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ABSTRACT: A silane-containing diamine, bis(p-amino-
phenoxy) diphenylsilane (BADPS), was prepared by the
condensation of p-aminophenol with dichlorodiphenyl
silane in the presence of triethylamine. Then, BADPS
was condensed with 4,4-azobis(4-cyanopentanoyl chloride)
to prepare macroazoinitiators containing silane units
(Si–MAIs). A series of poly(methyl methacrylate) gels con-
taining silane were derived by the solution free-radical
crosslinking copolymerization of methyl methacrylate and

ethylene glycol dimethacrylate monomers initiated by
these macroazoinitiators at a total monomer concentration
of 6 mol/L and 80�C. Si–MAIs were characterized with
1H-NMR and 13C-NMR spectroscopy, and the structural
characteristics of the gels were also examined. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 116: 382–393, 2010
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INTRODUCTION

The use of polymeric initiators, such as macroazoini-
tiators (MAIs), with labile azo groups is a well-
known method for preparing various block copoly-
mers by conventional radical polymerization.1–14

Synthesis with MAIs provides some advantages. Not
only are block copolymers composed of addition
polymer segments, but also those of addition poly-
mers and various oligomer segments can be synthe-
sized with MAIs in radical processes. In addition,
MAIs enable researchers to combine different kinds
of polymerization reactions, where MAIs can be
prepared by the use of materials with both polycon-
densation15 or polyaddition functionality16,17 and a
thermally labile azo linkage as radical initiation
species.18 However, it is an important factor to syn-
thesize an MAI containing one or more azo groups
in the main chain for the molecular structure of
block copolymers. Depending on the type of MAI
and termination reaction, diblock (AB), triblock
(ABA), or multiblock [(AB)n] copolymers can be
obtained. Many studies have focused on the prepa-
ration of different block copolymers with different
types of MAIs by heating in the presence of a vinyl
monomer.19,20 The incorporation of silicone segments
into common vinyl polymers would lead to an

interesting group of thermoplastic elastomers with
low glass-transition temperatures, high lubricity,
high gas permeability, and so on. In recent years,
many studies have been reported with MAIs con-
taining silicone segments for the synthesis of sili-
cone–vinyl block copolymers.21–29 The MAI prepared
by the condensation of 4,4-azobis(4-cyanopentanoyl
chloride) (ACPC) and a,x-bis(3-aminopropyldi-
methyl) polysiloxanes in equimolar amounts was
found to be a useful candidate for the radical poly-
merization of vinyl monomers with a typical prod-
uct of poly(dimethylsiloxane-b-methyl methacrylate)
(PDMS-b-PMMA).21 Inoue et al.21 showed that the
incorporation of the polydimethylsiloxane (PDMS)
segment in the block copolymers improved the ther-
mal stability of polystyrene (PSt). Hamurcu et al.23

reported the production of block and graft copoly-
mers such as poly(dimethylsiloxane-b-styrene)
(PDMS-b-PSt) and poly(dimethylsiloxane-g-butadi-
ene) with NH2-terminated PDMS-based MAIs
obtained by the reaction of ACPC with an a,x-amine
terminated PDMS prepolymer. It was also reported
that crosslinked block copolymers of styrene contain-
ing PDMS units could be prepared with a macroi-
nimer with PDMS units, and the thermal properties
of crosslinked PDMS-b-PSt copolymers were com-
pared with the copolymers of styrene prepared by
PDMS MAIs.24 Chang et al.25 studied the synthesis
and thermodecomposition kinetics of hydroxybutyl-
terminated MAIs (PDMS-ACP) with various
molecular weights and prepared PDMS-b-PMMA
copolymers with PDMS-ACP MAIs. The activation
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energy, activation enthalpy, and activation entropy
of the thermodecomposition of PDMS-ACP in tolu-
ene increased with increasing PDMS chain length
(SCL) in the PDMS moieties, whereas the activation
free energy was independent of the SCL. In another
study, Chang et al.26 prepared PDMS-b-PSt copoly-
mers with PDMS-ACP MAIs, investigated the ther-
mal and thermooxidative degradation of these
copolymers, and found that the incorporation of
PDMS segments in the block copolymers improved
the thermooxidative stability of PSt. The aim of this
study was the synthesis of crosslinked poly(methyl
methacrylate) (PMMA) based on bis(p-aminophe-
noxy) diphenylsilane (BADPS) with different concen-
trations of an MAI containing silane units (Si–MAI)
with an ethyl methyl ketone (EMK)/dichlorome-
thane (DCM) solvent mixture (3 : 1 molar ratio) as
the reaction medium. The indicated EMK/DCM
solvent mixture was used to dissolve Si–MAI
completely so that a homogeneous reaction medium
was obtained. First, the synthesis of Si–MAI based
on ACPC and BADPS was performed in one stage.
Then various initial amounts of Si–MAI were used
to initiate the radical polymerizations of methyl
methacrylate (MMA) and ethylene glycol dimetha-
crylate (EGDM) in solution. The main contribution
of this study was the use of Si–MAI for the synthesis
of silicone-containing PMMA gels and the resulting
copolymer networks with better properties by the
determination of the optimum polymerization
conditions and the evaluation of the physical proper-
ties of the gels.

