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ABSTRACT: UV-curable nanocomposites were prepared
by the blending method or the in situ method with nano-
silica obtained from a sol-gel process. The microstructure
and properties of the nanocomposite coatings were investi-
gated using *°Si-NMR cross-polarization/magic-angle
spinning, transmission electron microscopy (TEM), Fourier
transform IR (FTIR), differential scanning calorimetry
(DSC), and UV-visible (UV—vis) spectra, respectively. The
NMR and TEM showed that during the blending method,
tetraethyl orthosilicate (TEOS) completely hydrolyzed to
form nanosilica particles, which were evenly dispersed in
the polymer matrix. However, for the in situ method, TEOS

partially hydrolyzed to form some kind of microstructure
and morphology of inorganic phases intertwisted with or-
ganic molecules. FTIR analysis indicated that the nanocom-
posites prepared from the in situ method had much higher
curing rates than those from the blending method. DSC and
UV-vis measurements showed that the blending method
caused higher glass-transition temperatures and UV absor-
bance than the in situ method. © 2005 Wiley Periodicals, Inc.
] Appl Polym Sci 98: 1119-1124, 2005
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INTRODUCTION

Nanocomposites are a new kind of composite materi-
als with an ultrafine phase dispersed in 1-100 nm
size,' and they show considerable improvement or
novel performance compared with traditional com-
posites. As a subdivision of nanocomposites, UV-cur-
able nanocomposites combine the advantages of the
UV-curing process and nanotechnology and therefore
impart some unique properties to the materials,®” fi-
nally finding potential uses in fields such as coatings,
printing, inks, and adhesives.®'°

There are many reports on UV-curable nanocom-
posites,ll*18 but most of them are focused on the syn-
thesis and characterization of nanocomposites that
contain clay.""™'* As for the UV-curable nanocompos-
ites with nanosilica, Bauer et al.>'®'” successfully pre-
pared UV-curable nanocomposites coatings with high
scratch and abrasion resistance using trimethoxysilyl-
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terminated propyl methacrylate modified nanosilicas
as the fillers. Muh et al.” synthesized a UV-curable
hybrid nanocomposite through a sol-gel process of
alkoxysilane-containing bismethacrylate-based mono-
mers. Similarly, Soppera and Croutxe-Barghorn® used
methacryloxypropyltrimethoxysilane as the precursor
to prepare nanocomposites and studied the photopo-
lymerization kinetics by real-time Fourier transform
IR spectroscopy (FTIR).

However, up to now, the research was mainly fo-
cused on how to prepare UV-curable nanocomposites
via the sol-gel process of alkoxysilane-containing
monomers or the effect of nanosilica on the properties
of nanocomposites. Almost no reports involved the
influence of the preparation method on the micro-
structure and properties of UV-curable nanocompos-
ites with nanosilica. In this study, UV-curable nano-
composites with nanosilica were prepared via the
blending method or the in situ method. The structure
of the silica phase and the photopolymeriztion kinetics
of the nancomposites were investigated using *’Si-
NMR cross-polarization/magic-angle spinning spec-
troscopy (**Si-NMR CP/MAS) and FTIR, respectively.
The morphology and glass-transition temperature (T,)
were determined by transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC),
respectively. The UV-visible (UV-vis) properties of
the nanocomposites were measured with a UV-vis
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TABLE I
Recipes for Preparation of Nanocomposite Coatings
Recipe (g)
Sample code TEOS NH; - H,O* H,O EtOH EA MPS TMPTA Irgacure 651
BU 17.3 1.13 2.9 34.5 45 0 50 3
BM 17.3 113 2.9 34.5 45 5 45 3
U 17.3 1.13 29 34.5 45 0 50 3
™M 17.3 1.13 29 34.5 45 5 45 3
Pure polymer 0 0 0 0 45 0 55 3

@ Ammonia solution with 25-28% ammonia content.

spectrophotometer. The objective of this study was to
explore the possible influence of preparation methods
on the microstructure and properties of nanocompos-
ites.

