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ABSTRACT: A new inorganic–organic hybrid coating
containing epoxy-functionalized cubic silsesquioxane
(CSSQ) has been developed, which can be polymerized
cationically by UV radiation. This solvent-free solution can
be used as hybrid coating for polythiourethane (PTU) sub-
strate. The surface properties of the coating film were
determined by adhesion and scratch resistance. The excel-
lent adhesion of coating films on the substrate was
observed at the initial stage before weathering, but deterio-
rated after exposure to the sunshine. The low viscosity of
hybrid coating solution (� 15 mPa s) leads to fast curing
and the formation of hybrid coating film during the photo-
polymerization reaction. The adhesion failure was eval-
uated by atomic force microscopy (AFM), Fourier trans-
form infrared spectroscopy (FTIR), and X-ray photoelec-
tron spectroscopy (XPS) analyses. AFM images showed

that the surface is smooth at the initial stage, but a texture
surface was developed after weathering. The shrinkage of
the hybrid film due to the increase in crosslinking density
by postpolymerization would affect the surface roughness
after weathering. XPS analysis indicated that the adhesion
failure occurred by photodegradation of the PTU substrate
during weathering. The weathering resistance was signifi-
cantly improved by adding UV absorbers, which protected
the polymer substrate from the photodegradation. The
advantages of the hybrid coating include fast cure speed,
solvent-free formulation, and improved surface properties
of the coating film. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 108: 181–188, 2008
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INTRODUCTION

Cationic photopolymerization ultraviolet (UV) cura-
ble coatings have received considerable attention in
many industrial applications such as plastics, elec-
tronics, protective coatings, and adhesives due to
their rapid and solvent-free curing of coating films.1,2

There has been growing interest in solvent-free UV
curing systems because of environmental concerns.
Most of the applications of UV curing are found in
the coating industry for the surface protection of var-
ious materials by fast-drying varnishes, paints, or
printing inks.3 Cationic photoinduced polymeriza-
tion process could offer some benefits compared to
the radical photopolymerization, in particular rela-
tively low shrinkage during curing, no oxygen inhi-
bition, good adhesion to the substrate, and high
chemical resistance.2,4–6 However, an investigation of
the photoinitiated cationic ring-opening polymeriza-

tion of epoxy monomers showed that certain mono-
mers displayed low reactivity in photoinduced
cationic polymerization, which are not suitable for
commercial applications.7,8 Crivello and Mao9 intro-
duced the photoinduced cationic polymerization of
multifunctional siloxane oligomers. These oligomers
exhibited extremely rapid photoinduced cationic
polymerization and high conversion rate even in the
case of multifunctional oligomers. The rapid curing
and the resulting excellent physical properties lead
to many applications of these materials such as den-
tal restorative materials and coatings for optoelec-
tronic devices.10–12

Recently, inorganic–organic hybrid coatings are
widely used as interfacial modifiers to improve the
properties such as adhesion, barrier properties, and
mechanical strength.4,13–17 Cubic silsesquioxanes
(CSSQ) possess unique characteristics with a well-
defined, three-dimensional nanostructure containing
silica cage and the organic functional groups on the
silica cage surface with a diameter range of 0.5–
1.5 nm.18–21 It has been found to offer attractive
properties that include improved thermal stability,
chemical resistance, and enhancements in mechani-
cal properties.22–25 For example, methacrylate-func-
tionalized CSSQ-based dental restorative composites,
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prepared via photoinitiated free radical polymeriza-
tion, are found to improve mechanical strength.26 Su
et al.17 reported that thermal mechanical properties
of acrylic polymers were subsequently enhanced by
incorporating nanosized polysilsesquioxane. In the
present work, multifunctional epoxy monomers and
oligomers including epoxy-functionalized CSSQ
were polymerized cationically by UV radiation in
the presence of cationic photoinitiator, particularly,
for application in lenses. There has been a high
demand for lenses having light weight and high re-
fractive index, polythiourethane (PTU) with refrac-
tive index of 1.60–1.67 was used as a polymer sub-
strate in this report.

