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This paper presents the preparation of epoxy/inorganic-nanoparticle hybrid materials synthesized from diglycidyl
ether of bisphenol A and colloidal titania (TiO,) with coupling agent, 3-isocyanatopropyltriethoxysilane, and
curing agent, hexahydro-4-methylphthalic anhydride, by using a thermal polymerization. The precursor was
spin-coated and thermal-cured to form hybrid films. The experimental results showed that the refractive index
of hybrid films can be tuned by adding various solid contents of TiO, to hybrid films. The refractive index at
633 nm increased from 1.450 to 1.639 as the TiO, content increased from 0 to 50 wt.%. UV-vis analysis showed
that the transparency of hybrid films was over 90%. L.a.b. color analysis indicated that the luminance of films

was above 95%, and no yellowing was observed. In addition, the hybrid materials exhibited a low hydroscopic
property under a high-humidity environment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic/inorganic hybrid materials have recently been studied
extensively. Organic materials have been widely used because of
their flexibility, toughness, and processability. Although inorganic ma-
terials have high heat resistance [1], they have excellent mechanical
and optical properties [2-5]. Organic/inorganic hybrid materials
have a combination of the superior properties of both organic poly-
mers and inorganic materials. The properties of hybrid materials can
be tuned through the functionality or segment size of each compo-
nent. Mixing hybrid materials in the molecular level using Vander
Waals forces, hydrogen bonding, and ionic or covalent bonding [6]
can overcome the traditional composite macroscopic phase separation
to ensure excellent characteristics of organic and inorganic substances
[7-11]. The properties (optical, mechanical, and thermal) of hybrid
materials are relative to those of each component, the composite
phase morphology, and interfacial properties. The mild characteristics
offered using the sol-gel process allow inorganic and organic compo-
nents to be mixed at the nanometric scale [12,13].

Epoxy resin systems are commonly used as matrices in composite
materials for a wide range of automotive and aerospace applications,
shipbuilding, and electronic devices. Highly cross-linked epoxy matrices
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can provide high stiffness and strength; however, they are often brittle
because plastic deformation is constrained [ 14,15]. To develop technical
nanocomposites, several researchers applied inorganic nanoparticles to
improve various properties. Bauer et al. [16] showed that a high content
of nanosized silica, alumina, and titania was embedded in epoxy adhe-
sives. The reinforced nanocomposites exhibited shifts of glass transition
temperatures of approximately 20 K, indicating improved thermal
stability. Chau et al. [17] prepared epoxy/titania (TiO,) nanocomposite
coatings with a high refractive index and optical transparency by
using the sol-gel method. Nanocomposite coating with a refractive
index of 1.668 can be obtained by adding 30 wt.% TiO, nanoparticles
into the polymer matrix. Coatings with various amounts of TiO,
exhibited excellent optical transparency of more than 90%. Although a
nanocomposite with a higher refractive index can be obtained by in-
creasing the TiO, content, cracks appear on the surface of the hybrid
coating. They also showed that the refractive index of hybrid films can
be tuned using various forms of titania nanoparticles and by changing
the solid content of titania. The solid content of titania in the epoxy
matrix can be more than 70 wt.% without affecting the optical transpar-
ency of the hybrid film [18]. Sowntharya et al. [19] synthesized hybrid
nanocomposite coatings from titanium tetraisopropoxide, and epoxy
or acrylic modified silanes were deposited on polycarbonate (PC).
The results showed that the coatings from a freshly prepared sol of
acrylic modified silane and titania exhibited a maximal nanoindentation
hardness of 0.52 GPa compared to 0.23 GPa for bare PC.

We prepared epoxy/TiO, hybrid films using the colloidal
titania and diglycidyl ether of bisphenol A (DGEBA) with a 3-
isocyanatopropyltriethoxysilane (IPTES) coupling agent and hexahydro-
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Fig. 1. Reaction scheme for preparing epoxy/TiO, hybrid films.
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4-methylphthalic anhydride (MHHPA) curing agent by using a thermal
polymerization. The precursor was spin-coated and thermal-cured to
form hybrid films. DGEBA is widely used in adhesive, electronic, wear re-
sistance, and light-emitting diode packaging because of the small volume
of shrinkage during curing. The reaction scheme for preparing epoxy/TiO,
hybrid films is shown in Fig. 1. The effects of the solid content of titania
on the optical and thermal properties of epoxy/TiO, hybrid films were
also examined.