EXPERIMENTAL

Materials and equipment

4,4-Azobis(4-cyanopentanoic acid) (ACPA) was used
as received from Fluka AG. ACPA was converted to
an acid chloride derivative ACPC with a melting
point of 97�C. p-Aminophenol (PAP) and dichlorodi-
phenyl silane (DCDPS) were purchased from Merck
Chemical Co. (Darmstadt, Germany) and were used
without further purification. MMA and EGDM were
purchased from Acros (Janssen Pharmaceutical,
Geel, Belgium). The monomers were freed of inhibi-
tor by washing in a 5% aqueous NaOH solution and
distilled water and drying over anhydrous Na2SO4.
The initiator, 2,2-azobis(2-methyl propionitrile)
(AIBN; Merck), was recrystallized three times from
absolute methanol, followed by drying in a vacuum
oven at room temperature. Methanol, toluene, ben-
zene, petroleum ether, chloroform, hexane, EMK
(LabScan, Dublin, Ireland), triethylamine (TEA; J. T.
Baker, Phillipsburg, NJ), and DCM (LabScan) were
used as dried and purified in the conventional man-
ner. Fourier transform infrared (FTIR) spectroscopy
analysis was performed with a Nicolet Impact 400 D

model spectrophotometer (Nicolet Impact, Madison,
WI) with KBr pellets. The spectra were obtained
over the wave-number range 4000–500 cm�1 at a re-
solution of 2 cm�1 with a mercury cadmium tellu-
ride detector with the coaddition of 64 scans. Scan-
ning electron microscopy (SEM) micrographs were
taken on a JEOL-JXA 840 A scanning electron micro-
scope (JEOL, Boston, MA). The specimens were pre-
pared for SEM by freeze-fracturing in liquid nitro-
gen, and the application of a gold coating of
approximately 300 Å with an Edwards S 150 B sput-
ter coater.

Monomer synthesis

Preparation of BADPS (Scheme 1)

DCDPS (6.45 mL, 50 mmol) was added dropwise to
a well-stirred slurry mixture of PAP (10.92 g,
100 mmol), anhydrous TEA (15.26 g, excess 10%),
and 200 mL of fresh distilled toluene at �5�C in a
500-mL, three-necked flask that was dried, purged
with nitrogen, and fitted with a mechanical stirrer
and a condenser. After the addition, the mixture
was then heated to a gentle reflux and was continu-
ously stirred for 24 h. The color of the slushy
mixture was slightly yellow at first, and then, it
gradually turned brown. When its color turned deep
brown, the mixture was cooled to room temperature.
The white byproduct triethylhydroammonium
chloride salt was filtered off quickly to minimize
contamination of the product by hydrolysis when
the salt was exposed to moisture. The viscous crude
product (10.42 g) was recovered after removal of the
solvent with an evaporator. The crude product was
then dissolved in chloroform and filtered. The
solvent of the filtrate was removed, and the residue
was finally dried in a vacuum at 50�C. The
final product was a viscous brown oil (yield ¼
6.32 g, 60%).