Organic coating materials are known to undergo
degradation when exposed to UV radiation, leading
to discoloration, cracking, and embrittlement upon
weathering.27 Although a few studies27–29 reported
the remarkable performance of UV-curable coating,
the potential of these systems for increasing the
weather resistance of polymer coatings has not been
achieved.

In this study, new photocurable epoxy/cubic sil-
sesquioxane hybrid materials are reported. The
hybrid materials using the cationic photopolymeriza-
tion UV-curable resin containing epoxy-functional-
ized CSSQ were prepared, and the failure mecha-
nism of the hybrid films were evaluated by atomic
force microscopy (AFM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spec-
troscopy (XPS) studies.

EXPERIMENTAL

Materials

3-Glycidyloxypropyltrimethoxy silane (GPTMS, 98%)
was purchased from Aldrich, and trimethylolpro-

pane triglycidyl ether (Epolite 100MF, TMPTGE) was
obtained from Kyoeisha Co., Japan. Bis[4-(di(4-(2-
hydroxyethyl)phenyl)sulfonio-phenyl] sulfide bis-
hexafluorophosphate (SP-150) from Asahi Denka Co.
was used as a cationic photoinitiator. Methyl silicate-
51 (Tama Chemicals Co.) was applied to develop
silica networks because it acts as a four functional
building block. 2,20,4,40-tetrahydroxybenzophenone
(THBP), hydroxyphenyltriazine (HPT), and benzo-
triazole (BTZ) from Ciba Specialty Chemicals were
used as ultraviolet (UV) absorbers in some cases. Octa-
kis(dimethylsiloxy)octasilsesquioxane (Q8M

H
8 ) was pur-

chased from Hybrid Plastics, and allyl glycidyl ether
(AGE, ‡99%) was obtained from Aldrich. Octa[2-
(butoxymethyl)oxirane di-methylsiloxy] silsesquiox-
ane, namely, OB-CSSQ (epoxy-functionalized CSSQ)
was prepared in our laboratory according to the litera-
ture.30 The viscosity of OB-CSSQ was found to be �
300 mPa s. All the chemical structures are shown in
Figure 1.

Preparation of oligomer GPTMS (O-GPTMS)

A partial condensate of 3-glycidyloxypropyltrime-
thoxy silane (O-GPTMS) was prepared by the method
reported by Crivello and Mao9 with slight modifica-
tion. In a typical procedure, 1% solution of hydro-
chloric acid (HCl, 0.5 mL) was added into a mixture
of 236 g (1 mol) of GPTMS and 27 g (15 mol) of
deionized water and stirred at room temperature for

Figure 1 The chemical structures of UV hybrid coating composition.

TABLE I
The Relative Intensity Ratio of T0–T3

T0

(243 ppm)
T1

(250 ppm)
T2

(258 ppm)
T3

(266 ppm)

29.2 17.6 36.5 16.7
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24 h. Anhydrous toluene (100 g) was then added to
the mixture. A partial condensate of clear, viscous
oligomer (O-GPTMS) was obtained after the removal
of toluene and water, and the product was character-
ized by 29Si-NMR. The degree of condensation was
calculated by integration of the individual signals
from 29Si-NMR according to the following equation;

Kð%Þ ¼ T1 þ 2T2 þ 3T3

3ðT0 þ T1 þ T2 þ T3Þ (1)

where K is the condensation grade and Tx is the
number of siloxane groups bound to the Si-atom.
The relative intensity ratio of T0 to T3 was displayed
in Table I and the degree of condensation was found
to be � 47% (Fig. 2).