2. Experimental details
2.1. Materials

Titanium n-butoxide monomer (Ti(OBu)4, 99%, TCI), n-butanol (BuOH,
99%, ECHO), hydrochloric acid (HCI, >35%, TOKYO), bisphenol A diglycidyl
ether resin (DGEBA, 99%, TCI), 3-isocyanatopropyltriethoxysilane (IPTES,
95%, Alfa Aesar), hexahydro-4-methylphthalic anhydride (MHHPA,
96%, Aldrich), n,n-dimethylbenzylamin (BDMA, 98%, Alfa Aesar) as a
promoter, Tin(Il) chloride(98%, MERCK) as a catalyst, and butanone
(95%, TEDIA) were used as solvent for the synthesis of epoxy/TiO, hy-
brid materials.

2.2. Preparation of colloidal TiO,

The typical procedure for the preparation of colloidal TiO, is as
follows. First, Solution A was prepared by adding Ti(OBu), in BuOH
and stirring for 30 min. Subsequently, Solution B was prepared by
adding the desired amount of HCI and de-ionized water in butanol
and stirring for 30 min. Moreover, Solution B was slowly dropped
into Solution A and stirred for 2 h to obtain the colloidal TiO, solution.

2.3. Preparation of epoxy/TiO, hybrid materials

DGEBA and IPTES were dissolved in butanone and poured into a
three-neck round-bottom flask and stirred under a nitrogen flow for
3 h. The previously obtained colloidal TiO, was subsequently added
into the flask to form a yellowish solution. It was noticed that the
colloidal TiO, should be added by consecutive dropwise addition for
preventing the aggregation between the TiO, nanoparticles. Subse-
quently, the MHHPA and BDMA were mixed into the flask and stirred
under a nitrogen flow for 1 h to obtain the epoxy/TiO, hybrid solu-
tion. The various compositions used to synthesize epoxy/TiO, hybrid
materials are shown in Table 1. The solution was spin-coated on sili-
con wafer and glass for 20 s at a speed of 2000 rpm. The coated films
were cured on a hot plate at 50 °C for 1 h, 80 °C for 2 h, and 120 °C
for 12 h to obtain the epoxy/TiO, hybrid films.

2.4. Characterization

Fourier transform infrared (FTIR) spectra of the prepared thin films
were obtained on double-polished silicon wafers by using a Perkin
Elmer Spectrum spectrophotomer. With the rated power 4 kW, hori-
zontal goniometer with 185 mm radius, continuous scanning mode

Table 1

Monomer compositions (wt.%) for preparing the hybrid thin films.
Sample (no.) DGEBA IPTES TiO, MHHPA
METi0 67 7 0 27
METi2 65 7 2 26
METi4 64 6 4 26
METi10 60 6 10 24
METi15 57 6 15 23
METi25 50 5 25 20
METi35 43 5 35 17
METi50 33 3 50 13

DGEBA:IPTES:MHHPA = 1:0.1:0.8 (mole ratio).

with 0.03° interval and 1.0 s counting time, the X-ray powder diffrac-
tion data were collected at room temperature on the X-ray diffractom-
eter (XRD) (Philips Corp., The Netherlands) using Cu K radiation,
N = 1.54056 A between 20° and 60° (26). The operation voltage and
anode current were 40 kV and 30 maA, respectively. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
performed under a nitrogen flow using a DuPont Model 951 for
thermogravimetric analysis and a DuPont Model 910S differential
scanning calorimeter at a heating rate of 20 °C/min and 10 °C/min,
respectively. The TGA and DSC samples were prepared by spin-coating
the precursor solution on a glass substrate, followed by curing at various
temperatures, as described in Section 2.3. The transmittance of the
prepared films was measured using an ultraviolet-visible (UV-vis)
spectrophotometer (Jasco V-570). An ellipsometer (GES-5E SOPRA)
was used to measure the refractive index and the extinction coefficient
of the prepared films in the wavelength range of 190-900 nm. The
thickness (h) of the prepared films was determined simultaneously.
An atomic force microscopy (AFM) (Digital Instrument, Inc., Model DI
5000 AFM) with a monolithic silicon probe was used to assess the sur-
face morphology of the coated films under the tapping mode. The shape
of the probe tip was similar to a polygon-based pyramid, and the height
ranged between 10 and 15 pum. The baseline noise was less than 0.1 nm.
The fracture surfaces of hybrid thin films were examined on a Hitachi
H-2400 Scanning Electron Microscope (FE-SEM) at a voltage of 10 kV.