Synthesis of ACPC (Scheme 2)

PCl5 (4.2 g, 20 mmol) was added to 60 mL of dry
benzene, which included 20 mmol of ACPA, and the
resulting solution was stirred for 3 h at room tem-
perature. The solvent was extracted in vacuo, and the
product was dissolved in dry chloroform. This
solution was precipitated in petroleum ether; the
product was washed with a mixture of n-hexane/

Scheme 1 Preparation of BADPS.
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petroleum ether (1 : 3 molar ratio) for further
purification. The yield of reaction was 75 %.

Preparation of Si–MAIs

The low-temperature solution polycondensation
method was applied for the synthesis of silane-based
MAIs with a scissile azo group in the main chain.
The reaction for the synthesis of Si–MAI is shown in
Scheme 3.

Si–MAI was prepared as follows. A solution of 20
mmol ACPC in 50 mL of chloroform was added to a
mixture of 40 mmol of BADPS prepolymer and 30
mL of aqueous NaOH (10% w/w), and the solution
was stirred for 24 h at room temperature. The molar
ratio of ACPC to BADPS was 1 : 2. Then, the solu-
tion was washed with water three times to secure
the removal of the salts and ACPA from the prod-
uct. The organic phase was dried with sodium sul-
fate overnight at 0�C, and the solvent was evapo-
rated. The viscous liquid was dried in vacuo and
stored at 0�C until use.

Polymerization procedure

We prepared monomer solutions shortly before use
by weighing the required amounts of MMA, EGDM,
EMK/DCM, and Si–MAI. Pyrex ampules with a
10 mm internal diameter and a length of about
70 mm were each filled with 2 g of monomer solu-
tion. After they were degassed with four successive

freeze–thaw cycles with liquid nitrogen and a
reduced pressure of 1.3 KPa, the ampules were torch
sealed. The polymerization was initiated by immer-
sion of the ampules in an oil bath maintained at a
constant temperature of 80 � 0.1�C, and we
quenched the reaction by thrusting the ampules into
liquid nitrogen. We assumed that the surface-to-vol-
ume ratio of the ampules was high enough to assure
isothermal conditions. A typical recipe for the prepa-
ration of silicone-containing PMMA gels and the
process are given in Table I and Scheme 1, respec-
tively. The homologous series of polymer gels pre-
pared in this way allowed systematic variation of
the EMK/DCM, MMA, EGDM, and Si–MAI concen-
trations. The copolymer samples for conversion
measurements were obtained by a gravimetric tech-
nique. For this purpose, the monomers and solvent
mixture were pippetted into a 100-mL, three-necked,
round-bottom flask containing a Teflon-coated mag-
netic stirring bar, and the appropriate amount of Si–
MAI was then added. To eliminate oxygen from the
system, nitrogen was bubbled through the reaction
mixture at room temperature for 30 min. Then, the re-
actor was placed in a thermostated bath at 80�C. To
detect the end of the induction period, usually a few
minutes, small samples were removed from the reac-
tor by means of a syringe and added to methanol.
The time of the first appearance of a stable white
color was recorded as t ¼ 0. Then, samples were
taken at various reaction times via syringes, and they
were precipitated dropwise into an agitated solution
of methanol. We determined the conversion of mono-
mer by drying and weighing the precipitated poly-
mer. The gel point was determined experimentally as
the midpoint between the last time at which a soluble
polymer was obtained and the point at which the
mixture was not soluble in EMK/DCM (Scheme 4).

Extraction of the sol fraction

EMK/DCM was chosen as the extraction solvent
mixture and was used at room temperature. The

Scheme 2 Preparation of ACPC.

Scheme 3 Preparation of Si–MAI.
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crude gels, 10 mm in diameter, were cut into sam-
ples 10–25 mm in length. Each sample was placed in
an excess of EMK/DCM containing a small amount

of 1,4-benzoquinone as an inhibitor, and the solvent
was replaced every other day over a period of 3
weeks until no further extractable polymer could be
detected. The networks after extraction were carefully
deswollen in a series of (EMK/DCM)/methanol mix-
tures with increasing methanol content. They were
then washed several times with methanol and dried
at room temperature in vacuo to a constant weight.
The amount of soluble polymer in the EMK/DCM
solution was determined gravimetrically after evapo-
ration and precipitation in methanol. The weight
fraction of the gel (Wg) was calculated as follows:

Wg ¼ g

gþ s
(1)

where g and s are the weights of the extracted
network and soluble polymer, respectively.

