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Abstract This paper describes surface modification of
commercial nanosilica with 3-mercaptopropyl trimeth-
oxysilane (MPTMS) and its effect on the properties of
UV curable coatings. The mercapto groups were
grafted onto nanosilica surface by a condensation of
the surface Si–OH with the hydrolysized Si–OH of
MPTMS. Fourier transform infrared spectroscopy,
thermal gravimetric analysis, and particle size distri-
bution were employed to characterize nanosilica and
modified nanosilica. It was demonstrated that the
mercapto groups were successfully grafted onto the
nanosilica surface with the grafting ratio of 16.8% and
the mercapto groups content of 0.9 mmol/g. The
dispersion and self-aggregation of nanosilica in UV
curable coatings were improved significantly. The
photopolymerization kinetics of UV curable coatings,
containing various amounts of nanosilica and modified
nanosilica, were evaluated by the photo differential
scanning calorimetry technique. This indicated that
nanosilica both before and after modification
decreased UV curing speed and ultimate percentage
conversion; however, in comparison with the coatings

containing unmodified nanosilica, the coatings con-
taining modified nanosilica exhibited higher curing
speeds and conversion ratios. It can be ascribed that
the mercapto groups on the nanosilica surface reduced
oxygen inhibition during the UV curing process via the
thiol–ene click reaction. The mechanical properties of
UV curable coatings were also compared.

Keywords Surface modification, Nanosilica, UV
curing, Thiol–ene, Curing kinetics

Introduction

UV curable organic–inorganic nanocomposite coat-
ings, which were usually prepared with nanosilica as an
additive,1–5 have attracted the attention of many
researchers because of their remarkable mechanical
properties and widespread potential applications.6–9

The first issue concerned with the fabrication of these
materials is how to disperse nanosilica particle com-
ponents in UV curable coatings uniformly because of
the extremely large surface-area/particle-size ratio of
the nanosilica, and also how to avoid aggregation and
phase separation. Many efforts have been made to
obtain coatings with highly filled nanosilica particles
and to yield a better dispersion or compatibility
between nanosilica particles and host UV curable
coatings. A common method is the surface treatment
of nanosilica with a silane coupling agent, and vinyl-
trimethylsilane is recommended.10 The second issue is
how to reduce the negative effect of nanoparticles on
the UV curing process and cured films because of the
nanosilica scattering and reflection of UV light. In
order to increase the curing rate and improve the
mechanical properties of cured film, we had prepared
polymeric nanosilica hybrid materials with nanosilica
as node, isophorone diisocyanate and polypropylene
glycol as link, and acrylate as terminal group; and
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polymerizable silica hybrid nanoparticles with tertiary
amine structure.11,12 It was found that the viscosity of
the coatings decreased in comparison to the coatings
with unmodified nanosilica, and the hardness and
abrasive resistance of cured films were also improved
with various amounts of modified nanosilica.

The organic–inorganic hybrid coatings based on the
thiol–ene systems13–16 combine the advantages of
hybrid coatings and thiol–ene reactions, which make
the UV curable technique more convenient. Besides
improving the mechanical properties of coatings, they
carry many other attributes for UV curable materials,
including low oxygen inhibition, inherently rapid reac-
tion rates, low polymerization shrinkage, free-photo-
initiator polymerization, and the formation of
homogeneous polymer structures.13 However, in the
case of the nanoparticles modified by silane and small
thiol compounds always used as independent additives
in the organic–inorganic thiol–ene system,14–18 the
awful smells of the small molecular thiol compounds
and the self-aggregation of nanoparticles limit their
applications. The problems can be overcome by graft-
ing mercapto groups onto some polymers or nanopar-
ticles. The nanoparticles modified by thiol silane are
mostly used in removing of heavy metal, while their
applications in UV curable coatings are few.19 So the
kinetics of UV curable coatings containing both
nanosilica and mercapto groups deserve to be studied.

