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ABSTRACT: A series of UV-curable nanocomposites were
prepared with 3-(trimethoxysilyl) propyl methacrylate
(MPS) modified nanosilica under the initiation of 2,2-dime-
thoxy-1,2-diphenylethan-1-one. It was found that MPS-mod-
ified nanosilica together with free MPS could form transpar-
ent nanocomposite coats. As the particle size of nanosilica
increased, the photopolymerization rate, final double bond

conversion, and tack-free time of nanocomposites increased
while the surface roughness, glass-transition temperature,
and UV absorbance of nanocomposites decreased. © 2005
Wiley Periodicals, Inc. ] Appl Polym Sci 98: 2274-2281, 2005
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INTRODUCTION

It is well known that nanocomposites can combine
advantages of organic polymers (flexibility, ductility,
dielectric strength, etc.) and the inorganic materials
(rigidity, high thermal stability, UV shielding prop-
erty, high refractive index, etc.). Moreover, they usu-
ally contain some special properties of nanoparticles,
and consequently, can be widely used in many fields,
such as plastics, rubbers, coatings, inks, etc.!™ UV-
curable process has some advantages (fast, environ-
ment friendly, energy saving, etc.), and can be used to
cure nanocomposites for coatings, printings, inks, ad-
hesives, and for other fields.®™*°

There were many reports on UV-curable nanocom-
posites,"' ' but most of them were focused on the
synthesis and characterization of nanocomposites con-
taining clay as nanofillers.""* Only very limited pa-
pers dealt with composites containing nanosilica par-
ticles. Among them, Bauer and coworkers®'®!” suc-
cessfully prepared UV-curable nanocomposite coats
with high scratch and abrasion resistance, using tri-
methoxysilyl-terminated propyl methacrylate-modi-
fied nanosilica as the fillers. Muh et al.” first synthe-
sized UV-curable hybrid nanocomposite through a
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sol-gel process of alkoxysilane-containing bismethac-
rylate-based monomers. Xu et al.'’ introduced nano-
silica fillers into biphenyl A epoxy acrylate directly
and successfully prepared corresponding nanocom-
posites with improved thermal stability and mechan-
ical properties. However, all these UV-curable nano-
composites contained reactive dilutes (e.g.,, TMPTA,
HDDA) or oligomers (e.g., epoxy acrylate, urethane
acrylate) or both of them in UV-curable formulation.
The nanocomposite films or coats could be formed via
the crosslinking reaction of oligomers and/or reactive
dilutes, and nanosilica particles only acted as fillers.

The aim of this study is to try to explore the possibility
of a novel UV-curable nanocomposite film, in which
nanosilica particles were firstly modified by 3-(trime-
thoxysilyl) propyl methacrylate (MPS) and then con-
densed. The MPS-modified nanosilica, functionalized as
the sole crosslinking agent, and residual free MPS were
then cured to form coats by UV ray under the photoini-
tiator; no other reactive dilutes or oligomers were used
in the whole process. The photopolymerization kinetics,
tack-free time, morphology, thermal stability, and opti-
cal property of the nanocomposites with various size
nanosilica were investigated by Fourier transform infra-
red spectrophotometer (FTIR), scanning electron micro-
scope (SEM), atomic force microscope (AFM), differen-
tial scanning calorimetry (DSC), and UV-vis spectropho-
tometer, respectively.

EXPERIMENTAL
Materials

Tetraethyl orthosilicate (TEOS) and MPS were pur-
chased from Shanghai Huarun Chemical Company of
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TABLE 1
Recipes for Preparation of Nanosilica with Different
Particle Size

Recipe (mol)

Nanosilica (nm) TEOS NH, H,O EtOH
30 1 0.15 2.5 9
40 1 0.20 2.5 9
50 1 0.25 2.5 9
75 1 0.30 2.5 9

China. Absolute ethanol (EtOH) and ammonia solu-
tion (25-28% ammonia content) were purchased from
Shanghai Chemical Reagent Corp. 2, 2-dimethoxy-1,2-
diphenylethan-1-one (Irgacure 651) is a gift of Ciba
Specialty Chemicals. All these materials were used
without further purification.

Preparation and modification of nanosilica

Colloidal silica microspheres with mean size from 30
to 75 nm were prepared according to the recipes, as
shown in Table I. In brief, TEOS and partial EtOH
were first charged into three-necked round bottom
flask, and then the residual EtOH, deionized water,
and ammonia were dropped within 0.5 h and contin-
ued to react at 50°C for 24 h under stirring. Then, MPS
was added based on the 1 : 5M ratio of MPS/TEQOS,
and the reaction was continued for another 6 h. The
resulted nanosilica sol was condensed under vacuum
at 50°C to remove almost all the water and ethanol.
Finally, a liquid mixture of MPS-modified nanosilica
particles and residual MPS was obtained for further
use.