TABLE I
Polymerization Recipe

Run
Si–MAI
(mol/L)

MMA
(mol/L)

EGDM
(mol/L)

1 3.20 � 10�3 4.60 1.470
2 4.20 � 10�3 4.60 1.470
3 4.70 � 10�3 4.60 1.470
4 6.63 � 10�3 4.60 1.470
5 1.32 � 10�3 4.60 1.470
6 1.99 � 10�3 4.60 1.470
7 3.31 � 10�3 4.60 1.470
8 4.64 � 10�3 4.60 1.470

Initial monomer concentration ¼ 6 mol/L; temperature
¼ 80�C; solvent ¼ EMK/DCM.

Scheme 4
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Swelling measurements

The swelling measurements were carried out in
EMK/DCM at room temperature. To determine the
equilibrium degree of swelling, the networks were
immersed in EMK/DCM for at least 3 weeks, and
we tested the swelling equilibrium by weighing the
samples. To achieve higher precision, three measure-
ments were carried out on samples of different
weights taken from the same gel. The networks were
then weighed in the swollen state and dried, after a
solvent exchange with methanol as described
previously, in vacuo to a constant weight. The extent
of swelling was characterized by the equilibrium
volume swelling ratio in EMK/DCM (qv):

qv ¼ 1þ qw � 1ð Þqp
qs

(2)

where qw is the ratio of the weights of the gel in the
swollen state and the dry state and qp and qs are the
densities of the polymer and solvent, respectively.

RESULTS AND DISCUSSION

The structures of the BADPS, Si–MAI, and PMMA
copolymers before the gel point were confirmed
through FTIR, 1H-NMR, and 13C-NMR spectroscopy
and are shown in Figures 1–7, respectively. Figure
1(A–C) shows the FTIR spectra of DCDPS, PAP, and
BADPS. The bands due to NHA bending for pri-
mary amines at 3340 and 3277 cm�1 and AC¼¼O

stretching for amides at 1616 cm�1, respectively, are
characteristic absorptions of BADPS [Fig. 1(C)]. The
characteristic bands due to SiACH3 at 840 and 1023
cm�1 and SiAOAPh at 966 cm�1 of silicone units
were assigned to BADPS. Figure 2 represents the
1H-NMR spectra of BADPS, where the signals of the
ACH2 resonance (2.32–2.71 ppm) and the MAI pro-
tons (0.084 ppm) in siloxane segments were
observed. Figure 3 indicates the 13C-NMR spectrum
of BADPS. The number of carbons in the BADPS
was compatible with the number of spectra. Figure
4(A–D) illustrates the FTIR spectrum of ACPA,
ACPC, BADPS, and Si–MAI, respectively. Compari-
son of the spectrum of ACPA with that of ACPC
showed that the strength and wide peak of carbox-
ylic acid was omitted at 2500–3500 cm�1, which was
related to conversion of ACPA to ACPC. Also, a
comparison between the spectra of BADPS and Si–
MAI showed a peak at 1661 cm�1, which corre-
sponded to AC¼¼O stretching for amides. The char-
acteristic peaks of Si–MAIs were observed at 3400
cm�1 for the ANH stretching vibration band, 1660
and 1522 cm�1 for carbonyl absorption, 1244 and 840
cm�1 for SiACH3 deformation, and 1093 cm�1 for
SiAOASi asymmetric stretching vibration. The 1H-
NMR and 13C-NMR spectra of Si–MAI are shown in
Figures 5 and 6. The expected structures of the Si–
MAIs were confirmed by these figures and agreed
well with the literature structures of similar com-
pounds.21,23–25 The FTIR spectra of the PMMA
copolymers before the gel point are shown in Figure
7(A,B) with AIBN and (Si–MAI), respectively. A

Figure 1 FTIR spectra of (A) DCDPS, (B) PAP, and (C) BADPS.
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comparison of the two spectra showed that the pres-

ence of peaks at 834 and 1255 cm�1 were related to

the SiACH3 moiety, and the peaks at 3256 and 3389

cm�1 were related to the NH2, and a peak at

1662 cm�1 was related to the AC¼¼O stretching for

amides. All of the spectra in these figures exhibited

clear and sharp peaks in the region of 3500–500 cm�1.

