
Silicon Secondary Crosslinked IPN Based on
Poly(methyl acrylate-co-acrylic acid) and SiO2

WUSHENG YIN, JUN LI,* JINGPING WU, TIREN GU

Laboratory of Chemistry, Beijing University of Aeronautics & Astronautics, Beijing 100083, People’s Republic of China

Received 18 January 1996; accepted 1 October 1996

ABSTRACT: Silicon secondary crosslinked interpenetrating polymer networks (IPNs) of
poly(methyl acrylate-co-acrylic acid) (PMAA) and SiO2 were prepared and character-
ized. The effects of composition, water content, and substrate plate on the phase mor-
phology of the IPNs of PMAA/SiO2 have been studied by scanning electron microscopy,
and the glass transition temperature measured by differential scanning calorimetry.
By controlling the synthetic conditions an optically transparent film was obtained,
which shows a remarkably high degree of mixing between the two chemically dissimilar
phases. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 903–909, 1997
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INTRODUCTION influence the optical, physical, and mechanical
properties of the composite materials.3 In an effort
to improve the degree of mixing between the twoInterpenetrating polymer networks (IPNs) repre-

sent an interesting approach to the blending of chemically dissimilar phases, some transparent
IPN composites have been synthesized throughtwo polymers.1–3 In these materials, the constit-

uents are physically entangled in the form of their a synchronous application of the aqueous ring-
opening metathesis polymerization (aqueousnetworks. In contrast with other polymer blends,

the state of phase separation obtained at the end ROMP)4,5 of cyclic alkenyl monomers and the hy-
drolysis and polycondensation of tetraalkyl ortho-of their synthesis cannot change significantly by

aging or under applied stresses, so that the prop- silicate (the sol–gel process).4–6 The mild condi-
tions offered by the sol–gel process allow for theerties are not influenced by such parameters.

IPNs are therefore well suited when a combina- incorporation of performed organic polymers into
the glass matrix to form composites possessingtion of two polymers is necessary to obtain a mate-

rial with a specific range of properties. Silicon- properties of both inorganic and organic poly-
mers.5 However, due to the poor solvating proper-containing polymers are particularly incompati-

ble with other polymers, and a classical mechani- ties of typical sol-gel formulations, homogeneous
polymer solutions can be obtained only by usingcal blend would be most unstable, whereas the

corresponding IPN provides stable morphology a limited number of polymers.4,5,7,8 To compound
and properties. this limitation and to circumvent the solubility

In the field of new inorganic–organic IPNs, as- and homogeneity problems associated with per-
pects such as phase continuity, domain size, and formed polymers/sol–gel formations, Ellsworth
molecular mixing at the phase boundaries greatly and Novak9,10 prepared organic–inorganic simul-

taneous interpenetrating networks via incorpora-
tion of a crosslinked polymer formed in situ within
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q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050903-07 polymerization. Scanning electron microscopy
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Figure 1 Formation of organic–inorganic simultaneous interpenetrating networks.

(SEM) shows a remarkably high degree of mixing and tetraethyl orthosilicate (TEOS) were also
used as received.between the two chemically dissimilar phases of

these new composite materials (see Fig. 1).
Here we report on the synthesis and character-

ization of novel organic–inorganic IPNs, i.e., sili- Synthesis of Poly(methyl acrylate-co-acrylic acid)
con secondary crosslinked IPNs, based on poly-

MA, 42 g, was dissolved in an 80-g mixture of(methyl acrylate-co-acrylic acid) (PMAA) and
ethyl acetate, benzene, and anhydrous ethanolSiO2 formed via the hydrolysis and polycondensa-
(ratio, 16 : 3 : 1). AA, 5.8 g, and 0.8 g of AIBN intion of tetraethyl orthosilicate.
20 g the mixture solvent was added dropwise at
707C, and the reaction mixture was stirred under
a nitrogen atmosphere for 6 h. To terminate theEXPERIMENTAL
reaction, the copolymer was precipitated in cyclo-
hexane and the precipitate was dried in a bakeMaterials
oven to constant weight.

