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ABSTRACT: UV-curable nanocomposites were prepared
by the in situ photopolymerizaton with nanosilica obtained
from sol–gel process. The photoinitiator 2-hydroxy-2-methyl-
1-phenylpropane-1-one (1173) was anchored onto the surface
of the nanosilica with or without methacryloxypropyltrime-
thoxysilane (MAPS) modification. The photopolymerization
kinetics was studied by real-time Fourier transform IR
(RTIR), and the microstructure and properties of the nano-
composite were investigated using transmission electron

microscopy and UV–visible (UV–vis) transmistance spectra.
RTIR analysis indicated that the nanocomposites without
MAPS had higher curing rates and final conversion than
those with MAPS. The nanocomposites with an uniformal
dispersion of nanosilica had high UV–vis transmittance.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111: 1936–1941, 2009
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INTRODUCTION

In the past several decades, organic/inorganic nano-
composites received much attention because of the
enhanced various properties including viscoelastic
characteristics, fire resistance and barrier proper-
ties,1–3 resistance to scratching, abrasion, as well as
other mechanical properties. The inorganic compo-
nent usually consists of nanosize mineral particles
(SiO2,4 TiO2, ZnO and CeO2,5 clay platelets6,7) which
are randomly dispersed in a polymer matrix. Of all
the ways of preparing organic/inorganic nanocom-
posites, the sol–gel process provides a unique oppor-
tunity under mild processing conditions such as low
temperature and pressure.8–12 The most common
precursor of sol–gel reaction is the tetraethoxysilane
(TEOS). However, the silica network formed by
TEOS does not have a good compatibility with poly-
mers, leading to silica domains with large particles
and obvious phase separation. To prepare homoge-
neous hybrid materials, some coupling agents, such
as methacryloxypropyltrimethoxysilane (MAPS) was
chosen as one of precursors to build covalent bonds
between the two phases. For example, Mammeri13

and Hsiue14 prepared SiO2/polymethyl methacrylate
and SiO2/polystyrene hybrid materials, the results
of which indicated that the hybrid materials with

covalent chemical bonds between organic and inor-
ganic phase have better mechanical properties than
that without covalent chemical bonds.

Recently, because of eye-catching characteristic of
UV-curing technology, much research focused their
attention on the UV-curable nanocomposites, which
combined the advantages of the UV-curing process
and nanotechnology and therefore imparted some
unique properties to the materials,15,16 finally finding
potential uses in fields such as coatings, printing, inks,
and adhesives.17–19 There were many reports on UV-
curable nanocomposites containning clay20–24 and
nanosilica.18,25,26 Many reports focused on the
enhancement effect of the polymerizable surfactants
modified clay and MAPS-modified nanosilica. Because
of chemical bonds between organic and inorganic
phase, materials performed good mechanical and
physical properties.

The purpose of this study was monitoring the radi-
cal photopolymerization kinetics of an urethane acry-
late system induced from surfaces of the silica
nanoparticles obtained by in situ sol–gel method,
investigating the effect of steric hindrance of the
MAPS on photopolymerization kinetics, and the prop-
erties of the obtained photocured nanocomposites.

EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS) was purchased from
Beijing Chemical Company of China and 3-(triethy-
loxysilyl) propyl methacrylate (MAPS) was donated
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by Dalian Onichem Co. Ltd. CN 962 (urethane dia-
crylate oligomer) and trimethylolpropane triacrylate
(TMPTA) were donated by Sartomer Company.
1173IPS was synthesized by the reaction of (3-isocya-
natopropyl)triethyloxysilane (IPS) and 2-hydroxy-2-
methyl-1-phenylpropane-1-one (1173) in our labora-
tory. The structures of MAPS and 1173IPS were
shown in Figure 1. All materials were used as
received.