Preparation of nanocomposite coats

The mixture of MPS-modified nanosilica particles and
residual free MPS was added by 2 wt % photoinitiator
based on the solid mass of mixture, then cast on glass
substrates, and cured by an UV curing apparatus (UV
Crosslinker, Spectroline Company) with intensity of
2.2 mW/cm? and various exposure time in the air. The
thickness of obtained nanocomposite coat was in the
range of 20—40 wm. The nanosilica content in all nano-
composites was 65 = 1 wt % based on the TGA mea-
surement.

Characterization of nanosilica and nanocomposites
Particle size analysis

The particle size of nanosilica dispersed in ethanol
was determined by N4 Plus submicron particle size
analyzer (Beckman Coulter Company, Fullerton, CA).
The SDP (size distribution processor) model was used
to analyze the data.

FTIR analysis

The C=C bond peak at 1636 cm ' in FTIR spectrum
was adopted to monitor photopolymerization kinetics,
using MAGNA-IR® 550 spectrometer (Nicolet Instru-
ments, Madison, WI). The MPS-modified nanosilica
powders after centrifuging and drying, and the con-
densed sols deposited between two NaCl crystal win-
dows in thin layer exposed to UV ray (intensity ~2.2
mW /cm?) for various time intervals were analyzed by
FTIR spectrometer.

TGA analysis

TGA curves were obtained using a thermogravimetric
apparatus (SDT 2960, TA Instrument, New Castle, DE)
to investigate the inorganic fraction in modified nano-
silica. The MPS-modified nanosilica powders after
multicentrifuging and drying, and was used for TGA
measurement. The temperature was ranged from
room temperature to 900°C, with a heating rate of
10°C/min in the air flow.

SEM observation

The nanocomposite coats were prepared by freshly
breaking in liquid nitrogen and coated using aurum
spattering, and then observed by SEM (XL30, Philips
Corp., The Netherlands).

AFM measurement

AFM images of the hybrid films were recorded by a
Multimode Nanoscope III instrument (NSK Ltd., Ja-
pan) in tapping mode, with a silica probe (NSC 11)
and a frequency of 2 Hz. The scan size varied between
2 and 5 um and the roughness analysis was performed
on2 X 2 um? and 5 X 5 um? images. The root square
roughness value (Rq) is the standard deviation of the
Z values (the height) calculated within the given area

as:
(Zi - Zave)2
Re=\—"~

where Z; is the current Z value, Z,,. is the average of
the Z values, and N is the number of data points
within the given area.”

DSC analysis

DSC thermograms were recorded using TA DSC at a
heating rate of 10°C/min under a nitrogen atmo-
sphere in the range of 0-120°C.
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Figure 1 Particle size and its distribution in various colloi-
dal nanosilica.

UV-vis spectra

The absorbance and transmittance spectra of the nano-
composite films in the range of 190-700 nm wave-
length light were recorded by a UV-vis spectropho-
tometer (Hitachi UV-3000, Japan).

RESULTS AND DISCUSSION
Preparation of MPS-modified nanosilica particles

A series of nanosilica at mean particles size of 30, 40,
50, and 75 nm, as indicated in Figure 1, were prepared
via sol-gel method on the basis of the recipes in Table
I, and then modified by MPS. Excessive MPS was used
here to get a maximum modification effect. The FTIR
spectra of MPS-modified nanosilica powders were
shown in Figure 2. Relative to the spectrum of unmod-
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Figure 2 FTIR spectra of different MPS-modified nano-
silica.

LI, ZHOU, AND WU

100
95 |-
o 90 |- 30nm
':>E 40nm 50nm 75nm
.20 85
o =
=
80 -
75 2 1 1 1 " 1 . 1
0 200 400 600 800
Temperature/°’C

Figure 3 TGA curves for various MPS-modified nanosilica.

ified nanosilica particles, a new absorbing peak at 1636
cm ! assigned to C=C vibration was observed in the
spectra of MPS-modified nanosilica particles, indicat-
ing MPS has been successfully attached to the surfaces
of nanosilica particles. Figure 3 illustrated the TGA
results of modified nanosilica in different particle size;
the smaller the nanosilica was, the more the grafted
MPS were. This was certainly related to the —OH
group quantity on the unmodified nanosilica surface;
the smaller the unmodified nanosilica was, the more
the group of —OH were. Thus, the possibility of MPS
grafted on the nanosilica surface increased, and corre-
spondingly, the grafting yield increased. Then, it is
possible to control the MPS grafting yield on the nano-
silica surface, by varying particle size of unmodified
nanosilica. The MPS-modified nanosilica was then
condensed under vacuum at 50°C to remove all water
and ethanol. Otherwise, thermal pretreatment process
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Figure 4 The viscosity of condensed nanosilica sols.
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to evaporate them was needed before UV curing pro-
cess.