EXPERIMENTAL
Materials

Tetraethyl orthosilicate (TEOS) and 3-(trimethoxysi-
lyl) propyl methacrylate (MPS) were purchased from
Shanghai Huarun Chemical Company of China and
Degussa, respectively. N-Butyl acetate (=99.0%), ab-
solute ethanol (EtOH), and ammonia solution (25-28%
ammonia content) were purchased from Shanghai
Chemical Reagent Corporation. 2,2-Dimethoxy-1,2-di-
phenylethan-1-one (Irgacure 651) was a gift of Ciba
Specialty Chemicals. Trimethylolpropane triacrylate
(TMPTA) and epoxy acrylate (EA, weight-average
molecular weight = 1000, viscosity = 30,000 mPa s at
60°C) were the products of Changxing Corporation
(Kunshan, China) and Sanmu Corporation (Yixing,
China), respectively. All materials were used as re-
ceived without further purification.

Preparation of EA/SiO, nanocomposite coatings

The UV-curable nanocomposite coatings were pre-
pared by two methods: the blending method and the
in situ method.

Blending method

Colloidal silica particles with an average size of 40 nm
were prepared by the sol-gel method according to
Suratwala et al.,'® using a molar ratio of 9:0.2:2.5: 1
for EtOH/NH,;/H,O/TEOS. TEOS and fractional ab-
solute alcohol were charged into a three-necked
round-bottomed flask and then dropped into a mix-
ture of residual absolute alcohol, deionized water, and
ammonia within 0.5 h and stirred at 50°C for 8 h. The
prepared colloidal silica was modified with MPS
based on a 3 : 14 weight ratio of MPS/TEOS at 50°C
for 6 h. The modified or unmodified silica was then
mixed with EA and TMPTA by vigorous stirring for

0.5 h, followed by heating to 80°C to evaporate water
and ethanol within 80 min.

In situ method

A mixture of EA, TEOS, and fractional absolute alco-
hol were charged into a three-necked round-bottomed
flask and dropped into a mixture of residual absolute
alcohol, deionized water, and ammonia at 50°C over
0.5 h and continuously stirred for 8 h. Then, MPS was
added based on a 3:14 weight ratio of MPS/TEOS and
stirred for another 6 h. The molar ratio of EtOH/NH,/
H,O/TEOS was the same as that used in the blending
method. The modified or unmodified silica was di-
rectly mixed with TMPTA by vigorous stirring for
0.5 h and then heated to 80°C to evaporate water and
ethanol within 80 min. Table I summarizes the recipes
for the preparation of nanocomposite coatings and the
sample codes. The symbols B and I represent the
blending and in situ methods, respectively, and U and
M indicate unmodified silica and modified silica with
MPS, respectively.

After adding Irgacure 651, the obtained UV-curable
nanocomposite coatings were cast on glass or quartz
substrates with a drawdown rod. Then, they were
irradiated with a UV-curing apparatus (UV
Crosslinker, Spectroline Company) with a wavelength
of 365 nm and an intensity of 2.8 mW/ cm?. The thick-
ness of obtained nanocomposite coating was approx-
imately 20 pum.

Characterization
#Si-NMR CP/MAS spectra

The *’Si-NMR CP/MAS spectra were recorded on a
Bruker MSL300 at a pulse duration of 4.5 s, a contact
time of 1.5 ms, and a pulse spacing of 6 s. The sample
was placed in a rotator made of ZrO,. Centrifugation
at a magic angle was performed at a spinning fre-
quency of 8.4 kHz.

TEM observation

TEM micrographs were taken with a Hitachi H-600
apparatus (Hitachi Corp., Tokyo). Samples were pre-
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Figure 1 *°Si-NMR CP/MAS spectra of U, IM, BU, and
BM samples, where B and I represent the blending and in
situ methods, respectively, and U and M indicate unmodi-
fied silica and modified silica with MPS, respectively.

pared by ultramicrotome at room temperature, giving
nearly 100-nm thick sections. No further staining was
used to improve the contrast. The image analyses
were performed with Photoshop 7.0 software.