Preparation of PU/SiO2 nanocomposite

The sol–gel reaction procedures for different samples
were as following: CN 962 was diluted with equal
volume of acetone, and the calculated TEOS,
1173IPS, MAPS and additional HCl hydrous solution
were added (Si : H2O : HCl (molar ratio) ¼ 1 : 3 :
10�3) and stirred for 10 min. Then, the mixture was
aged for 24 h, after it was dried in vacuum. When
the acetone and the water were evaporated com-
pletely, diluent TMPTA was added and stirred for
30 min. The precursors (TEOS, 1173IPS, MAPS) and
the diluent were added based on weight ratio of
SiO2 : CN962 : TMPTA (mass ratio) ¼ 5 : 70 : 30.
The 1173IPS not only played the role as silica source,
but also as photoinitiator to initiate the polymeriza-
tion of organic phase, and the concentrations of
1173IPS were 0.5, 1.0, 2.0, and 4.0/100 (w/w),
respectively. Table I summarized the recipes for the
preparation of nanocomposites and the sample
codes. The symbols I and M represented the1173IPS
and MAPS, respectively, and 0 and 1 indicated
nanosilica without and with MAPS modification,
respectively.

Characterization

Series real-time Fourier transform IR (RTIR) were
recorded on a Nicolet 5700 instrument (Nicolet
Instrument, Thermo Company) to determine the
conversion of double bond. The mixture of compos-
ite was placed in a mold made from glass slides and
spacers with 15 � 1 mm in diameter and 1.2 � 0.1
mm in thickness. The light intensity on the surface
of samples was detected by UV Light Radiometer
(Beijing Normal University, China). The double-
bond conversion of the mixtures was monitored
using near IR spectroscopy with the resolution of
4 cm�1. The absorbance change of the ¼¼C��H peak
area from 6100.70 to 6222.50 cm�1 was correlated to
the extent of polymerization. The rate of polymeriza-
tion could be calculated by the time derivative of the
double-bond conversion. For each sample, the series
RTIR runs were repeated three times.

Transmission electron microscopy (TEM) micro-
graphs were taken with a Hitachi H-800 apparatus
(Hitachi Corp., Tokyo). Samples were prepared by
ultramicrotome at low temperature, giving nearly
100-nm thick sections.

UV–visible (UV–vis) transmittance spectra of the
nanocomposites with 300–900 nm wavelengths were
recorded by a UV–vis spectrophotometer (Hitachi
UV-3010). The slit was set at 0.5 nm and the scan
rate at 120 nm/min.

RESULTS AND DISCUSSION

Photopolymerization kinetics of nanocomposites

After sol–gel reaction procedures, the photoinitiator
1173IPS and MAPS were anchored onto the surface
of the nanosilica particles. On UV exposure, the
excited 1173IPS underwent homolytic cleavage
resulting in the formation of free radicals, as shown
schematically in Figure 2.

The free radical could initiate polymerization.
Some polymerization could propagate from the
nanosilica surface, and the MAPS could also

Figure 1 Structures of MAPS and 1173IPS.

TABLE I
Recipes for Preparation of Nanocomposite

Sample code

Recipe (g)

1173IPS MAPS TEOS

I05M0 0.05 0 1.708
I05M1 0.117 1.609
I1M0 0.1 0 1.683
I1M1 0.234 1.484
I2M0 0.2 0 1.633
I2M1 0.468 1.235
I4M0 0.4 0 1.533
I4M1 0.936 0.736

The molar ratio of MAPS : 1173IPS ¼ 4 : 1.
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copolymerize with the organic matrix, which lead to
the uniform dispersion of nanosilica in the polyur-
ethane. The photopolymerization kinetics of nano-
composites was presented in Figures 3 and 4

Figure 3 showed the double-bond conversion of
TEOS/1173IPS as precursor with different concentra-
tion of 1173IPS photoinitiator (0.5, 1, 2, 4/100) (w/
w) as a function of irradiation time. Pure 1173, even
with 0.2 wt %, had great reactivity toward the acry-
late double bond, and a high degree of conversion
(close to 100%) could be reached after 10 s on UV
exposure. However, when the photoinitiator 1173
was anchored onto the surface of the nanosilica par-
ticles, they showed different photopolymerization
kinetics. The higher the concentration of the photoi-
nitiator, the earlier the polymerization began and the
faster the rate of polymerization was, but the final
double-bond conversion was very close.