After condensation, the nanosilica sols were trans-
formed into viscous liquid. The viscosity of these con-
densed nanosilica sols was measured at 25°C and
shown in Figure 4. It could be seen that the viscosity
increased markedly with increasing nanosilica particle
size. This is probably because larger nanosilica parti-
cles had much less MPS grafted just as indicated by
TGA, decreasing the compatibility between nanosilica
particles and MPS molecules.

Photopolymerization kinetics of nanocomposites

The mixture of MPS and MPS-modified nanosilica
could be cured by two modes under UV irradiation,
namely condensation of nanosilica induced by the
heat produced during UV curing process or radical
photopolymerization of MPS and MPS-modified

M}Isﬂ Modification
/ ;
!

s =nnn
-
" U
Irgacure 651@ UV irradiation

I:r‘
? :m E
B i
T

o—SiC)z =nnnn—MPS v — polymer chain

Figure 5 Schematic curing mechanism of condensed silica
sol mixture under UV irradiation.
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Figure 6 The typical FTIR spectra of nanocomposite coats
cured under various UV irradiation time.

nanosilica. Since the change in temperature was very
little (within 2°C) during UV curing process, the con-
densed silica sol mixture should be fully cured by
radical photopolymerization mechanism, just as de-
picted in Figure 5. Thus, the photopolymerization
mechanism of condensed silica sol mixture could be
studied using FTIR spectra.

Figure 6 demonstrates the typical FTIR spectra of
UV-curable nanocomposite coats, with different irra-
diation time. It was found that the intensity of the
peak at 1636 cm™' for C—=C stretching absorbance
decreased with increasing exposure time under UV
irradiation. Since the peak at 1636 cm™' was well
separated from the other peaks, it was usually used to
quantify the conversion of C=C bond in UV-curable
process, and another peak at 1723 cm ™" due to C=0
stretching absorbance was designated as the reference
peak for its invariability.?’** Thus, the conversion of
C=C bond could be calculated according to the fol-
lowing equation:

C (%) =100 X (1 — A,S,/AcS,) (1)

where A, and A, were the areas of the 1636 cm ™' peak
and S, and S, are the areas of the 1723 cm ™' peak at
time t, and t = 0, respectively.

Figure 7 demonstrates the conversion curves of
nanocomposite coats containing different nanosilica. It
could be found that the nanocomposite coats have
analogous photopolymerization kinetics to traditional
UV-curable coats. The polymerization rate increased
quickly at the beginning due to acceleration effect, and
then slowed down due to the vitrification effect, which
was not difficult to understand considering that MPS-
modified nanosilica acted as multifunctional
crosslinking component in these nanocomposites sys-
tem. Figure 8 shows the polymerization rate against
irradiation time. The larger the particle size was, the
shorter the exposure time to the maximum rate was.
The nanocomposite with 75-nm nanosilica reached the
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Figure 7 The double bond conversion with UV irradiation
time for the coatings with different nanosilica (light inten-
sity, 2.2 mW/cm ™ ?; film thickness: 20 um).

maximum polymerization rate at only exposing
around 12 s. This was probably because of the high
initial viscosity of the nanocomposite containing large
nanosilica, which was favorable for autoacceleration
from the onset of the photopolymerization. Therefore,
both photopolymerization rate and final double bond
conversion of nanocomposite increased with increas-
ing nanosilica particle size. This was probably because
the smaller nanosilica particles had more MPS grafted,
as indicated in Figure 3, which led to higher crosslink-
ing degree at the beginning of UV irradiation compar-
ing with the larger nanosilica particles. The high
crosslinking network cumbered the mobility of mono-
mers or oligomers, decreasing polymerization rate
and final conversion.
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Figure 8 The photopolymerization rate with UV irradia-
tion time for the coatings with different nanosilica (derived
from Fig. 7).
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TABLE 11
Tack-Free Time for Different Nanocomposites
Coats with varied nanosilica (nm) 30 40 50 75
Tack-free time (s) 10 20 150 230