In this study, 3-mercaptopropyl trimethoxysilane
(MPTMS) was applied as a nanosilica surface modifier
for grafting mercapto groups onto silica nanoparticles,
thereby improving the oxygen inhabitation during the
UV curing process. Besides the grafting efficiency,
particle size distribution, and dispersion of the nano-
silica, its influences on the mechanical and physical
properties of UV curing coatings were also investi-
gated. In addition, photo differential scanning calo-
rimetry (photo-DSC) was used as a tool to evaluate
photopolymerization kinetics.

Experimental

Materials

Nanosilica powder (SP1) with an average particle size
of 20–50 nm, a specific surface area of 640 m2/g, and
silanol group content of 1.9 mmol/g was obtained from
Zhejiang Hongcheng Materials Co., China. MPTMS
was purchased from Sigma Chemical Co. and was used
as a coupling agent. Epoxy acrylate (EA) with double
functionality, tripropylene glycol diacrylate (TPGDA),
and trimethylolpropane triacrylate (TMPTA) were
provided by UCB Chemicals. 1-hydroxy-cyclohexyl-
phenyl ketone (HCPK) from Ciba-Geigy was used as a
free radical photoinitiator. All other chemicals were
analytical pure reagents (AR) and used as received
without further treatment.

Surface modification of nanosilica with MPTMS

Based on the previous references about surface mod-
ification of nanoparticles with MPTMS,19,20 the mod-
ification process was carried out as follows: 10 g of
nanosilica were kept in a vacuum chamber for 24 h at
100�C, and then dispersed in 150 mL anhydrous
toluene by mechanical stirring (mechanical stirrer,
IKA-P1, Germany) and ultrasonic dispersing (ultra-
sonic instrument, Bilon92-IID, China) for 30 min. The
mixture was stirred at 300 rpm for a further 1 h, and
then added into another prepared mixture consisting of
10 mL water, 10 mL anhydrous ethanol, 2 mL formic
acid (as pH adjuster), and 75 mL of MPTMS by
vigorous stirring. After continuously stirring for 4 h at
reflux temperature, the obtained suspension was sep-
arated by centrifugation. After drying at 90�C under
vacuum, the mixture was extracted using Soxhlet
extractor for 12 h using toluene. Finally, the modified
nanosilica was dried at 90�C under vacuum conditions
for 12 h.

Preparation of UV curable coatings

The UV curable coatings used in this study were a
mixture of 30 wt% EA, 40 wt% TPGDA, 25 wt%
TMPTA, and 5 wt% HCPK. Various amounts (2.5, 5,
7.5, and 10 wt%, respectively) of nanosilica and
modified nanosilica were directly added into the above
mixure and dispersed by ultrasonic irradiation for 1 h
at room temperature. Finally, the different hybrid
coatings were obtained.

Characterizations

In order to estimate the subsistent degree of surface
silanol groups, the –SH group on the nanosilica surface
was determined by the reaction between the thiol
compound and 5,5¢-dithio bis-2-nitrobenzoic acid
(DTNB) according to the method of Ellman: the
DTNB transfer into thio bis-2-nitrobenzoic acid
(TNB), which can be quantitatively detected by UV–
Vis spectrophotometer.21 Fourier transform infrared
spectroscopy (FTIR) analysis was performed by mixing
particles with dried KBr on a Nicolet 360 FTIR
spectrometer collecting 16 scans in the 400–
4000 cm�1 range with 4 cm�1 resolution. The thermo
gravimetric analysis (TGA) was performed in a HCT-1
thermal gravimetric analyzer (Beijing Henven Scien-
tific Instrument Factory, China) under a nitrogen
atmosphere from room temperature to 700�C with
heating rate of 20�C/min and flow speed of 50 mL/min.
The grafting ratio (Rg) was calculated according to the
following equation22:

Rg ¼
W1

W 0
1

�W0

W 0
0

� �
� 100%
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where W1 is the starting weight of the modified
nanosilica particles, W 0

1 is the residual weight of the
modified nanosilica particles at 700�C, W0 is the
starting weight of unmodified nanosilica particles, and
W 0

0 is the residual weight of unmodified nanosilica
particles at 700�C.

