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A series of silicone resin/silica polymeric nanocomposites with 0–6 wt% silica content, comprising well-distributed silica nanoparticles
in silicone resin matrix, have been synthesized from a UV-curable polysilisiquioxane (UV-PSL) and a methacrylate-functionalized
silica via UV-curing in the presence of 1-hydroxycyclohexyl phenyl ketone (Irgacure 184) as photoinitiator. To enhance the interfacial
interaction, the silica surface was firstly treated with 3-(methacryloxy) propyl trimethoxysilane (MPTS), and its structure was analyzed
by FTIR spectrophotometry. The thermal stability of nanocomposites was slightly enhanced with the addition of silica particles.
SEM studies indicate that silica particles were dispersed homogenously through the polymer matrix. The physical and mechanical
properties such as the thickness, hardness, adhesion, impact strength as well as gloss were examined.
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1 Introduction

In the last 10 years, research activities have been immensely
focused on the synthesis and characterization of polymeric
nanocomposites because of their excellent performance
compared to conventional composite materials (1–3). It
has been reported that mechanical and thermo-mechanical
property improvements are definitely higher in the case
of nanosized with respect to micro-sized dispersed filler
particles (4). Nanocomposites usually consist of nanosized
inorganic particles (SiO2 (5), TiO2 (6), ZnO (7), magnetic
oxides (8–10), and clay (11)) dispersed into a polymeric
matrix. To obtain better compatibility between the filler
and the host polymeric material, the surface modifica-
tion of the inorganic nanoparticles by using acrylic/vinylic
or epoxy functional trialkoxysilanes is recommended
(12).

UV-curable nanocomposites, which combined the ad-
vantages of the UV-curing process and nanotechnology,
can be used in fields such as coatings, printing, inks, and
adhesives (13–16). Because of chemical bonds between or-
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ganic and inorganic phase, materials performed good me-
chanical and physical properties. There were many reports
on UV-curable nanocomposites containing clay (17–21)
and nanosilica (15, 22, and 23). This method of produc-
ing polymer nanocomposites has been extended to different
types of UV-curable resins such as epoxides and vinyl ethers
(24, 25), as well as to other systems (26). In recent years,
siloxane polymers which are viewed as inorganic-organic
hybrid polymers (also known as polysiloxanes) have at-
tracted great attention for their application in heat-resisting
coatings owing to firstly, the high energy of the siloxane
(Si–O–Si) bond, secondly, the oxidized nature of siloxane
bond and thirdly, the high oxidation and temperature resis-
tances of common side chain substitutions such as methyl
or phenyl groups. In addition, very little work has been
published on silicone based composites.

Here, we study the preparation of silicone resin contain-
ing well-dispersed nanosilica with improved thermal stabil-
ity by UV-curable polymerization. The UV-curable polysil-
isiquioxane (UV-PSL) containing methacrylate groups can
be polymerized by UV irradiation. To enhance the interfa-
cial interaction in silica nanoparticles filled polymer com-
posites, the surface of the silica particles was modified
with 3-(methacryloxy) propyl trimethoxysilane (MPTS),
and then polymer nanocomposite coatings with 0–6 wt%
modified silica content were prepared by UV-induced poly-
merization (Sch. 1). Adhesion, gloss, and hardness tests
were performed on tinplate panels coated with those
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Sch. 1. The preparation of UV-cured silicone resin/silica nanocomposites.

nanocomposite formulations and FTIR, thermogravimet-
ric (TG) and scanning electron microscopy (SEM) analyses
were conducted on the free films prepared from the same
coating formulations.

2 Experimental

2.1 Materials

The silica having mean particle size of 20 nm was
kindly supplied by Aladdin Chemical Reagent Co., Ltd.
1-Hydroxycyclohexyl phenyl ketone (Irgacure 184), hy-
drochloric acid (HCl, 0.1 M), Phenyl trimethoxysi-
lane (PTMS), methyl trimethoxysilane (MTMS) and
3-(methacryloxy) propyl trimethoxysilan (MPTS) were ac-
quired from Aldrich Chemical Co., Ltd. Tinplate panels
(75 mm × 150 mm × 0.82 mm) were used as substrates
in all coating applications. All chemicals were of analyt-
ical grade and used without further purification. Doubly
deionized water was used through all the processes.