Methodology

The viscosity of the hybrid compositions listed in
Table II was measured by Brookfield cone and plate
viscometer (model: LV-RV-HA-HB-DV-E, Toki San-
gyo Co., Japan) at 258C. The liquid coating formula-
tions were applied to polythiourethane (PTU) sub-
strate by spin-coating (1000 rpm for 10–30 s), and
the wet films were exposed to UV radiation (light in-
tensity 150 mW/cm2; wavelength 365 nm) with
high-pressure mercury lamp for 20 s using a con-
veyor-type UV reactor. The extent of polymerization
was determined by FTIR spectroscopy, monitoring
the decrease in epoxy absorption band at 844 cm21

upon UV radiation. The thickness of the hybrid film
was � 5 lm, measured by a stylus-type surface pro-
filer (Veeco Instruments).

The photopolymerization rate was measured using
a Q100 differential scanning calorimeter (DSC) (TA
Instruments) equipped with a photocalorimeter
(PCA). All measurements were carried out at 308C,
and the light intensity was kept at 150 mW/cm2

under N2. About 7 mg homogeneous solution was
weighed into the aluminum pan, which controlled
the sample weight for each test. The data were ana-
lyzed using the TA Instruments Universal Analysis
software.

Weather resistance (weathering) test was carried
out in the presence of water and a pseudoexposure
light using a sunshine weather meter with carbon-
arc lamp (Suga Test Instruments Co., Japan). Adhe-
sion of the hybrid films before and after weathering
was tested by crosscut peeling test according to Japa-
nese Industrial Standard (JIS-K5600). In a typical
procedure, 25 meshes of 1 mm2 were formed by
inserting cut lines on the samples at an interval of
1 mm using an equal-interval spacer and a cutter
knife. A transparent, low-pressure adhesive tape was
then attached on the samples and peeled by pulling
at an angle of 608, and the meshes remaining on the
hybrid film were evaluated by rank 0 (0/100; no ad-
hesion) to rank 7 (100/100; excellent adhesion). In
rank 7, the edges of cuts are complete and smooth
so that there is no peeled-off grid meshes. The trans-
parency of the film was determined by film trans-
mittance meter (Shimadzu UV 2200). The adhesion
failure mechanisms of the UV-cured films were eval-
uated by atomic force microscopy (AFM) (Surface
Science Instrument, model: SSX-100), Fourier trans-
form infrared spectroscopy (FTIR) (Perkin Elmer
Instrument, 2000 FTIR spectrometer), and X-ray pho-
toelectron spectroscopy (XPS) (Seiko Instruments,
model; nanopics 1000) studies.

RESULTS AND DISCUSSION

The UV-curable coating composition consisted of
three main components: (1) mono/multifunctional
monomers, (2) functionalized oligomers, and (3)

Figure 2 The synthetic procedure of O-GPTMS.

TABLE II
The Composition Ratios of Hybrid Coating Formulation

Ingredients
Composition
ratios (wt %)

GPTMS 48
O-GPTMS 9
OB-CSSQ 17
TMPTGE 13
Methyl silicate 9
Photoinitiator (SP-150) 4
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cationic photoinitiator. The viscosity of the coating
solution (formulation is shown in Table II) was
found to be � 15 mPa s. Because of the low viscosity
of hybrid coating solution, the active species gain
sufficient mobility to react with the epoxy groups,
which leads to fast curing and the formation of
hybrid coating film during the photopolymerization
reaction. By viewing with naked eyes, no tackiness
and defects in coating films such as discontinuities,
nonsmoothness, or generation of a texture were
observed. The hybrid film showed highly trans-
parent to visible light (>90% transmittance at 400–
600 nm wavelength) and improved hardness and
scratch resistance in the presence of epoxy-function-
alized CSSQ. The structure of OB-CSSQ consists of
eight flexible long chains with epoxy end groups,
which are favorable to incorporate with hardener in
some extents and leads to the high crosslink den-
sity.31 As a result, the incorporation of nanosized ep-
oxy-functionalized CSSQ improves the network for-
mation of the resulting film and increases the rigid-
ity of the nanocomposite films.