The particle (or particle agglomeration) size and
distribution of nanosilica before and after modification
were characterized by a laser particle analyzer Better-
size 2000 (Dandong Bettersize Instruments Corpora-
tion, Dandong, China). TPGDA was used as the
following liquid.

The morphology of nanosilica and modified nano-
silica were visualized by JEOL JSM-6700F field-emis-
sion scanning electron microscopy (FE-SEM). The
powder was dispersed in acetone to prepare 1 wt%
solution, and the solution was dropped onto the surface
of a support, dried, and deposited on the sample with
gold for SEM analysis.

The viscosities of the coating were measured by a
NDJ-79 rotation viscometer (Shanghai Scientific
Instrument Co., China) at 25�C. The Shore D hardness
was determined according to the testing method of
ASTM D2240. The UV curable system was processed
by exposure to a medium pressure Hg lamp (1 kW,
80 W/cm2) for 2 min and putting it in a dark place for
5 h.

The photopolymerization kinetics of UV curable
coatings were studied by the photo-DSC (Q-1000 TA
Instruments). The initiation light source was a 200 W
medium pressure mercury lamp, which gave a UV light
intensity at the sample of 50 mW/cm2 over a wave-
length range of 200–440 nm. Samples weighing
20 ± 0.1 (mean ± SD) mg were placed in uncovered
aluminum pans, and a reference aluminum pan was left
empty. The conversion of acrylate double bonds in the
UV curable system was calculated by integrating the
area of the exothermic peak.

Results and discussion

Preparation and characterization of modified
nanosilica

The functional groups of nanosilica before and after
modification were characterized by FTIR as shown in
Fig. 1. In the spectra of MPTMS (curve a), the peak at
2570 cm�1 corresponds to –SH of MPTMS,19 and the
vibration bands at 2926 and 2855 cm�1 relate to the
symmetric and asymmetric stretching of –CH2,11 which
are also observed in the vibration spectra of modified
nanosilica. From the FTIR spectra of nanosilica (curve
b), we can see that the stretching vibration peaks of Si–
OH reach near 3430 cm�1, and the asymmetric stretch-
ing vibration is around 810 cm�1, while the symmetric
stretching vibration and bending vibration is near
470 cm�1 of Si–O–Si.23 As the strength of peak at
3430 and 1650 cm�1 corresponding to –OH on the

nanosilica surface decreases and the peak at 1100 cm�1

corresponding to Si–O–Si increases, it can be ascer-
tained that the functional group –SH of MPTMS is
successfully grafted onto the nanosilica surface. How-
ever, the appearance of the peak at 3430 cm�1 shows
that –OH on the nanosilica surface has not reacted
with MPTMS completely. The –SH and other peaks
corresponding to MPTMS molecules could not be
clearly observed in the spectra of modified nanosilica
because of the strong vibration of nanosilica, which
overlaps vibrations of MPTMS functional groups.

It is difficult to quantitatively analyze the –SH
concentration of modified nanosilica in FTIR spectra,
and the method of Ellman is used to determine the
–SH concentration of 0. 9 mmol/g. The detail process
was as follows: the standard curve between the thiol
group and UV absorbance of TNB was obtained by the
reaction between thiol groups of MPTMS and DTNB.
Then the thiol group of modified nanosilica was
determined by UV–Vis spectrophotometer (Shimadzu,
UV-3100PC).

On the basis of the above analysis, the idealized
grafted mode for modified nanosilica is shown in Fig. 2.