2.2 Characterization

The FTIR measurements (Impact 400, Nicolet, Waltham,
MA) were carried out with the KBr pellet method. Ther-
mogravimetric results were obtained with a TA Instru-
ment 2050 thermogravimetric analyzer at a heating rate of
10◦C/min from 25 to 800◦C under a nitrogen atmosphere.
The morphology of the UV-cured nanocomposite films
was examined using scanning electron microscopy (XL-
20, Philips Corporation, Netherlands). Gel contents of the
UV-cured films were determined by Soxhlet extraction for 6
h using acetone. Insoluble gel fraction was dried in vacuum
oven at 40◦C to constant weight and then the gel content
was calculated. The coating properties were measured in
accordance with the corresponding standard test methods
as indicated. These include the thickness (ASTM D-1186),
gloss (ASTM D-523-80), hardness (ASTM D3363), adhe-

sion (ASTM D3359) and impact strength (ASTM D-2794-
82).

2.3 Synthesis

2.3.1. Surface Modification of Silica Particles
Into a 250 mL dried round-bottom flask, 3.0 g nanosil-
ica was ultrasound dispersed in 100 mL ethanol for 30
min, then 2.5 g MPTS was added and ultrasound dis-
persed for 2 h. The product was washed by centrifuga-
tions/redispersions three times in ethanol and dried in vac-
uum at room temperature for 24 h. The grafting density
of grafted vinyl group was determined by TGA and was
calculated by Equation 1 (28).

Grafting density (mol/m2)

=
( W60−730

100−W60−730

) × 100 − Wsilica

MSspec × 100
× 106 (1)

where W60–730 is the weight loss from 60 to 730◦C corre-
sponding to the decomposition of the MPTS, M (g/mol)
is the molar mass of the degradable part of the grafted
molecule (205 g/mol), Sspec (m2/g) and Wsilica are the spe-
cific surface area and the weight loss of silica determined
before grafting, respectively.

2.3.2. Preparation of UV-curable Polysilisiquioxane
The UV-curable polysilisiquioxane (UV-PSL) containing
methacrylic groups was synthesized by an alternative sol-
gel process according to a reported method (28). The mix-
ture of PTMS, MTMS and MPTS combined with 0.1 M
aqueous hydrogen chloride (pH=1.0) in a sealed container,
was stirred for 2 h at 25◦C (Sch. 2). The resulting sol was
dissolved in an equal volume of ether and then washed by
deionized water until pH was 6–7. The solvent was then re-
moved under vacuum at 40◦C and transparent liquid resins
were obtained. The molar ratio of PTMS / MTMS / MPTS
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Sch. 2. Synthetic route of the UV-curable polysilisiquioxane.

was 80/5/15 and molar ratio of water to methoxysilane was
1.2.

2.3.3. Preparation of Silicone Resin/Silica Nanocomposites
UV curable coating formulations were prepared by mixing
the MPTS-modified silica particles, UV-PSL, and photoini-
tiator (Irgacure 184). Each formulation was prepared in a
beaker with ultrasonic stirring for 1 h until they became
clear and homogeneous. In order to remove air bubbles
formed during mixing; the beaker content was kept under
gentle vacuum for 20 min. After removal of air bubbles,
the prepared formulations were applied onto tinplate pan-
els using a wire gauged bar applicator in order to obtain
uniform thickness of 30 µm. The applied wet coatings were
cured by UV light (λmax = 365 nm, power density approx-
imately 20 mW/cm2) situated 15 cm above tinplate panels
for 180 s. The composition of coating formulations is given
in Table 1.