3. Results and discussion
3.1. Analysis of chemical structure

Fig. 2 shows the FTIR spectra of (a) IPTES/epoxy mixture, (b)
IPTES/epoxy mixture reacted for 3 h, (c) epoxy/TiO, hybrid material
before curing, and (d) epoxy/TiO, hybrid material after curing. The
absorption band in spectrum (a) at 3400 and 916 cm ™' was assigned
to the OH and epoxy group from DGEBA. The absorption band at
2271 cm~! was assigned to the —N=C=0 group from a coupling
agent. As shown in spectrum (b), the intensity of absorption peaks
at 3400 and 2271 cm ™! decreased after reacting for 3 h, indicating
that the reaction occurs between the epoxy resin and coupling
agent. Moreover, the absorption band at 3400 cm ™! becomes obvi-
ous again because of the OH group on the TiO, particles. After curing,
the absorption peaks of the epoxy resin and OH group disappeared. In
addition, the absorption band of Ti—-O-Si appeared at 1100 cm™,
and that of Ti—-O-Ti appeared at 600 cm™'. The result indicates
that the epoxy/TiO, hybrid materials with desired chemical structure
were prepared.
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Fig. 2. FTIR spectra of (a) IPTES/epoxy mixture, (b) IPTES/epoxy mixture reacted for
3 h, (c) hybrid material before curing, and (d) hybrid material after curing.
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Table 2

The thermal, surface, and optical properties of hybrid materials.
Sample Td Residue® Thickness Ra” Ra/h Rq” Rq/h Ne33° Ke33° vd¢

(°C, 95 wt.%) (wt.%, 800 °C) (um) (nm) (%) (nm) (%) (nm)

METiO 289.8 17.29 0.970 0.219 0.23 0.274 0.282 1.450 6.83 x 1073 1443
METi2 2184 21.36 0.870 0.273 0.31 0.321 0.370 1.493 5.77 x 1073 27.66
METi4 225.6 24.38 0.627 0.293 0.62 0.365 0.773 1.557 327 x 1073 30.25
METi10 233.1 25.50 0.472 0.296 0.61 0.368 0.779 1.593 1.68 x 1073 38.93
METi15 220.0 33.85 0.480 0.298 0.62 0.373 0.819 1.596 1.08 x 1073 41.93
METi25 216.5 4215 0.424 0.332 0.78 0.416 0.981 1.587 139 x 1073 32.78
METi35 2273 47.31 0.296 0.306 1.03 0.384 1.29 1.636 6.65 x 1073 24.65
METi50 2211 56.23 0.281 0.751 2.67 0.947 337 1.639 513 x 1073 2227
2 Experimental results from TGA values based on the assumption that only inorganic moieties are present at 900 °C.
b Ra and Rq are the average and root mean square roughness, respectively.
¢ nand k are the refractive index and extinction coefficient at 633 nm, respectively.
d

Vd is the Abbe number.

3.2. Thermal properties

The DSC curves of epoxy/TiO, hybrid materials (METiO-METi10)
obtained from various TiO, solid contents show that the IPTES/
epoxy material has a thermal glass (Tg) point at 80 °C. Tg increased
to 115 °Cas 2 wt.% of TiO, was added into the epoxy matrix. No obvi-
ous T, point was observed when the TiO, content was larger than
10 wt.%. The result might be caused by the formation of epoxy resin
network that is strongly restricted by the hybridization within the
TiO, network [20]. The heat resistance of cured epoxy resin improved
considerably with increased TiO, content. On the other hand, the
TGA curves of the hybrid materials (METiO-METi50) show that all
hybrid samples exhibited slight weight loss at the beginning because
of the volatilization of the moisture or solvent. The obvious weight
loss was observed in the range of 150-300 °C, indicating a certain
degree of degradation for the polymer, a small amount of hydrolysis
condensation of the unfinished OH functional groups, and the produc-
tion of an oligomer. The second weight loss from 300 °C to 600 °C
corresponded to the decomposition of the organic component. The
weight loss decreased as the TiO, content increased. The result
showed that the TiO,-modified epoxy resin formed the network struc-
ture. The thermal decomposition (Tq) point and residue of the hybrid
material are shown in Table 2.