The quantitative analysis of modified nanosilica and
the grafting ratio were determined by TGA, which was
performed from room temperature to 700�C by heating
at 20�C/min. The result (Fig. 3) shows that the
unmodified nanosilica had a weight loss (about
8 wt%) before 700�C, which is related to the elimina-
tion of physically and chemically absorbed water on
the surface. The physically absorbed water was attrib-
uted to the weight loss up to 120�C, while the
chemically bound water was attributed to the weight
loss from 120 to 700�C.24 As for modified nanosilica,
there are two weight loss stages. The first weight loss
occurred before 250�C, which can be ascribed to the
physically absorbed organic compounds. The sharp
weight loss from 250 to 700�C for modified nanosilica is
probably attributable to large-scale thermal decompo-
sition of MPTMS chains.25–27 The obtained modified
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Fig. 1: FTIR spectra of (a) MPTMS, (b) nanosilica, and
(c) modified nanosilica
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nanosilica was dried at 90�C under vacuum conditions
for 12 h and then extracted for 12 h, so it could be
thought that the decomposition ratio of organic com-
pounds was equal to the grafting ratio. The grafting
ratio for modified nanosilica was 16.8%.

It is well established that the dispersion state of
nanoparticles is a crucial factor in determining the final
properties of nanocomposites. This is especially serious
when the fabrication of composites with high amounts
of nanoparticle content is attempted. It is essential to
insure a good surface modification by MPTMS in
obtaining monodispersal by sonication. The particle

dispersion of nanosilica and modified nanosilica after
15 min sonication treatment is shown in Fig. 4. The
average particle size of modified nanosilica is about
3 lm in TPGDA, which is larger than the real size of
nanosilica because of the self-aggregation, but is
smaller than the unmodified nanosilica dispersed by
sonication in TPGDA (about 6 lm). It can be asserted
that MPTMS has grafted onto the nanosilica surface.22

The dispersion of nanosilica in organic solvent, more
exactly, in TPGDA, was improved and the self-
aggregation of nanosilica in UV curable coatings was
reduced. The dispersion state of modified nanosilica
and nanosilica in organic agents was further character-
ized by SEM, as shown in Fig. 5.

The morphology analysis of nanosilica and modified
nanosilica by SEM shows the effect of MPTMS on
reducing nanosilica’s aggregation. Figure 5a shows that
nanosilica existed in irregular blocks and aggregated
extremely because of the large amounts of silanol
groups on their surface. After being grafted with
MPTMS, the silica existed in the state of irregular balls
with a diameter of about 100 nm (Fig. 5b).

Effect of modified nanosilica on the curing kinetics

The formulations of the UV curable coatings used in
this study were a mixture of 30 wt% EA, 40 wt%
TPGDA, 25 wt% TMPTA, and 5 wt% HCPK. In this
study, we varied the concentration of nanoparticles
(including nanosilica and modified nanosilica) from 0
to 10 wt% based on the UV curable coating so as to
investigate the effect of nanosilica and the surface
functional group –SH on the curing kinetics of UV
curable coatings.

The photopolymerization kinetics were identified by
photo-DSC. The measured reaction heat during the
photopolymerization was directly proportional to the
number of vinyl groups in the UV curing system. And
the integrated area under the exothermic peak was
proportional to the percentage conversion of vinyl
groups according to the following equation28–30:

a ¼ DHt=DHtheor
0

where DHt is the reaction heat enthalpy released at
time t and DHtheor

0 is the theoretical heat enthalpy for
the complete conversion. For the UV curable coatings
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Fig. 2: The scheme for preparation of modified nanosilica
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Fig. 3: The TGA thermogram curves of (a) nanosilica and
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used in the study, DHtheor
0 for EA, TPGDA, and

TMPTA were 339, 542, and 818 J/g, respectively.31 So
the theoretical heat enthalpy for the mixture
DHtheor

0 = 550 J/g according to their weight ratio of
30:40:25.

The kinetics parameters during the UV curing
process were evaluated from the exotherm curves.
The rate of polymerization (Rp) is related directly to
the heat flow (dH/dt) using the following equation:

Rp ¼ da=dt ¼ dH=dtð Þ=DHtheor
0

where da/dt is the conversion rate or the polymeriza-
tion rate, and dH/dt is the measured heat flow.