FTIR spectra

The FTIR spectra of samples before curing and after
different UV-curing times were scanned by a Magna-
IR 550 spectrometer (Nicolet Instruments, Madison,
WI). In this study, sandwichlike NaCl plates were
used for the FTIR scanning to minimize the influence
of oxygen in the atmosphere.

DSC analysis

DSC thermograms were recorded using a modulated
DSC 2910 (TA Instruments, New Castle, DE) under a
nitrogen atmosphere in a temperature range of 25—
150°C at a heating rate of 10°C/min.

UV-vis spectra

The absorbance and transmittance spectra of the nano-
composite coatings with 200-700 nm wavelengths
were recorded by a UV-vis spectrophotometer (Hita-
chi UV-3000).

RESULTS AND DISCUSSION
Structure of silica phase in nanocomposites

Figure 1 shows the *°Si-NMR spectra of UV-cured
nanocomposite coatings. Samples BM and BU have
obvious Q® and Q* structures but no Q° structure,

indicating a high hydrolysis of TEOS during the
blending method. In addition, the BM sample shows a
T° structure, indicating that MPS has been successfully
grafted to the surface of nanosilica particles. However,
for the IU and IM samples, the Q® and Q* structures
are not seen whereas the Q" structure can be clearly
observed, suggesting that TEOS only partially hydro-
lyzes during the in situ method. This is possibly at-
tributable to the relatively slow hydrolyzing rate,
which results from the high viscosity of the reaction
system in the presence of oligomer EA and/or the
poor compatibility between the oligomer and TEOS.
In addition, for the IM sample, besides T2 and T°
structures, a T° structure can be clearly noted, indicat-
ing only part of the MPS hydrolyzed and condensed
with the silica phase in the in situ method.

Morphology of nanocomposites

Figure 2 demonstrates the morphology of the nano-
composite coatings prepared by the blending method
and the in situ method. The nanosilica particles can be
clearly seen for the blending method [Fig. 2(a,b)].
However, for the in situ method, there are no distinct
nanosilica particles observed and the phases observed
by TEM seem to be some loose inorganic structures or
a partial inorganic phase intertwisted with some or-
ganic segments [Fig. 2(c,d)]. This is probably because
the nanosilica particles have already been formed for
the blending method; but for the in situ method the
existence of oligomers (EA) remarkably impairs the
hydrolysis of TEOS, resulting in no individual silica
particles. Note also from Figure 2 that the BM [Fig.
2(b)] and IM [Fig. 2(d)] samples have better silica
phase dispersion than the BU [Fig. 2(a)] and IU [Fig.
2(c)] samples, showing that the introduction of MPS
can greatly improve the dispersion of the silica phase
in the UV-curable EA coatings for both the blending
and in situ methods.

Photopolymerization kinetics of nanocomposites

The typical FTIR spectra of UV-curable nanocompos-
ite coatings with different irradiation times are illus-
trated in Figure 3. The intensity of the peak at 1635
cm™ ! for the C=C stretching vibration decreases with
increasing exposure time under UV irradiation. Be-
cause the peak at 1635 cm ™' is well separated from the
other peaks, it is usually used to quantify the conver-
sion of C=C bonds in UV-curable coatings, with the
peak at 1725 cm ™! being due to C=O stretching ab-
sorbance as the reference for its invariability during
UV curing.” Thus, the conversion of C—=C bonds can
be calculated according to the following equation:

C (%) =100 X (1 — A,S,/AcS,) (1)



1122

LI, ZHOU, AND WU

(©)

(b)

QJ' *Sﬂﬂ:'lm

?lﬂhﬂ”rr

(d)

Figure 2 TEM pictures of the (a) BU, (b) BM, (c) IU, and (d) IM samples, where B and I represent the blending and in situ
methods, respectively, and U and M indicate unmodified silica and modified silica with MPS, respectively.

where A, and A, are the areas of the peak at 1635 cm ™"

and S, and S, are the areas of the peak at 1725 cm ™"
irradiation time f (¢t = 0).

