopy. The effect of the interfacial structure on the
local dynamics of the hybrids was investigated using the 29Si-1H cross-
polarization and proton spin-lattice relaxation time in the rotation frame.
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INTRODUCTION

Organic-inorganic hybrids are attractive materials with heat resistance,
useful mechanical and electrical properties, and radiation resistance[1].
Twomain procedures are used to prepare poly(methyl methacrylate)-silica
hybrid materials through variations of the sol-gel method. The first uses a
mixture of a tetrafunctional silicon alkoxide and PMMA to produce
composite materials[2–8]. The second creates stable chemical bonds
between PMMA and silica with a functional coupling agent, resulting in
homogeneous, transparent hybrid materials[9–15]. The components in
the latter can be linked by the 3-(trimethoxysilyl)propyl methacrylate
(MSMA) coupling agent. The P(MMA-MSMA)-SiO2 hybrids have been
investigated focusing on the microstructure[9], morphology[10], mechanical
properties[11], optical properties[12,13], and thermal stability[14,15]. Recently,
the copolymer of MMA and maleic anhydride (MA) was condensed with
3-aminopropyl trimethoxy-silane (APTMS) coupling agent, which was
then hydrolyzed with tetraethoxysilane (TEOS). Transparent poly(methyl
methacrylate-maleic anhydride)-silica hybrids, P(MMA-MA)-SiO2, with
amide bonds are then prepared by this two-step process[16].

In our previous work, P(MMA-MSMA)-SiO2 hybrids were prepared
by in situ polycondensation of alkoxysilane in the presence of trialk-
oxysilane-functional PMMA. We found that the polarization transfer
relaxation time (TSiH) and rotating frame spin-lattice relaxation times
(TH

1r) values of silica moieties decreased with increasing silica
content[15]. To understand the effect of the interfacial structure between
PMMA and silica on the local dynamics of the hybrids, we further
modified the interfacial structures of the PMMA-SiO2 hybrid materials
in this work. The diethoxysilyl functionalized copolymers of poly-
(methyl methacrylate-maleic anhydride) P(MMA-MA5), with imide
groups and poly(methyl methacrylate-glycidyl methacrylate) P(MMA-
GMA5) with amine groups were prepared by in situ additional
copolymerization of 95mol % MMA with 5mol % MA and GMA,
respectively, and condensation with 3-aminopropyl methyl diethoxy-
silane (APrMDEOS) coupling agent. Thereafter, the P(MMA-MA5)-
SiO2 and P(MMA-GMA5)-SiO2 hybrids were obtained by co-hydrolysis
of P(MMA-MA5) and P(MMA-GMA5) copolymers with TEOS via the
sol-gel technique.

EXPERIMENTAL

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 diethoxy-silane (APrMDEOS, Gelest Inc.) were
used without purification. Azoisobutyronitrile (AIBN, BDH) was
recrystallized from ethanol just before use. Tetrahydrofuran (THF,
Aldrich) was fractionally distilled in the presence of metallic sodium and
benzophenone under a nitrogen atmosphere. Deionized water (18MO)
was used during hydrolysis.

Preparation of the Hybrids

P(MMA-MA5)-SiO2 and P(MMA-MA5)-SiO2 hybrids were prepared
by in situ sequential synthesis, as shown in Scheme 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 (14mL) was poured into a 250mL
round-bottom flask under nitrogen, and the solution was stirred at 608C
(24 h) to initiate the copolymerization of the methacrylic monomers.
Thereafter, a desired amount of water (0.43 g), TEOS (1.24 g), and HCl
with THF was added, and then vigorously stirred for 10min at room
temperature. The resulting homogeneous mixture was poured onto a
Teflon dish. After drying at room temperature for 24 h under atmo-
spheric pressure, the film was heated 3 h at 608C, 3 h at 1008C, and finally
24 h at 1508C under vacuum. Hybrid MA5-70 was obtained, where 70
denotes that 70wt % of 95mol % MMA with 5mol % diethoxysilyl
functional group condenses with 30wt % of TEOS based on the weight
of monomer (MMA, MA, and APrMDEOS). The formulation of the
other hybrids is listed in Table I.

Characterization of the Hybrids

Imide-containing P(MMA-MA5)-SiO2 and amine-containing
P(MMA-GMA5)-SiO2 hybrids were confirmed by IR spectrum (Bomem
DA 3.002) of a sample prepared with the KBr-pellet technique. The 13C-
and 29Si-NMR spectra of the solid-state hybrids were determined
(Bruker MSL-400) with cross-polarization combined with magic-angle
spinning (CP=MAS). The nomenclatures of Di and Qi are taken from

Glaser et al.[17], where i refers to the number of -O-Si groups bounded to
the silicon atom of interest. Di and Qi denote species that have two and
no organic side groups, respectively. The relative proportions of the Di

species and Qi species were calculated on the basis of the experimental
spectra.