Generally, the photo curing process is considered an
autocatalytic curing reaction. The curing kinetics of an
autocatalytic reaction are described by the following
equation.28–31

da=dt ¼ kam 1� að Þn

where k is the composite reaction rate constant, m is
the order of the initiation reaction, and n is the order of
the propagation reaction. Values of k and n can be
determined from a ln–ln plot of da/dt vs am/n(1 � a)
derived from the equation:

ln da=dt ¼ ln kþ n ln am=nð1� aÞ:

The photo-DSC exotherms for the polymerization
of the UV curable hybrid systems containing various
concentrations of nanosilica and modified nanosilica
are illustrated in Figs. 6 and 7. The results from the
photo-DSC analysis are summarized in Table 1.

Figures 6 and 7 and Table 1 indicate that the
exotherm and percentage conversion (which are
related to the crosslink density) decreased as the
concentration of nanosilica before and after modifica-
tion in UV curable coatings increased from 0 to
10 wt%. This tendency may be attributed to the
reflection and scattering effect of nanosilica on UV
light; the nanosilica absorbed the incoming photons
of UV light, thereby decreasing the photoinitiation

efficiency. By comparing with nanosilica modification
before and after, when the filling amount of silica
nanoparticles was lower (2.5 and 5.0 wt%), the poly-
merization rate of UV curable coatings containing
nanosilica were higher than the UV curable coatings
with modified nanosilica, whereas the ultimate conver-
sion was the opposite. This result is probably attribut-
able to the higher amount of modified nanosilica,
because the amount of modified nanosilica was calcu-
lated on the basis of bare nanosilica. The weight of
silica nanoparticle powder was higher than nanosilica
at the same filling level. The chance of self-aggregation
increased and the radical mobility decreased. In
contrast, this trend was reversed for silica nanoparticles
at above 5 wt%. The UV coatings containing modified
nanosilica exhibited higher exotherm and curing rates
than the UV coatings with nanosilica. There are at
least two factors that could be responsible for this
behavior. One is the functional group of –SH on the
surface of nanosilica, which reduces oxygen inhibition
in the UV curing process by the thiol–ene click
reaction as shown in Fig. 8. As the amount of modified
nanosilica increases from 0% to 10%, the –SH content
of the UV curable system rises from 0 to about 0.9 mmol/
g 9 10 g/(100 + 10 g) = 0.08 mmol/g = 16 mg/g. The
active H atom of –SH on the surface of the nanosilica
will transfer from peroxide radicals to thiol radicals,
which can provide more active radicals for the UV curing
process and initiate other acrylate structure, but cannot
be terminated by other H atoms.32 Another factor is that
as the organic chain grafted onto the nanosilica increased,
the dispersion of nanosilica in acrylate systems was
improved and the self-aggregation decreased.

In addition, the values of the kinetics parameters k
and m are consistent with the rules of exotherms and
percentage conversions. While the amount of silica
nanoparticles increased from 2.5 to 10 wt%, the reaction
rate constant for UV curable coatings containing
unmodified nanosilica decreased from 114.50 to
21.77 s�1, and the value was from 114.50 to 33.65 s�1

for coatings with modified nanosilica. The initiation time
increased from 51.0 to 60.0 s for coatings with unmod-
ified nanosilica and to 57.0 s for coatings with modified
nanosilica. It can be noted that the autocatalytic model

Fig. 5: SEM images of (a) nanosilica and (b) modified nanosilica
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Fig. 6: Photo-DSC exotherms and percentage conversion for the UV curable hybrid coatings containing nanosilica: (a) 0%,
(b) 2.5%, (c) 5.0%, (d) 7.5%, and (e) 10.0%
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Fig. 7: Photo-DSC exotherms and percentage conversion for the UV curable hybrid coatings containing modified
nanosilica: (a) 0%, (b) 2.5%, (c) 5.0%, (d) 7.5%, and (e) 10.0%