3.3. Microstructure analysis

The surface morphology and roughness of the prepared hybrid
coatings was analyzed using AFM and FE-SEM images. The AFM and
FE-SEM images of the prepared epoxy/TiO, hybrid materials showed
that no defects and phase separation were observed, and that the sur-
face roughness of the hybrid coatings was low. The average roughness
(Ra) and mean square roughness (Rq) of the coatings are shown in
Table 2. It shows that the surface roughness increases with the TiO,
content. The values of R, and Rq increased from 0.219 and 0.274 nm
for 0 wt.% TiO, to 0.751 and 0.947 nm for 50 wt.% TiO,, respectively.
However, under various operational conditions, all ratios of rough-
ness and thickness were below 3.4%. This result indicates the excel-
lent planarity of the prepared hybrid films. The lower surface
roughness reduced the optical loss, which further confirms the feasi-
bility of applying hybrid materials to thin films. It is known that if the
aggregation of TiO, nanoparticles occurred, the phase separation
would be observed, especially when TiO, content was high. However,
we cannot found any phase separation from the images of FE-SEM
and AFM. Therefore, the phase separation caused by blending of
TiO, could be negative in the present study. Fig. 3 shows the XRD
patterns of the epoxy/TiO, hybrid materials with various TiO, solid
contents. A broad peak was observed at approximately 20° because
of the amorphous nature of the epoxy resin [2]. The XRD patterns of
the hybrid material revealed dominant peak with values of 26 located

at 25.3°%, 27.9°, 47.8°, and 54.1°, corresponding to the (101), (004),
(200), and (105) planes, respectively. It indicates that the embedded
TiO, has the crystal phase of anatase. However, the peak intensity
of TiO, is not obvious as the TiO, content is about 10-35 wt.%. As
the TiO, content is higher than 50 wt.%, the peaks of anatase TiO,
can be observed clearly. This result is corresponding to the experi-
mental design.

3.4. Optical properties

Fig. 4(a) and (b) shows the optical transmission spectra of the hy-
brid coatings prepared from various TiO, solid contents and curing
temperatures, respectively. The figures show that the transmittances
of the hybrid films are high in the visible range and slightly decrease
with increasing TiO, content and curing temperature. This occurs
because the surface roughness of the hybrid film gradually increased;
thus, the light through the film was subject to interference or an in-
terference phenomenon. However, all hybrid films exhibited excel-
lent transmittance of more than 95% in visible light. Fig. 5 shows
L.a.b. color analysis of (a)-(c) METiO and (d)-(f) METi10 after ther-
mal treatment for 6 h at curing temperatures of 80 °C, 120 °C, and
150 °C. The detailed data of luminance, transmittance, and the
decay rate of the prepared epoxy/TiO, hybrid materials are shown
in Table 3. It shows that the transparency and luminance of hybrid
thin films decrease with increasing curing temperature and TiO,
content. At a high TiO, content, the influence of curing temperature
on the transparency and luminance of hybrid thin films becomes
obvious. The values of the decay rate for luminance decay rate (D)

METi100 (101)

094 (200) (105) (211)

Intensity (arb.units)

METi 25

METi 15
METi 10

%

10 20 30 40 50 60
2 theta (degree)

Fig. 3. XRD patterns of epoxy/TiO, hybrid materials, METi10-METi100.
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Fig. 4. Transmittance UV-vis spectra of epoxy/TiO, hybrid films cured at (a) 80 °C and
(b) 150 °C, respectively.

and transmittance decay rate (Dr) at a fixed curing temperature of
150 °C were 0.29 and 1.06 for 10 wt.% TiO, content. However, the
values of D; and Dy increased to 2.04 and 4.96 as the TiO, content
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Table 3
Luminance and transmittance of epoxy/TiO, hybrid materials obtained at different TiO,
contents and curing temperatures.