Effects of the Si–MAI concentration on the
MMA/EGDM gel properties

Increasing the Si–MAI concentration resulted in a
decrease in the both Wg and qv (Fig. 8). Also, the
conversion percentage showed a drastic increase,
whereas the gel point showed a decrease (Fig. 9). It
is well known that four types of reactions are

Figure 3 13C-NMR spectrum of BADPS.

Figure 2 1H-NMR spectrum of BADPS.
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involved in free-radical polymerization, namely,
initiation, propagation, termination, and chain trans-
fer.30 Also, the free-radical crosslinking copolymer-
ization system involves three types of vinyl groups:
those on vinyl and divinyl monomers and those on

polymer chains, that is, pendant vinyls.31 Accord-
ingly, the polymerization system can be considered
a special case of terpolymerization, in which one of
the vinyl groups (pendant vinyls) is created during
the course of the reaction when the vinyl on the

Figure 5 1H-NMR spectrum of Si–MAI.

Figure 4 FTIR spectra of (A) ACPA, (B) ACPC, (C) BADPS, and (D) Si–MAI.
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divinyl monomer reacts. The formed pendant vinyl
groups can then react by cyclization, crosslinking, or
multiple crosslinking reactions or remain pendant.

With cyclization, a cycle is formed when the macro-
radical attacks the pendant vinyl group in the same
kinetic chain, whereas with multiple crosslinking, it

Figure 7 FTIR spectra of PMMA gels by (A) AIBN and (B) Si–MAI.

Figure 6 13C-NMR spectrum of Si–MAI.
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is formed if the radical attacks the pendant double
bonds on other chains already chemically connected
to the growing radical.32,33 Cyclization and multiple
crosslinking have been redefined as primary and
secondary cyclization, respectively.34 On the other
hand, when a three-dimensional network is formed,
the reactive species chemically bound to the net-
work, such as the pendant double bonds and free-
radical centers, have extremely small diffusion coef-
ficients, which can significantly suppress their reac-
tivity; this is based on swelling measurement and

theoretical discussions, even to the extent that they
may be considered to be trapped and unavailable
for reactions. In this system, the EGDM crosslinker
contained two double bonds, and according to the
results in Figures 8 and 9, it was possible to estimate
that the double bonds were separated by the silox-
ane chain so that the effectiveness of the crosslinks
formed in restricting the reactivity was less than that
for the EGDM units, and this is a logical reason for
the variations shown in Figure 8 and 9. Hill and
coworkers30,35 also observed the same phenomenon

Figure 9 (*) Monomer conversion percentage and (l) gel point as functions of the Si–MAI concentration for MMA and
EGDM copolymerization in EMK/DCM at 80�C (initial monomer concentration ¼ 6 mol/L).

Figure 8 (*) Wg and (~) qv as functions of the Si–MAI concentration for MMA and EGDM copolymerization in EMK/
DCM at 80�C (initial monomer concentration ¼ 6 mol/L).
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in the polymerization of siloxane-modified divinyl
benzene prepolymers.

Effect of the Si–MAI concentration on the
reaction rate

Although the copolymerization of MMA and EGDM
has been well established,36–39 their copolymeriza-
tion in the presence of Si–MAI has not been
reported. It is possible that during the crosslinking
copolymerization process this MAI will take part in

the polymer network. Figure 10 shows the effect of
the Si–MAI concentration on the monomer conver-
sion versus time where the initial monomer concen-
tration was 6 mol/L. The rate of reaction increased
with increasing Si–MAI concentration. According to
the primary and secondary cyclization described in
the previous section, the first macroradicals that
formed were highly intramolecularly crosslinked
and should have thus exhibited compact structures.
The increase in silicone content increased the com-
pactness of the structures formed, and this resulted

Figure 10 Effect of the initial Si–MAI concentration on the monomer conversion versus time at 80�C (initial monomer
concentration ¼ 6 mol/L): (^) 0.0032, (l) 0.0042, and (~) 0.0047 mol/L.