CP contact time studies can produce the Si-H polarization transfer
constant (TSiH). The

1H-29Si spin contact time with the Hartmann-Hahn
condition fulfilled in the rotating frame was typically about 5ms but was
optimized in a range of 0.5–20ms. The spin-lattice relaxation times in
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SCHEME 1 Scheme abbreviations: MMA¼methyl methacrylate; MA¼maleic

anhydride; GMA¼ glycidyl methacrylate; APrMDEOS¼ 3-aminopropyl methyl
diethoxysilane; TEOS¼ tetraethoxysilane; AIBN¼ azoisobutyronitrile; D2¼ two
O-Si groups and two organic side groups bonded to the silicon atom of interest;
Q2-4¼ two–four -O-Si groups, but compound does not have any one organic side

group bonded to the silicon atom of interest; P(MMA-MA5)¼ copolymer con-
tains 95mol % MMA and 5mol %MA; P(MMA-GMA5) ¼ copolymer contains
95mol % MMA and 5mol % GMA.
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the rotating frame (TH
1r) were measured with a 1H spin-lock t-pulse

sequence followed by CP. The 1H 908 pulse widths were 4.5 ms, and the CP
contact time was 2ms. The length of delay time t ranged from 0.1 to 25ms for
T H

1r.

RESULTS AND DISCUSSION

Structural Characterization

Theoretical schematic structures of the hybrids are shown in Scheme 1.
IR spectra of MA5-70 and GMA5-70 hybrids are shown in Figure 1, lines
A and B, respectively. The characteristic peaks of anhydride (1733, 1786,
and 1857 cm�1)[16] and amide (1630–1660 and 1520–1580 cm�1)[16] are not
observed in Figure 1, line A, while that of imide C–N stretching vibration
peak (1387 cm�1) is displayed[18]. Moreover, a shoulder at 1718 cm�1 may
be due to the imide C¼O asymmetric stretching peak. The results suggest
that the P(MMA-MA5)-SiO2 hybrid with imide groups is obtained by an
additional polymerization and condensation in situ process. It differs
from the two-step process that forms amide bonds[16]. In Figure 1, line B,
the characteristic peak of the epoxy (909 cm�1)[19] is not observed in the

TABLE I Experimental conditions for hybrids

Hybrids

MMAa

(mmol %)

MAb

(mmol%)

GMAc

(mmol%)

APrMDEOSd

(mmol%)

TEOSe

(wt %)

A: MA5 95 5 0 5 0
B: MA5-90 95 5 0 5 10
C: MA5-85 95 5 0 5 15

D:MA5-80 95 5 0 5 20
E: MA5-75 95 5 0 5 25
F: MA5-70 95 5 0 5 30

G:GMA5 95 0 5 5 0
H:GMA5-90 95 0 5 5 10
I: GMA5-85 95 0 5 5 15

J: GMA5-80 95 0 5 5 20
K:GMA5-75 95 0 5 5 25
L: GMA5-70 95 0 5 5 30

aMethyl methacrylate.
bMaleic anhydride.
cGlycidyl methacrylate.
d3-Aminopropyl methyl diethoxysilane.
eTetraethoxysilane; [H2O]=[TMOS]¼ 4.
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GMA5-70 hybrid, indicating that the epoxy group opens up after curing,
while that of the ester carbonyl group (1729 cm�1) and secondary amine
(1387 cm�1; C–N vibration) is seen. The results suggest that the structure
of the P(MMA-GMA5)-SiO2 hybrid showed in Scheme 1 has undergone
an epoxy-amine reaction[20]. On the other hand, a weak band at 807 cm�1

(Figure 1, line A) or 805 cm�1 (Figure 1, line B) is the characteristic
Si–OH bending vibration[16]. The more intense peak of the latter suggests
that the degree of condensation in the GMA5-70 hybrid is less than in the
MA5-70 hybrid. In addition, the ratio of intensity of the Si–O–Si band to
the PMMA band increases, as the feed ratio of TEOS increases (Figure 1,
lines C and D). This implies that the three-dimensional Si–O–Si hybrid
network is formed by the cross-linking reaction of the already hydrolyzed
TEOS[21]. Moreover, the greater ratios of the order I1053=I1722 may be
rationalized on the basis of the P(MMA-GMA5)-SiO2 hybrid that has
more carbonyl groups as compared to the P(MMA-MA5)-SiO2 hybrid.