Based on the data calculated by eq. (1), Figure 4
plots the conversion curves for the UV-curable nano-
composite coatings containing nanosilica and pre-
pared by different methods. After a negligible induc-
tion time at the beginning of the photopolymerization,
an accelerated polymerization is observed because of
the gel effect; then, the polymerization slows down
because of the vitrification of the resin. This is the
typical kinetic curve of UV-curable polymers with

at

three functionality reactive dilutes,® suggesting that
the introduction of nanosilica obviously does not
change the photopolymerization kinetics of pristine
EA.

Figure 4 also indicates that the IU and IM samples
have faster curing rates than the BU and BM samples.
This is probably attributable to the following two fac-
tors: there is more water to be adsorbed and trapped
in the silica phase because of the strong affinity of
inorganic SiO, to water during the blending method
due to more hydrolysis of TEOS than during the in situ
method, so the water remaining in the UV-curable
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Figure 3 The FTIR spectra for the BM sample cured with
different irradiation times, where B represents the blending
method and M indicates modified silica with MPS.

nanocomposite coatings inhibits photopolymeriza-
tion®; and the microstructure and morphology of
some inorganic phases intertwisted with organic mol-
ecules during the in situ method, as shown in Figure
2(c,d), which decreases the probability of bimolecular
termination of polymer radicals, resulting in an in-
creasing photopolymerization rate.” Samples BM and
IM have faster curing rates than corresponding sam-
ples BU and IU, respectively, probably because the
C=C bond of MPS is more reactive than that from
TMPTA because MPS is easier to move than TMPTA.

Glass-transition temperature of nanocomposites

Figure 5 demonstrates the DSC curves of the nano-
composites. All nanocomposites have higher T, values
than pristine EA because incorporating nanosilica par-
ticles can decrease the mobility of polymer chains.
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Figure 4 The photopolymerization kinetic curves of tnano-
composite coatings.
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Figure 5 The DSC curves for pristine EA and the nanocom-
posites.

Samples BU and BM have much higher T, values than
the corresponding IU and IM, suggesting that the
blending method is favorable for increasing the inter-
action between the inorganic and organic phases of
the UV-curable nanocomposites because of the higher
surface area of nanosilica particles that are formed.
MPS modification seems to have no obvious impact on
the T, values of the nanocomposites.

Optical properties of nanocomposites

The optical properties of nanocomposites are critical
to their application in some fields such as optical fiber
coatings, lens coatings, and so forth.” The weather
resistance of nanocomposite coatings also depends on
their optical properties,” especially their absorbance
in the UV range. Figure 6 illustrates the UV—vis spec-
tra of the nanocomposite coatings.

In the range of 400-700 nm wavelengths (visible
light), more than 90% transmittance for pristine EA
and all nanocomposite coatings is observed, indicating
that introduction of nanosilica does not reduce the
transmittance of UV-cured coatings. However, in the
range of 290-400 nm (UV rays), the transmittance of
the nanocomposites decreases dramatically. The UV
absorbance decreases in the order of BM > BU > IM
> IU > pure polymer, suggesting nanosilica can
shield UV rays, and evenly dispersed nanosilica par-
ticles from the blending method seem to enhance the
UV shielding property more efficiently than the loose
silica structure from the in situ method.

CONCLUSIONS

UV-curable nanocomposites were prepared using the
blending method and the in situ method. During the
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blending method, but the latter had greater glass-
transition temperatures and UV shielding property
than the former because the blending method caused
uniformly dispersed nanosilica particles whereas the
in situ method did not.
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blending method, TEOS completely hydrolyzed to
form nanosilica particles, which were evenly dis-
persed in the polymer matrix. However, for the in situ
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The nanocomposites prepared by the in situ method
had much higher curing rates than those from the
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