Table 1.Compositions of the silicone resin/silica nanocomposites

MPTS-modified Irgacure
Sample UV-PSL (g) silica (g) 184 (g)

SRS-1 10 0 0.3
SRS-2 10 0.05 0.3
SRS-3 10 0.1 0.3
SRS-4 10 0.2 0.3
SRS-5 10 0.4 0.3
SRS-6 10 0.6 0.3
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Fig. 1. FTIR spectra of (a) modified silica, (b) UV-PSL, (c-h)
silicone resin/silica nanocomposites.

3 Results and Discussion

3.1 Analysis of FTIR

Figure 1 shows the FTIR analysis of (a) modified silica, (b)
UV-PSL, (c-h) silicone resin/silica nanocomposites with 0–
6 wt% modified silica content. As is clearly known, silane-
coupling agents are often used to treat the silica particles
due to their unique bifunctional structure with one end
capable of reacting with the silanol groups on silica sur-
face and the other end compatible with the polymer (29).
Figure 1(a) shows the FTIR spectrum of methacrylic func-
tional silica particles. From the characteristic C–H stretch-
ing band at 2840 and 2940 cm−1, C O stretching vibration
at 1720 cm−1, and C C stretching mode at 1650 cm−1, the
existence of methacrylic groups on the particles has been
proved. In addition, the strong Si O Si band can be seen
at 1100 cm−1.

In Figure1(b), the IR peaks of O H stretching mode
at 3420 cm−1, and Si O Si asymmetric stretching modes
at 1000–1180 cm−1 for polysiloxane existed, together with
CH3 peaks near 2970 and 1270 cm−1 for side chains
of polysiloxane. In addition, the FTIR peaks of C C
(in methacrylate group) stretching mode at 1640 cm−1

and C O stretching vibration at 1720 cm−1 existed. The
methacrylate groups in resins make them photopatternable.
Upon UV exposure and in the presence of the photoini-
tiator (Irgacure 184), a free radical polymerization could
easily occur and most C C reacted after 180 s as described
in Figure 1(c-h). The IR peaks of C O bond at 1720 cm−1

was shifted to a higher wavenumber after UV exposure
because the C O bond could not be conjugated further
since the entire C C double bonds in the polysilisiquioxane
were mostly cross-linked by UV irradiation. As is shown in
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Fig. 2. TGA curves of nanosilica, MPTS-modified silica, and
silicone resin/silica nanocomposites (a: SRS-1; b: SRS-2; c: SRS-
3; d: SRS-4; e: SRS-5; f: SRS-6).

Figure 1(c-h), the Si O Si asymmetric stretching mode at
1000–1180 cm−1 was enhanced with the addition of modi-
fied silica particles.

3.2 Analysis by TGA

The bare silica and methacrylate-modified silica were inves-
tigated by TGA analysis. The high temperature required to
decompose and evaporate the organic content of the mod-
ified silica particles demonstrates that the silane-coupling
agent is strongly bound to the particle surface and one can
expect a covalent bond (30). Calculation based on TGA
shows that the grafting density of grafted vinyl group is
0.92 µmol/m2 calculated from Equation 1.

The thermal properties of the nanocomposite coatings
were characterized by TGA in nitrogen atmosphere. The
TGA curves of pure silicone resin and in the presence of
modified silica are shown in Figure 2. Silicone resin/silica
nanocomposites showed a severe weight loss 2–4% from 25
to 130◦C. This may be due to the release of bound mois-
ture, which was through the formation of hydrogen bonds
between the carbonyls or between the carbonyls and the
hydroxyl groups present in the silicone resin. The second
mass losses from about 150 to 350◦C are attributed to de-
hydration of silanol groups present in the silicone resin and
modified silica. A sharp loss in mass is observed at 400◦C
and continues to 600◦C, possibly due to a large scale ther-
mal degradation of the silicone resin. It is well known that
silicone resin degrades to a volatile low-molecular weight
cyclic siloxanes by a two-step process in nitrogen, and these
two steps are “unzipping” reactions induced by silanol ter-
minal groups and “random main chain scission” reactions,
respectively. It can be seen from Figure 2 that the silicone
resin/silica nanocomposites (Fig. 2(b-f)) lost weight more