Temp. L Dy T%¢ Draoo nm®  T% Dr1s50 nm
(°C) (%) (%)° (400 nm) (%) (550 nm) (%)
METi0 80 99.87 - 99.47 - 99.56 -
120 99.80 0.07 99.27 0.20 99.40 0.16
150 99.52 0.35 98.53 0.95 98.84 0.73
METi10 80 99.71 - 99.58 - 99.98 -
120 99.51 0.20 99.22 0.36 99.32 0.65
150 9942 0.29 98.04 1.54 98.92 1.06
METi15 80 99.66 - 98.79 - 99.95 -
120 99.34 0.32 97.81 0.99 99.14 0.8
150 98.88 0.87 93.16 5.70 97.85 2.10
METi35 80 99.04 - 98.08 - 98.08 -
120 98.37 0.68 92.01 6.18 95.90 222
150 98.26 0.79 87.48 10.80 95.68 245
METi50 80 9946 - 95.83 - 99.55 -
120 98.47 0.99 91.04 5.00 97.01 2.55
150 9743 2.04 87.81 9.35 94.61 4.96
¢ L: luminance.
b Dy: luminance decay rate = (L; — Lgg «c / Lgo +c) * 100%.
Z T%: transmittance (%).

Dr: transmittance decay rate = (Tr — Tgo «c / Tgo °c) * 100%.

increased to 50 wt.%. Under various operational conditions, no
yellowing of the hybrid films was observed, and the average transmit-
tance and luminance was over 90% and 97%, respectively. On the
other hand, the ultraviolet lamp (365 nm) exposure test of hybrid
films at exposure times of 4 h shows that no yellowing was observed.
This result indicates the excellent optical properties of the prepared
hybrid films. The detailed experimental data are shown in Table 4. As
displayed in the table, the exposure time has no evident influence on
the luminance and transmittance of hybrid films because the TiO, con-
tent is fixed. This result also indicates excellent optical properties of the
prepared hybrid films. The values of refractive index and extinction
coefficient of hybrid films measured from ellipsometer analysis were
listed in Table 2. It shows that the refractive index (at a wavelength of
633 nm) increased from 1.450 to 1.639 as the TiO, content increased
from 0 to 50 wt.%. This occurred because TiO, has a higher refractive
index than epoxy. This result suggests that the n of the prepared hybrid
films is tunable through the TiO, content. The extinction coefficient
of the hybrid films was almost zero, indicating that the prepared
hybrid coating has excellent optical transparency in the visible region.

60 — 100 60 —100 60 — 100
50 50 50
Lhee Lfee - 80
L 60 o 60 — 60
b 0 40 b | 40 - 40
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Fig. 5. L.a.b. color analysis of (a)-(c) METiO and (d)-(f) METi10 after curing for 6 h at different temperatures, 80 °C, 120 °C, and 150 °C, respectively.
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Table 4

Luminance and transmittance of epoxy/TiO, hybrid materials obtained at different TiO,

contents and ultraviolet lamp exposure times, 0-4 h.

Time L* DI_b To%¢ Dra00 nmd T% D550 nm
(h) (%) (%) (400 nm) (%) (550 nm) (%)

METi0 0 99.52 - 98.80 - 99.00 -
0.5 99.46 0.06 9849 0.34 98.81 0.19
1 99.46 0.06 98.46 0.34 98.75 0.25
2 9933 0.19 9845 0.34 98.61 0.39
4 99.28 024 98.36 0.44 98.59 0.41

METi15 0 99.23 - 98.09 - 98.99 -
0.5 99.22 0.01 97.77 0.32 98.68 034
1 99.18 0.05 97.76 0.33 98.48 0.54
2 99.14 0.09 97.64 0.46 98.36 0.64
4 99.07 0.16 97.57 0.53 98.34 0.66

METi25 0 99.18 - 96.37 - 99.09 -
0.5 98.88 030 95.68 0.71 98.53 0.56
1 98.50 0.68 95.59 0.81 98.46 0.64
2 98.37 0.82 9559 0.81 98.38 0.72
4 9835 0.83 9549 0.94 98.37 0.73