When both 1173IPS and MAPS were anchored to-
gether onto the nanosilica, the homolytic cleavage
radicals might initiate the polymerization of neigh-
boring MAPS, and the photopolymerization kinetics
was presented in Figure 4. With the increment of the
concentration of 1173IPS, the polymerization rate
increased, but the final conversion increased slightly.

To compare the photopolymerization kinetics of
unmodified and modified nanosilica with MAPS,
Figure 5 showed the photopolymerization kinetic
curves of the nanocomposites with 2/100(w/w) and
4/100 (w/w) 1173IPS, respectively. On 20 mW/cm2

UV exposure, the nanocomposites with and without
MAPS began to polymerize after 15 s of inhibition
period, and the fastest rate of polymerization was at
20 s, and after 60 s, the double-bond conversion
almost came to 80%. With the increment of radiation
time, the final double-bond conversion came to a

Figure 3 The double-bond conversion versus irradiation
time curves of the nanocomposites without MAPS modifi-
cation on 10 and 20 mW/cm2 UV exposure.

Figure 2 Schematic presentation of the homolytic cleavage of 1173IPS anchored onto the nanosilicas.
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plateau, and the nanocomposites without MAPS had
only a slightly higher final double-bond conversion
than that with MAPS. The nanosilica modified with
MAPS had more crosslinking sites, and during the
process of polymerization, the nanocomposites with
nanosilica modified by MAPS came to the gelation
point earlier, which limited the movement of radi-
cals, and leaded to the lower final double-bond
conversion.

Morphology of nanocomposites

To investigate the nanocomposite structure, TEM
was performed on the nanosilica/polyurethane
nanocomposites. Figure 6 demonstrated the mor-
phology of the nanocomposite prepared by the
in situ method. The unmodified nanosilica particles
could be clearly seen for TEM images. When only a
little 1173IPS (0.5/100) was anchored onto the
unmodified nanosilica particles, the nanosilica par-

ticles conglomerated together like cloud. With the
increment of 1173IPS photoinitiator, the conglomera-
tion was weakened and the uniformity was
improved, and no phase separation took place.
When the 1173IPS was 4/100 (w/w), no conglomera-
tion could be seen, and the nanosilica uniformally
dispersed in the organic matrix. When the nanosilica
was modified by MAPS, the unconglomeration and
uniformity were further improved. For the I4M1
samples, almost no nanosilica could be detected.

Optical properties of nanocomposites

Figure 7 showed the UV–vis transmittance spectra of
the nanocomposites. The optical properties of nano-
composites are also an important parameter for their
application in some fields such as optical fiber coat-
ings, lens coatings, and so forth. In the range of 300–
900 nm (visible light), about 90% transmittance for
pristine polymer was observed. However, in the
range of 300–400 nm (UV light), the transmittance of

Figure 4 The double-bond conversion versus irradiation
time curves of the nanocomposites with MAPS modifica-
tion on 10 and 20mW/cm2 UV exposure.

Figure 5 The double-bond conversion versus irradiation
time curves of the nanocomposite with and without MAPS
modification (20 mW/cm2).

SILICA/POLYURETHANE NANOCOMPOSITES 1939

Journal of Applied Polymer Science DOI 10.1002/app



the nanocomposites decreases dramatically. When
nanosilicas were introduced into the polymer, differ-
ent transmittance was observed. Combined with the
morphology of nanocomposites (Fig. 6), it could be
concluded that when the nanosilicas dispersed finely
and uniformly in organic matrix, it had good trans-

mittance. On the other hand, the modifier MAPS
could improve the transmittance.

UV-curable nanocomposites were prepared by the
in situ method. The silicate precursor of TEOS and
photoinitiator 1173IPS hydrolyzed to form nanosil-
ica particles, and the photoinitiator 1173 was anch-
ored on the nanosilica particles with and without
MAPS modification, which were evenly dispersed
in the polymer matrix. The nanocomposites con-
taining the nanosilica particles without MAPS mod-
ification had much higher curing rates than those
containing the nanosilica particles with MAPS mod-
ification. MAPS and 1173IPS played an important
role on the uniformal dispersion of the nanosilica in
the organic matrix. It could greatly improve the
UV–vis transmittance.
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