Kinetics of photopolymerization

Figure 3 shows the measured heat flow versus irra-
diation time at various amount of OB-CSSQ. It
shows that how OB-CSSQ affects the rate of poly-
merization. As shown in Figure 3, the time to reach
the equilibrium exotherm peak slightly reduced by

adding OB-CSSQ (40 s at 0 wt %, 36 sec at 5 wt %,
34 s at 10 wt %, and 32 s at 20 wt %, respectively).
The maximum heat flow also increased with increas-
ing amount of OB-CSSQ. It is clear that not only the
large epoxy groups in OB-CSSQ induced the rate of
polymerization but also due to the decrease in vis-
cosity of the coating solution in the addition of OB-
CSSQ. The decrease in viscosity with increasing
amount of OB-CSSQ has been reported in our previ-
ous article.31 The increasing number of epoxy groups
in OB-CSSQ proceeds the exothermic nature of ring-
opening polymerization, which leads the polymer-
ization to higher conversion. The coating formulation
for the kinetic study is shown in Table III. The
results indicate that the reactivity is higher in the
presence of OB-CSSQ.

Weathering of UV-cured hybrid coating

The weathering stability of the coated substrate was
first studied. Figure 4 shows the optical micrographs
(OM) and topographical AFM images (3.5 lm3 3.5 lm)
of the hybrid coating surface before and after exposing
to carbon-arc lamp using sunshine weather meter. The
optical micrographs were captured using high-resolu-
tion digital video microscope (VH-6300) equipped
with high-range zoom lens (VH-Z450). The excellent
adhesion of hybrid films on PTU substrate was ob-
served at the initial stage before weathering, but it
seems deteriorated after weathering at long exposure
time. Study showed that the adhesion (peel-off
strength) of hybrid coating decreased from rank 7 to
rank 1 as shown in Figure 4(a).

AFM was used to understand the failure mecha-
nism of hybrid coating under weathering, and the
AFM micrographs are shown in Figure 4(b). At the
initial stage before weathering, the surface is smooth
but a rough (texture) surface was developed after
weathering. The roughness of the hybrid films (Ra)
coated on the PTU substrates changed from 0.44 nm
before weathering to 0.79 nm after weathering as
evaluated from AFM images.

It was mentioned that the cationic photoinitiators
are able to form Bronsted acid for the cationic initiation

Figure 3 Rate of photopolymerization as a function of
irradiation time at various contents of OB-CSSQ.

TABLE III
The Chemical Composition of the Coating Solution with Different OB-CSSQ

Content for the Kinetic Study

Ingredients
Composition 1

(wt %)
Composition 2

(wt %)
Composition 3

(wt %)
Composition 4

(wt %)

GPTMS 65 60 55 45
OB-CSSQ 0 5 10 20
O-GPTMS 9 9 9 9
TMPTGE 13 13 13 13
Methyl silicate 9 9 9 9
Photoinitiator (SP-150) 4 4 4 4
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and also to initiate a radical polymerization under UV
radiation.32,33 Therefore, the postpolymerization may
be likely to occur if the photoinitiator remains in the
coating film. This continued postpolymerization could
lead to shrinkage of the hybrid film due to the
increase in crosslinking density. As a result, the sur-
face roughness increases. FTIR spectroscopy investi-
gation provides a further confirmation of such shrink-
age. It showed the peak of Si��O��Si stretching band
at 1024 cm21 slightly shifted to higher wave number
(1036 cm21) after weathering, assuming the contrac-
tion of Si��O��Si bond. The shrinkage of the film due
to the contraction of Si��O��Si bond could induce
strain at the interface.

It may be thought that the increase of strain could
lead to a failure of the hybrid film at interface, the
situation here may be different. In general, there are
three possible modes of coating failure: (1) the inter-
face failure due to poor adhesion or weakening
of adhesion, (2) the coating layer failure due to the
degradation or weakening of hybrid resin, and (3)

failure at the substrate itself. A schematic representa-
tion of the possible degradation and failure process
is depicted in Figure 5.