13C-CP=MAS NMR spectra of the P(MMA-MA5)-SiO2 and P(MMA-
GMA5)-SiO2 hybrids are nearly identical. A set of the same chemical

FIGURE 1 IR spectra of hybrids: (A) MA5-70; (B) GMA5-70; relative intensity

ratio of (C) I1060=I1722 in P(MMA-MA5)-SiO2 hybrids; (D) I1053=I1725 in
P(MMA-MA5)-SiO2 hybrids.
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shifts for the PMMA segments are observed at 178, 55, 52, 45, and
16 ppm in the 13C CP=MAS NMR spectrum of MA5-70 (Figure 2) and
GMA5-70 hybrids (Figure 3), which corresponds to carboxyl, methylene,
methoxy, quaternary, and methyl carbons, respectively[15]. The broad-
ening of the methyl resonance (16 ppm) is a general phenomenon for
polymers with rapidly reorienting side groups or main-chain carbons

subject to motion[22]. Moreover, the chemical shift at �1 ppm is due to
Si–CH3 resonance. In addition, a shoulder around 173 ppm (Figure 2)
results from the imide carboxyl carbon[23], in agreement with the IR
spectrum. The peak around 67 ppm (Figure 3) results from the carbon

beside carboxyl group from the GMA[24].
29Si–CP=MAS NMR spectrum of the MA5-70 (Figure 4) and GMA5-

70 hybrids (Figure 5) show the same four peaks at about �19, �94, �101,
and �110 ppm, corresponding respectively to the D2, Q2, Q3, and Q4

species, attributed to the silicon in the diethoxysilyl groups and the three-
dimensional silica network. Moreover, the GMA5-70 hybrid presents a
narrow peak at �82 ppm (Figure 5) designated as a Q0 structure due to
residual noncondensed Si(OH)4. The relative proportion of D2 decreases
with increasing silica content (Figures 4 and 5), whereas that of Q3

increases. It is correlated with the FT-IR spectra, in which the char-

FIGURE 2 The 13C–CP=MAS NMR spectrum of the MA5-70 hybrid.
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acteristic band of the Si–O–Si bond is broader with increasing silica
content. This indicates that more three-dimensional silica network is
developed as the TEOS proportion increases.

Table II lists the actual degree of condensation (Dc) evaluated from the
proportions of Di and Qi species according to the following equation:

Dc %ð Þ ¼ D1 þ 2D2

2
þQ1 þ 2Q2 þ 3Q3 þ 4Q4

4

� �
� 100 ð1Þ

The Dc values of the hybrids decrease with increasing TEOS content,
suggesting that the hydrogen bonding between polymer and silica net-
work increases. Moreover, the lower Dc value in the P(MMA-GMA5)-
SiO2 hybrids than in the P(MMA-MA5)-SiO2 hybrids may be due to the
hydrophilic hydroxyl-containing amine in the former that inhibits the
condensation of the silanol group.

29
Si Cross-Polarization Dynamics

Figure 6 is an example of the effect of contact time t on the 29Si-
resonance of the MA5-70 hybrid. The intensities in Figure 6 reflect local

FIGURE 3 The 13C–CP=MAS NMR spectrum of the GMA5-70 hybrid.
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CP dynamics, which may vary from site to site. The buildup of 29Si-
magnetization, Mc(t), is expressed as a function of the contact time as
follows[25]:

McðtÞ ¼ Me expð�t=TH
1rÞ � expð�t=TSiHÞ

� �
ð2Þ

Here, Me is the
29Si-equilibrium magnetization obtained when both spin

systems are fully in contact with each other without any energy exchange
with the lattice. TSiH is the time constant for the energy exchange between
the 1H and 29Si spin systems, and TH

1r is the spin-lattice relaxation time
in the rotating frame. This equation indicates that 29Si-magnetization
appears at the rate of the order of (TSiH)

�1 and disappears at the rate of

(TH
1r)

�1.

FIGURE 4 The 29Si single-pulse excitation MAS spectrum of the MA5-70 hybrid
as well as the relative proportions of D2, Q2, Q3, and Q4 species.
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Figures 7 and 8 show a semilogarithmic plot of the peak intensity as a
function of the contact time for the silicon in MA5-70 and GMA5-70
hybrids, respectively. A steeper slope is an indication of a faster transfer
of magnetization (shorter TSiH) or a faster relaxation by spin-diffusion
(shorter TH

1r). The values of TSiH and TH
1r estimated by the curve-

fittings are summarized in Table II. The TSiH values of the Q3 species in

the P(MMA-MA5)-SiO2 hybrids are smaller than those of the Q4 species,
resulting from the fact that the Q3 centers contain more protons, which
can provide Si–H dipolar coupling[26]. Moreover, the TSiH values of the
Q3 and Q4 species in the P(MMA-MA5)-SiO2 hybrids decrease with
increasing silica content, while those of the D2 species are around 0.95ms.
This data reveals that Si–H dipolar coupling in Q3 and Q4 species is
enhanced as the silica content increases, while that of the flexible D2

species is independent of the silica content. However, the TSiH values of
the D2, Q3, and Q4 species in the P(MMA-GMA5)-SiO2 hybrids are
around 0.82ms (Table II). The independence of the rate of polarization
transfer in P(MMA-GMA5)-SiO2 hybrids may be due to residual non-
condensed Q0 species that have greater motion.