Figure 11 (D) Wg and (~) qv as functions of temperature for MMA and EGDM copolymerization in EMK/DCM (initial
monomer concentration ¼ 6 mol/L).
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in a decrease in the mobility of chain segments and,
therefore, decreased the diffusion-controlled termina-
tion of radicals because of steric reasons. Furthermore,
the rates of propagation and, consequently, copoly-
merization in a radical copolymerization reaction
were related to the termination rate constant. As the
amount of Si–MAI increased, it acted as a chain-trans-
fer agent, and the rate of polymerization increased.

Effect of the temperature

Wg and qv are shown in Figure 11 as a function of the
reaction temperature for MMA and EGDM copoly-
merization. The temperature range studied at fixed
concentrations of monomers and initiator was
between 65 and 85�C with 6.63 � 10�3 mol/L Si–MAI.

According to Figure 11, Wg increased and qv
decreased with reaction temperature. This behavior
was similar to that with MMA/EGDM, a crosslink-
ing copolymerization system without silicone. Figure
11 also shows that there was very little swelling at
85�C and Wg was at its maximum value. Clearly, the
reaction temperature was an important factor in
these polymer systems.

Effect of the EGDM concentration

Wg and qv are shown in Figure 12 as a function of
the EGDM concentration for MMA and EGDM
copolymerization. According to this figure, Wg

increased and qv decreased with EGDM concentra-
tion. Increasing the crosslinker content increased the
compactness of the structures formed; this resulted
in a decrease in the absorbability of the gels. These

phenomena were reflected in the decrease of qv and
increase in Wg.

Morphology of the polymer gels

The particle morphologies of the MMA/EGDM
copolymers with and without Si–MAI were examined
by SEM. The SEM micrographs of the copolymer par-
ticles of samples containing no silicone and 6.63 �
10�3 mol/lt Si–MAI are shown in Figures 13 and 14,
respectively. The surface of the MMA/EGDM copoly-
mers without Si–MAI was considerably different
from that of the copolymers with Si–MAI. Figure 13
exhibits a dense microstructure with many loose tex-
ture morphology. Figure 14 shows a homogeneous

Figure 12 (*) Wg and (l) qv as functions of the EGDM concentration for MMA, EGDM, and Si–MAI copolymerization
in EMK/DCM at 80�C (initial monomer concentration ¼ 6 mol/L).

Figure 13 SEM picture of MMA/EGDM copolymers at
80�C (initial monomer concentration ¼ 6 mol/L).
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morphology with the presence of a lot of cracks,
probably due to solvent evaporation.

CONCLUSIONS

A silane-containing diamine, BADPS, was prepared by
the condensation of PAP with DCDPS in the presence
of TEA. Then, BADPS was condensed with ACPC to
prepare MAIs containing silane units (Si–MAI). Also, a
series of PMMA gels containing silane were derived
by the solution free-radical crosslinking copolymeriza-
tion of MMA and EGDM monomers initiated by these
MAIs. They were then studied in a EMK/DCM solvent
mixture (3 : 1 molar ratio) as the reaction medium at a
total monomer concentration of 6 mol/L and 80�C.
The following results were obtained:

1. Increasing the Si–MAI concentration resulted in
a decrease in the gel point, Wg, and qv and an
increase in the conversion percentage.

2. Increasing the EGDM concentration resulted in
a decrease in qv and an increase in Wg.

3. Increasing the reaction temperature resulted in
a decrease in the swelling degree and an
increase in Wg.

4. The presence of Si–MAI moieties in the MMA/
EGDM copolymers caused a homogeneous
morphology with the existence of a lot of
cracks, probably due to solvent evaporation.

5. FTIR analysis showed that silicone segments
were present in the copolymer structures.
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Figure 14 SEM picture of MMA/EGDM and Si–MAI
copolymers at 80�C (initial monomer concentration ¼ 6
mol/L).
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