METi35 0 98.80 - 93.06 - 96.68 -
0.5 9859 0.21 93.05 0.01 96.65 0.03
1 98.57 023 03.02 0.04 96.65 0.03
2 98.44 036 92.87 0.20 96.38 031
4 9836 045 9283 0.25 96.36 033

METi50 0 98.74 - 90.74 - 98.01 -
0.5 98.61 0.13 90.64 0.11 97.73 0.27
1 98.59 0.15 90.33 0.45 97.51 0.51
2 9856 0.18 90.21 0.58 97.45 0.57
4 98.52 022 90.12 0.68 97.35 0.67

¢ L: luminance.

b D,: luminance decay rate = (L; — Lgg oc / Lgo «c) * 100%.

€ T%: transmittance (%).

d

Dr: transmittance decay rate = (Tt — Tso °c / Tso °c) * 100%.

Conversely, the Abbe number of the prepared hybrid films increased to
a maximal value of 41.93 as the TiO, content increased from 0
to 20 wt.%. The Abbe number subsequently decreased to 22.27 as the
TiO, content increased to 50 wt.%. In physics and optics, the Abbe
number is a measure of the dispersion of material; high values of the
Abbe number indicate low chromatic aberration. Generally, a typical
Abbe number value is approximately 30 for hybrid films used in optical
applications. It is known that the polyamide and aliphatic amine is
extensively used as curing agents for preparing epoxy resin. However,
the prepared epoxy yellows after cured when exposed to moisture
or excessive heat. In the present study, 4-methylhexahydrophthalic
anhydride and n,n-dimethylbenzylamine were used as the curing
agent and accelerator, respectively, which could combine with the
hybridization of titania to prevent the yellowing phenomena of epoxy
resin. Incorporation of titania nanoparticles into the epoxy matrix not
only increases the refractive index of hybrid materials but also
improves the yellowing resistance. The L.a.b. analysis also confirmed
that no yellowing phenomena of TiO,/epoxy films were observed in
this study.

3.5. Water-absorbing test

Water absorption data were obtained by immersion in water
for one week at 60 °C. After removal, the specimens were dried
and weighed immediately. The increase in weight is reported as a
percentage. Various materials absorb varying amounts of water,
and the presence of absorbed water may affect materials in various
manners. Optical, electrical, and optoelectronic properties change
noticeably with water absorption; therefore, materials that absorb
almost no water are favorable for these applications. Table 5 shows
the water absorption test for the METiO-METi50 hybrid materials.

Table 5

Water absorbing test for the epoxy/TiO, hybrid materials.
Sample Before Wyy After Wyer Aw?

(8) (8) (%)

METi0 1.8365 1.8375 0.05
METi15 1.7862 1.7865 0.02
METi25 1.6554 1.6574 0.12
METi35 1.8140 1.8143 0.02
METi50 1.7050 1.1054 0.02

@ Aw: water absorbing rate = (Wyer — Wary / Wary) = 100%.

As shown in Table 5, the low water absorption rate of the prepared
epoxy/TiO, hybrid materials has a negligible effect on their proper-
ties, especially when used under a high-humidity environment.

4. Conclusion

Epoxy/TiO, hybrid materials were prepared using the sol-gel
method. DSC analysis indicated that the T, and thermal stability of
the hybrid materials increased with TiO, content. The TGA indicated
that all prepared hybrid materials had an excellent T4 above 200 °C.
The FE-SEM and AFM images showed that the hybrid material
had an excellent film-forming property and surface planarity. XRD
analysis showed that the titania in the hybrid material had a crystal
phase of anatase. The ellipsometer analysis in n and k and UV-vis
measurement showed that the transparency of hybrid thin films
was above 90%, and that L.a.b. color analysis indicated that luminance
was above 95%; no yellowing was observed. Furthermore, the value
of the refractive index (at a wavelength of 633 nm) increased from
1.450 to 1.638 as the TiO, content increased from 0 to 50 wt.%. Under
an ultraviolet environment, the transparency of the hybrid material
was above 90%, and no yellowing was observed. In addition, the hybrid
materials exhibited a low hydroscopic property under a high-humidity
environment.
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