To understand which mode is most likely respon-
sible for the adhesion failure, a detailed XPS investi-
gation was conducted. The hybrid film before weath-
ering could not be characterized by XPS analysis
because it is difficult to remove the film from the
substrate due to the excellent adhesion. However,
the peeling of the film was completed at the inter-
face of the substrate and the film after weathering.
The hybrid film (after weathering) was removed
from the substrate, and both sides of hybrid film
and PTU substrate were subsequently evaluated
by XPS analysis. The thickness of the deterioration
layer detached from the substrate was estimated as
� 0.5 nm by XPS depth profile analysis of coating
film side. The low resolution XPS survey scans (Fig-
ures are not shown) show no peak difference
between bare substrate and the substrate after
weathering. Silicon peak was not observed on the
substrate survey scan, which is attributed from the
crosslinked polymer, suggesting that the failure is
not at the silsesquioxane hybrid coating layer side.
However, the nitrogen and sulfur peaks in the
hybrid film after weathering were observed and the
existence of nitrogen and sulfur peaks on the hybrid
film surface indicated the degradation of the sub-
strate during weathering. It is clear that the effect of
weathering is twofold: first, it leads to photodegra-
dation of PTU as discussed later and weakens the
substrate, and second, it also leads to a postpolyme-
rization, which results in shrinkage of the coating
layer. Because of the shrinkage, strain was exerted
on the weakened PTU substrate, which leads to fail-
ure of the PTU substrate.

The atomic compositions of PTU substrates and
hybrid films near the delaminated side before and
after weathering are summarized in Table IV. The
results show that nitrogen (N) and sulfur (S) ele-
ments attributed from thiourethane bond were found

Figure 4 (a) The optical micrographs, (b) the AFM image
of hybrid coating film before weathering, and (c) the AFM
image of hybrid coating film after weathering. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5 The schematic representation of the possible
failure mechanism between the hybrid coating film and
the PTU substrate.
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in the after weathering film. The existence of N and
S in the delaminated film suggests the deterioration
of PTU substrate under UV radiation. In the next
section, we will report on how to improve the
weathering stability of hybrid coating by adding UV
absorbers.

Figure 6 shows the high resolution of N 1s and S
2p core-level spectra taken over the bare substrate,
the delaminated surfaces of the substrate, and the
hybrid film sides after weathering in the presence of
water. One component peak (399.7 eV) in N 1s signal
was observed in the bare substrate, as seen in Figure
6(a), which is attributed to the thiourethane bond.34

The binding energy of thiourethane bond slightly
shifted to higher energy side (10.2 eV) in the

delaminated substrate (399.9 eV) but also reduced
the component intensity of thiourethane peak, in
comparison to the bare substrate. It appears that a
substantial proportion of the thiourethane bond dis-
sociated due to the strong penetration of the UV
radiation into the PTU substrate. The formation of a
new component peak at 401.8 eV was observed in
both the delaminated surfaces of the substrate and
the hybrid film sides after weathering. This may be
ascribed to ��NHx group formed by the dissociation
of thiourethane bond as shown in Figure 5. It is
assumed that the formation of amino bond leads to
the high shift of binding energy of N 1s due to the
decrease of electron density in N atom. Figure 6(b)
displays that the S 2p signal is composed of two

TABLE IV
The Atomic Compositions of PTU Substrates and Hybrid Films Near the Exfoliation Side Before and After Weathering

Atomic composition (wt %)

C O N S Si

PTU substrate Bare substrate 69.7 10.3 7.1 12.9 –
Substrate after weathering 61.8 18.8 7.1 12.3 –

Coating film Initial film* 54.9 34.2 – – 10.2
Film after weathering 67.3 23.1 2.7 4.0 2.9

* Initial film means the film before weathering, coated on the polymer substrate to compare with the film after
weathering.

Figure 6 High resolution XPS spectra for the failure surface of the bare substrate, exfoliated surfaces of the substrate,
and the hybrid film sides after weathering in the presence of water; (a) N 1s core-level spectra and (b) S 2p core-level
spectra.
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component peaks at 163.3 and 164.5 eV, which corre-
spond to S 2p3/2 and S 2p1/2, respectively.