Tack-free time for nanocomposite coats

Tack-free time, a parameter to characterize the curing
level on the surface of a film, was usually used to
evaluate surface curing speed of coatings in the pres-
ence of oxygen.” Table I summarizes the tack-free
time of coats with different size nanosilica. It was very
strange that the tack-free time increased with increas-
ing nanosilica particle size. Since the viscosity of the
system, the photopolymerization rate, and final dou-
ble bond conversion of nanocomposite coats increased
with increasing nanosilica particle size, the tack-free
time was supposed to decrease due to the lowering
oxygen inhibition effect according to the traditional
UV-curable coatings.** The possible reason could be
explained as follows: although both photopolymeriza-
tion rate and final conversion of nanocomposites in-
creased with increasing nanosilica particle size, this
did not that mean the crosslinking density of nano-
composite coats also aggrandized. In fact, the larger
the nanosilica particles were, the less the MPS grafted
on nanosilica were, and the more the free MPS mole-
cules were. However, MPS had only one double bond
per molecule, and thus could not contribute to forma-
tion of three-dimension network alone. Therefore,
larger nanosilica particles meant lower crosslinking
density, since MPS-modified nanosilica played a main
role in the formation of three-dimensional network,
which was distinctly different from the systems hav-
ing functionalized nanosilica as filler. The decreasing
crosslinking density indicated more oxygen inhibition
effect as with increasing nanosilica particle size, ex-
tending the tack-free time.

Morphology of nanocomposites

The transparency of cured coats indicated no macro-
scopic phase separation occurred and no silica do-
mains greater than the wavelength of visible light. The
SEM pictures of cross sections of nanocomposites
films, as shown in Figure 9, illustrated that nanosilica
particles were evenly dispersed in organic matrix and
no obvious aggregates and cracks were observed irre-
spective of particle size, suggesting that the preparing
method of UV-curable nanocomposite coats proposed
in this study was feasible for preparing nanocompos-
ites with super-high nanosilica content. Moreover, the
nanocomposites with small nanosilica seemed to form
much more homogenous cross section than those with
large nanosilica probably due to better compatibility
between small nanosilica with matrix.
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Figure 9 The SEM pictures of cross sections of nanocomposite films with various nanosilica.

Surface morphology of nanocomposites

The three-dimension AFM images of nanocomposite
coats were shown in Figure 10 and the surface rough-
ness was summarized in Table III. Both Figure 10 and
Table III show that the surfaces of nanocomposite
coats were relatively smooth at surface roughness be-
low 3 nm, and unexpectedly, the roughness of nano-
composite coats gradually decreased with increasing
nanosilica particle size. The systems with low viscosity
and small size nanosilica theoretically should lead to
smoother surface of nanocomposite coats because of
good leveling ability in comparison with those with high
viscosity and large size nanosilica. This was probably
attributed to the fact that low viscosity availed the im-
migration of small nanosilica particles towards the sur-
faces of coats before UV irradiation, increasing the sur-
face roughness of the nanocomposite coats.

Thermal analysis

Figure 11 presents DSC curves of nanocomposites. All
nanocomposites had relatively high glass-transition
temperature (T,) because of their super-high nano-
silica content. The T, decreased, as the particle size of

nanosilica increased because of reducing crosslinking
density of nanocomposites, just as discussed by tack-
free time.

Optical property of nanocomposite coats

Figure 12 illustrates the UV—vis spectra of nanocom-
posite coats. More than 90% of transmittance for all
nanocomposites were observed in visible wavelength
range (400-700 nm), indicating that introduction of
nanosilica did not reduce the transmittance of UV-
cured coats. However, the nanocomposites had obvi-
ous absorbance in UV range, especially below 300 nm,
and the transmittance of nanocomposites in this range
markedly decreased due to quantum size effect of
nanosilica particles. Moreover, the smaller the nano-
silica particles were, the greater the UV absorbance
was and the lower the UV transmittance was. There-
fore, the nanocomposite coats prepared in this study
had excellent UV shielding property and transparency
as well.®

CONCLUSIONS

This paper presented a preparation method for UV-
curable nanocomposite coats, in which nanosilica parti-
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Figure 10 The AFM images of nanocomposite coats.

cles were modified first by MPS, then condensed and
cured by UV under photoinitiator. The results showed
that this process could form very smooth transparent
films without any cracks. With increasing nanosilica par-
ticle size, the photopolymerization rate, final double W
bond conversion, and tack-free time of nanocomposites
increased, while the surface roughness, glass-transition
temperature, and UV absorbance of nanocomposites de-
creased. This process could be used to prepare organic—
inorganic hybrid coats with high durability.

EXO UP

TABLE III

Surface Roughness of Nanocomposite Coats w

Coats with different nanosilica (nm)

Rq (nm) 30 40 50 75 2 o 20 40 & 80 10 120
2 X 2 um? 2.4 2.3 1.7 1.4 Temperature/’C
5 X 5 um? 2.8 2.3 2.2 14

Figure 11 The DSC curves for nanocomposites.
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