The raw materials used and their descriptions are
listed in Table I. Methyl acrylate (MA) and
acrylic acid (AA) were distilled under vacuum be- Preparation of Silicon Secondary Crosslinked IPNs
fore use. 2,2 *-Azoisobutyronitrile (AIBN) was dis-
solved in anhydrous ethanol at 357C, recrys- The well-defined amount of copolymer, TEOS, and

deionized water, and 0.01 g DBSA were dissolvedtalined, and dried under vacuum at room temper-
ature. Dodecyl benzene sulfonic acid (DBSA) was in 10 g THF. The mixture was refluxed for 1 h,

poured into a substrate plate, and placed at roompurified through a rotary evaporator. Ethyl ace-
tate, anhydrous ethanol, benzene, and cyclohex- temperature under moisture atmosphere for 24 h.

The final film was soaked in water, peeled off, andane (Beijing Chemical Factory, Beijing, China)
were used as received. Tetrahydrofuran (THF) dried at 407C in a bake oven for another 1 h.

Table I Materials

Abbreviation Description Source

MA Methyl acrylate Beijing Chem. Co., China
AA Acrylic acid Beijing Chem. Co., China
THF Tetrahydrofuran Beijing Chem. Fact., China
AIBN 2,2*-Azoisobutyronitrile Beijing Chem. Fact., China
TEOS Tetraethyl orthosilicate Beijing Chem. Fact., China
DBSA Dodecyl benzene sulfonic acid DuPont, Philadelphia, PA
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Measurements

Infrared Measurement

The freestanding film and the film cast from the
solution on the KBr plate were measured with a
Hitachi model 270-30.

Electron Microscopy

The phase morphologic characteristics of the sam-
ples were studied by SEM. The specimens for
SEM were frozen in liquid nitrogen, fractured,
mounted, and coated with gold. They were then
observed with a Hitachi S-530.

Figure 2 IR spectra of (a) PMAA, (b) PMAA/TEOS/
DBSA, and (c) PMAA/DBSA. Calorimetric Measurements

The glass transitions (Tgs) were measured by dif-
ferential scanning calorimetry (DSC) (PE, 7 se-Etching of the IPNs
ries thermal analysis system). Measurements
were carried out from 025 to 1507C under nitro-The freestanding film was etched with 10% H2SO4

at room temperature for 24 h, washed with dis- gen at a scanning rate of 207C/min. Specimen
sizes were of the order of 14 mg.tilled water several times, and dried at 35 to 457C.

Figure 3 Formation of silicon secondary crosslinked IPN.
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Table II Results of DSC Measurement (Tg) and Properties of the IPN Films

Composition TEOS/
Sample TEOS / PMAA Tg (7C) Remarks on the Samplesa

PMAA 0/100 16.0 soft, TP, sol. in A and T
P2 10/100 — soft, TP, sol. in A and T
P4 20/100 — soft, TP, spot, partly sol. in A and T
P5 50/100 — soft, TP, spot, swollen in A and T
P/Hb 5/100 22.2 soft, TP, sol. in A and T (slow)
P2H 10/100 — soft, TP, sol. in A and T (slow)
P4H 20/100 27.7 soft, TP, partly sol. in A and T
P5H 50/100 32.1 brittle, TP, less spot, swollen in A and T
P//4H-5 20/100 — soft, TP, swollen in A and T
P4H-5

c 20/100 — brittle, TP, LY, swollen in A and T
P5H-5 50/100 — less soft, OP, swollen in A and T

a TP, transparent; sol., soluble; A, acetone; T, THF; LY, light yellow; OP, opaque.
b / and // with H and H-5 means with 0.1% and 0.5% water respectively; all others without water.
c Substrate plate is iron; for all others, Teflon.

Figure 4 SEM of the fracture sections of IPNs for P4 (0% water), P4H (0.1% water),
and P4H-5 (0.5% water).
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1720, 1740, and 1720 cm01 ,13,14 respectively. On
the other hand, the IR spectrum of PMAA/DBSA
[Fig. 2(c)] shows no feature change in absorption
from 1800 to 800 cm01 , denying the possibility of
carbonyl absorption tail formed by PMAA inter-
acting with DBSA. Therefore the fact that the Si
{O{CO link is present in the composite film is
reasonably substantiated, and this is well indica-
tive of secondary crosslinked network formation
in the PMAA/SiO2 IPN. The possible way to form
the silicon secondary crosslinked IPN is shown in
Figure 3.