Table 1: Rate constants and reaction orders for the autocatalytic photopolymerization of silica-based compositions

The content of silica
(%)a

DH
(J/g)

Induction time
(s)b

Peak maximum
(min)

Conversion at peak
(%)

Reaction
order, m

Rate constant,
k (s�1)

Nanosilica
0 455 51.0 2.0 30.2 0.7879 114.50
2.5 406 53.4 1.9 27.2 0.6081 76.98
5.0 378 54.0 2.0 24.3 0.5241 52.58
7.5 406 57.0 3.1 35.0 0.5073 35.44
10.0 411 60.0 2.2 12.6 0.4793 21.77

Modified nanosilica
0 455 51.0 2.0 30.2 0.7879 114.50
2.5 434 52.8 2.5 35.0 0.5806 55.16
5.0 423 54.0 3.1 40.8 0.5573 44.53
7.5 404 54.0 2.4 25.2 0.5251 38.33
10.0 401 57.0 3.4 39.1 0.4934 33.65

a The content of modified nanosilica was calculated as bare nanosilica according to the grafting ratio
b The time to attain a conversion of 1%
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used to study the nanosilica effect on the photopoly-
merization is feasible because there is an induction
period in the above curing process.

Effect of modified nanosilica on the properties
of UV curable coatings

The viscosity of a UV curable system, which affects the
processability and the photopolymerization rate of the
cured film, is considered one of the most important
parameters.33 Thus, a suitable viscosity of the UV
curable system is very important to the properties of
the final cured film.34 Figure 9 shows the viscosities of
UV curable coatings with various amounts of nanosil-
ica and modified nanosilica. It was found that the
viscosity of the UV curable coatings increased as the
filler (both modified nanosilica and unmodified nano-
silica) concentrations increased, but the viscosity of
UV curable coating with unmodified nanosilica was
larger than that with modified nanosilica at the same
filling level. It can be concluded that unmodified
nanosilica tended to self-aggregation in UV curable
systems and yielded highly viscous dispersions of UV
curable coatings because of their poor compatibility
with each other. After grafting with organic com-
pounds, the organic shell is formed on the surface of
the nanosilica, resulting in the transfer from hydrop-
hilation to organophilation nanoparticles, which de-

creases the viscosity of the coatings. These results were
in good agreement with the particle size distribution
analysis.

The results of the Shore D hardness measurements
are shown in Fig. 10. The value increases with the
increase of the nanosilica weight ratio. This may be
explained by the interaction of the nanosilica with the
organic matrix, which improved the interface between
the organic and inorganic phases and also could have
increased the hardness. As for the higher addition
amount, the difference between nanosilica modifica-
tion before and after can be ascribed to the better
distribution of modified nanosilica, therefore reducing
the migration of inorganic nanoparticles during the UV
curing process. The unmodified nanosilica is not
homogeneously distributed and dispersed in the hybrid
matrix, which may lead to phase separation and
decreased hardness.35 The other reason is the uniform
distribution of nanosilica in the UV curable coatings
and reinforcement by Si–O–Si linkage in the cured
films.6 The structure of the interpenetrating polymer
network became much denser and the hardness of the
material increased with the increased amount of silica.

Conclusions

Surface modification of nanosilica was prepared by
grafting MPTMS onto the surface of the nanosilica.
The results show that the –SH group was successfully
grafted onto the surface of the nanosilica with a
grafting ratio of 16.8% and –SH concentration of
0.9 mmol/g. The self-aggregation and the dispersion of
nanosilica in UV curable coatings were significantly
improved.

The kinetic parameters analysis indicated that UV
curable coating containing at least 5 wt% modified
nanosilica exhibited a higher curing rate and ultimate
percentage conversation than that prior to modifica-
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tion. This can be ascribed to the functional group –SH
on the surface of the nanosilica, which can reduce
oxygen inhibition during the UV curing process by the
thiol–ene click reaction.
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