The TH
1r value of hybrids, as compared with P(MMA-MSMA)-SiO2

hybrids, is in the order of P(MMA-GMA5)-SiO2<P(MMA-MSMA)-

FIGURE 5 The 29Si single-pulse excitation MAS spectrum of the GMA5-70

hybrid as well as the relative proportions of D2, Q2, Q3, and Q4 species.
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SiO2<P(MMA-MA5)-SiO2 hybrids. The faster relaxation in the
P(MMA-GMA5)-SiO2 hybrid may be due to more hydrogen bonding in

the P(MMA-GMA5)-SiO2 hybrids. Moreover, TH
1r values of the

P(MMA-GMA5)-SiO2 and P(MMA-MA5)-SiO2 hybrids are in the order

D2<Q3<Q4 species, due to the presence of more protons of silicon
centers, which increase the Si–H dipolar coupling[26]. However, the curves
in Figures 7 and 8 are linear, which suggests that large-scale phase
separation of D2, Q3, and Q4 species does not occur in these materials[25].
The spin-diffusion path length, L, can be estimated with the following
equation[25]:

hL2i ¼ ðTH
1r=T2ÞhL2

0i ð3Þ
Here, L0 is the distance between protons, typically about 0.1 nm. T2 is the
proton spin-spin relaxation time, which, below Tg, is approximately

FIGURE 6 Stacked plot of the 29Si–CP=MAS NMR spectra of MA5-70 hybrid
as a function of contact time.
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10 ms, and <L2> is the mean square distance over which magnetization
is transported. The calculated average spin-diffusion path length (Lav) of
the P(MMA-MA5)-SiO2 hybrids is in the order of D2 (3.82 nm)<Q3

(5.10 nm)<Q4 (5.96 nm) species, while that of the P(MMA-GMA5)-SiO2

hybrids is, respectively, about 3.01, 3.34, and 4.14 nm (Table II). How-
ever, the Lav value of hybrids, as compared with P(MMA-MSMA)-SiO2

hybrids, is in the order of P(MMA-GMA5)-SiO2<P(MMA-MSMA)-
SiO2<P(MMA-MA5)-SiO2 hybrids. This trend indicates that the linear,
flexible interface in the P(MMA-GMA5)-SiO2 hybrids decreases the
average spin-diffusion path length, whereas the rigid interface in the
P(MMA-MSMA)-SiO2 hybrids increases the average spin-diffusion path
length.

CONCLUSIONS

Poly(methyl methacrylate)-silica hybrid materials, P(MMA-MA5)-
SiO2 and P(MMA-GMA5)-SiO2, were prepared and characterized by
solid-state NMR. 29Si-NMR studies showed that the degree of
condensation (Dc) may be influenced by the interfacial structure of the
hybrids. The incomplete reaction of hydrolyzed TEOS appeared to be

FIGURE 7 Semilogarithmic plot of the peak intensities of the D2, Q3, and Q4

species as a function of the contact time in the MA5-70 hybrid.
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caused by more hydrogen bonding of the P(MMA-GMA5)-SiO2 hybrids.

The TSiH values showed that Si–H dipolar coupling of the Q3 and Q4

species in the P(MMA-MA5)-SiO2 hybrids was enhanced as the silica
content increased, while that of the flexible D2 species was independent of
the silica content. However, the TSiH (� 0.82ms) of the P(MMA-GMA5)-
SiO2 hybrids showed a weaker dipolar coupling for the high silica content,
which resulted from increased motion of residual noncondensed Q0 spe-
cies. The TH

1r and Lav values of hybrids were in the order of P(MMA-
GMA5)-SiO2<P(MMA-MSMA)-SiO2<P(MMA-MA5)-SiO2 hybrids.
This trend indicates that the linear, flexible interface in the P(MMA-
GMA5)-SiO2 hybrids reduced the average spin-diffusion path length and
enhanced relaxation. However, the higher Lav values of the P(MMA-
MA5)-SiO2 hybrids may have resulted from the rigid interface.
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