Tg obtained from PH, P4H, and P5H, and solubil-
ity obtained for P4, P5, PH, P2H, P4H, P5H, P4H-5 ,
and P5H-5 are given in Table II. Except P5H-5 , all
films were soft and transparent. With increase of
TEOS from 0 to 50%, the solubility of these films
in acetone and THF became poor gradually; at
50%, only swollen. Moreover, without water for
P4 and P5 in refluxing, there existed some spots
in their films showing phase separation between
the two components. With increased content of
water from 0 to 0.5%, the spots decreased or even
disappeared and the IPN film became brittle and
insoluble. This suggests an increase of the cross-
link density in the film. The addition of mild water
content can fasten the formation of Si{OCO link
upon PMAA reacting with TEOS,15 and this ren-
ders the two chemically dissimilar phases compat-Figure 5 SEM of the fracture sections of IPNs for P4H ible so that a homogeneous, transparent film can(20% TEOS) and P5H (50% TEOS).
be obtained. Interestingly, the P4H-5 film cast from
Teflon plate is different from that cast from iron
plate. The former is soft and transparent, and theRESULTS AND DISCUSSION
latter is brittle, transparent, and light yellow.

From Table II, we can also observe only one TgSiloxane can readily be self-condensed with the
product of a Si{O{Si network via hydrolyza- for PH, P4H, and P5H, among which there exists a

trend of increase with the increase of TEOS. Thetion with acid as catalyst.11,12 The formation of
Si{O{CO via siloxane reacting with PMAA results show a single-phase morphology but can-
plays an important role in the preparation of sili-
con secondary crosslinked IPNs in this study.
Therefore it is necessary to verify whether or not
the Si{O{CO link is formed. The infrared (IR)
spectra of PMAA, PMAA/TEOS/DBSA, and
PMAA/DBSA are given in Figure 2. The IR spec-
trum of PMAA/TEOS/DBSA [Fig. 2(b)] shows a
sharp decrease in absorption from 1800 to 1700
cm01 with formation of a short absorption tail and
another long absorption tail from 1500 to 800
cm01 compared with that of PMAA [Fig. 2(a)] .
The decrease in carbonyl absorption may result
from PMAA reacting with TEOS to form a Si{
O{CO link, so the former tail suppresses the
C|O absorption of COOCH3, COOH, and Si{ Figure 6 SEM of the fracture section of P4H-5 (cast on

iron plate).O{CO stretching mode absorption at about
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Figure 7 SEM comparison of the bottom and surface of original 2P4H-5 and etched
2P4H-5 (P4H-5 with 2 h of refluxing remarked as 2P4H-5) .

not explain the spots in the IPN film. Therefore, (Fig. 6). There were many particles and holes in
the former; none in the latter. These findings mayit is suggested that the spots disappearing with

the increase of water result from the small ‘‘cage’’ result from the difference in surface tension be-
tween the two substrate plates due to migrationstructure of Si{O{Si17 without or with a little

Si{O{CO link, which cannot lead to an individ- of siloxane to the surface with lower surface ten-
sion.19ual Tg .

SEM fracture studies of P4, P4H, and P4H-5 re- The surface morphology was different from
that of the bottom for 2P4H-5 (Fig. 7), in goodvealed the number of spherical particles lessening

with increased water, confirming the films’ char- agreement with the result of Figure 6. After
2P4H-5 was etched with 10% H2SO4, the morphol-acteristic that the spots disappeared from P4 to

P4H-5 gradually (Fig. 4). Phase-separated P4H ex- ogy of the bottom and surface was obviously
changed, displaying clear network structure.hibited dispersed phase particles, submicrometer-

sized particles, and holes in the micrographs, just However, in contrast to the bottom, larger change
occurred in the surface morphology resulting fromlike other phase-separated IPNs mentioned in lit-

erature,18 indicating particles not imbedded in the the uncrosslinked and partly crosslinked PMAA
dissolved in 10% H2SO4 solution.bulk phase. The SEM observation of P4H and P5H

(Fig. 5) showed a larger phase size and more In summary, the formation of a Si{O{CO
link plays an important role in the preparation ofspherical particles for P5H than for P4H, consistent

with the result that there were spots in P5H and the silicon secondary IPNs. The characteristics of
the IPN film are in agreement with the glass tran-no spots in P4H.

P4H-5 cast onto iron plate (with high surface sition behavior and the SEM fracture studies for
this PMAA/SiO2 system and indicates that thetension) showed a different morphology from that

cast onto Teflon plate (with low surface tension) IPN phase-mixing ability corresponds to a definite
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