Fig. 3. SEM images of silicone resin/silica nanocomposites: (a)
SRS-2, (b) SRS-4, and (c) SRS-6.

slowly during the TGA than did the pure silicone resin
(Fig. 2(a)), indicating that the composites with better dis-
persed silica are more thermally stable and these can be
attributed to the retardation effect of modified silica as
barriers for the degradation of silicone resin. The resid-
ual weight is increased with the addition of modified
silica.

3.3 Analysis of Morphology

Figure 3 summarizes the surface morphology of SEM im-
ages of silicone resin/silica nanocomposites containing dif-
ferent silica contents. It is clearly observed that these par-
ticles had a very small size and homogeneously distributed
through the surface when the nanosilica content is low (Fig.
3(a, b)). In addition, the fractured surface morphology of
SEM image of SRS-4 is shown in Figure 4. The SEM micro-
graph shows that particles dispersed uniformly throughout
the matrix. However, when the silica content is increased to
6 wt%, some particles with a size of about 200 nm are visible
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Table 2. Properties of nanocomposites

Sample Thickness (µm) Gel content (%) Adhesion Gloss (85◦) Hardness Impact strength (kg·cm)

SRS-1 30 92 5B 99.2 6H 50
SRS-2 30 94 5B 98.9 6H 50
SRS-3 31 93 5B 98.5 6H 50
SRS-4 30 94 5B 97.9 6H 50
SRS-5 28 94 5B 96.1 6H 50
SRS-6 30 95 5B 94.6 6H 50

on the surface (Fig. 3(c)). These particles should be part of
the large silica aggregates. The larger particle size could be
explained on the basis of surface modification. It is possible
that the beads become joined as a result of the surface mod-
ification process. The particles approaching each other may
be crosslinked by the reaction of the surface silanol groups
or by the reaction of one MPTS molecule with different
silica particles.

3.4 Analysis of Properties of Nanocomposites

In order to evaluate the UV-curable properties of the
nanocomposites, each formulation was applied onto tin-
plate panels using an applicator and exposed to UV
light (λmax = 365 nm, power density approximately 20
mW·cm−2) for 180 s. After the UV exposure, the sample
was cured in the convection oven at 200◦C for 2 h. The
coated tinplate panels were subjected to performance tests
and the results are listed in Table 2. Each result reported
is an average of four separate measurements performed.
The crosscut adhesion experiments showed that 100% ad-
hesion was reached for all coating compositions. Impact
strength of all nanocomposite coatings is high. Dropping
1 kg weight over 50 cm, no damage could be seen on coat-

Fig. 4. SEM image of the fractured surface of SRS-4.

ings. Good adhesion is important for this test. As can be
seen in Table 2, the gloss of nanocomposite coatings de-
creased slightly with increasing silica because the refrac-
tive index of silica nanoparticles was different from that
of silicone resin. However we can say that between these
values there is no sharp difference. The hardness of the
films was measured. All nanocomposite films exhibited ex-
cellent hardness as high as 6H. This would indicate that
nanocomposite coatings tend to be hard.

Moreover, gel contents of the modified silica contain-
ing nanocomposite films are reported in Table 2. The data
indicate the formation of an almost complete insoluble
crosslinked network (gel content values always above 90%).

4 Conclusions

In this paper, a series of UV curable nanocomposites
containing MPTS-modified silica particles, UV-PSL, and
photoinitiator was prepared. SEM studies indicate that
the modified silica particles were dispersed homogenously
through the silicone resin. MPTS acts as a coupling agent
between silica particles and the polymer matrix. The ther-
mal stability (by TGA) of nanocomposites was slightly
enhanced with the addition of silica particles. The
nanocomposite films exhibited significant enhancement in
mechanical properties including hardness and adhesion.
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