34 Interest-
ingly, the two separated peaks were observed in the
substrate and the hybrid film surfaces after weather-
ing. The peaks represented at 163.8 eV in both sides
attributed to the thiourethane bond. The new peaks
appeared at high-energy side (168.3 eV) referred to the
formation of ��SOx group,34 suggesting that it may
occur from the fragmentation of thiourethane bond.

Effect of UV absorbers

It has been known that the weather resistance of
hybrid coating materials can be greatly improved by
the addition of UV absorbers in the resin formula-
tion.27–29 The key role of UV absorbers is to screen
the UV light and prevent the UV radiation from pen-
etrating into the polymer substrate to avoid the pho-
todegradation of the substrate. In this study, various
types of UV absorbers were examined and it
appeared that a mixture of three different types of
UV absorbers: 2,20,4,40-tetrahydroxybenzophenone
(THBP), hydroxyphenyltriazine (HPT), and benzo-
triazole (BTZ) is most effective. The amount of UV
absorbers added to the hybrid coating solution was
optimized by UV spectroscopy (Figure is not
shown). Figure 7 shows the adhesion versus irradia-
tion time at various concentrations of added UV
absorbers. It shows the excellent weather resistance
under UV radiation during the short exposure time,
but it deteriorated after longer irradiation time. The
higher the concentration of UV absorber, the better
resistance was observed.

Figure 8 shows the effect of UV absorbers on
weather resistance of hybrid film on the PTU sub-
strate. Weather resistance of the hybrid film without

UV absorbers dramatically decreased under UV irra-
diation due to the postpolymerization and photode-
gradation occurring at the polymer substrate. For a
sample with the addition of UV absorbers, almost no
change in weather resistance was observed after
5 days of UV irradiation. This explains that UV
absorbers protected the polymer substrate from the
photodegradation and substantially improved the
weather resistance of hybrid coating.

In this study, the amount of epoxy-functionalized
CSSQ (OB-CSSQ) was optimized in the hybrid coat-
ing formulation. When a large amount of OB-CSSQ
was added (>20 wt %) to the coating solution, the
transparent coating film was not observed. It is
speculated that OB-CSSQ segregated from the com-
position, and the hydrophobic group of CSSQ may
aggregate on the surface of the hybrid coating as
shown in Figure 9. The segregation has two parts:
one is silicon’s movement to surface, which was
determined by XPS depth profile analysis; but this
will not lead to nontransparency. The important seg-
regation is phase separation which result in big do-
main size that scatter light.35 The presence of the
cage structure of silsesquioxane could be reduced

Figure 7 Adhesion versus UV irradiation time at various
concentrations of UV absorbers.

Figure 8 Adhesion versus UV radiation exposure time of
hybrid coating films with and without UV absorbers. Ad-
hesion was determined after weathering test for both
hybrid coating films.

Figure 9 The schematic representation of OB-CSSQ
aggregates in the hybrid coating film.
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the detrimental effect of residual photoinitiator for
postpolymerization.

CONCLUSIONS

New photocurable epoxy/cubic silsesquioxane
hybrid materials are reported, and the failure of UV-
curable hybrid coating on polythiourethane (PTU)
substrate under weathering was studied using AFM,
FTIR, and XPS analyses. It has found that the failure
of adhesion is due neither to the degradation of
cubic silsesquioxane nor to the failure of adhesion at
interface. The degradation is due mainly to the PTU
substrate which underwent photodegradation when
subjected to UV and water condition. The increase of
strain owing to the shrinkage of coating layer under
UV radiation also contributes to the failure of the
weakened PTU substrate. The weathering resistance
of PTU substrate was significantly improved by
applying cationic UV-curable hybrid coating with
UV absorbers, which effectively protect the PTU sub-
strate against weathering. The advantages of this
hybrid coating include fast cure speed, solvent-free
formulation, and improved mechanical and surface
properties using epoxy-functionalized CSSQ.
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