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ABSTRACT: UV-curable, transparent acrylic resin/titania
organic–inorganic hybrid films were prepared by controlled
hydrolysis of titanium tetrabutoxide in Span-85/Tween 80
reverse micelles and the subsequent in situ photopolymeri-
zation of the acrylic monomers. UV–vis spectra and atomic
force microscopy (AFM) indicated the presence of a nano-
scale hybrid composition. The onset of absorption (lonset)
of titania in the hybrids appeared between 363.4 and
383.5 nm, which exhibited blue shifts relative to that of bulk
anatase (lonset ¼ 385 nm). The titania content increased
rapidly at higher temperature and higher TTB content,
whereas it increased slowly with longer post-thermal treat-

ment times. The refractive index and UV shielding proper-
ties of the organic polymer were obviously improved with
increasing titania content. AFM images showed the inor-
ganic domains (mean size 25.3–28.8 nm) were uniformly
dispersed in the polymeric networks. The roughness para-
meters of the hybrid material were: toughness, 1.5–2.3 nm;
root mean square roughness, 4.5–4.6 nm; and peak and
valley distance, 9.7–19.4 nm. � 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 5105–5112, 2006
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INTRODUCTION

As novel functional materials, hybrid organic–inor-
ganic nanocomposites offer the opportunity to combine
the desirable properties of organic polymers (tough-
ness, elasticity) with those of inorganic solids (hard-
ness, chemical resistance). Because thesematerials have
been widely applied in many areas such as optics, elec-
tronics, ionics, mechanics, protective coatings, catalysis,
sensors, and biology,1–5 they have receivedmuch atten-
tion in the fields ofmaterial science.

The driving forces behind the intense activity in this
area are the new and different properties of the nano-
composites that traditional macroscale composites
and conventional materials do not have. For example,
unlike traditional composite materials, which have
macroscale domain size on a millimeter or even mi-
crometer scale, most organic/inorganic hybrid materi-
als are nanoscopic, with a physical constraint of sev-
eral nanometers, typically 1–100 nm. Therefore, they
often remain optically transparent materials although
microphase separation may exist.

Until now, there have been very few studies of the
preparation of polymer/titania hybrid materials by
the sol–gel method, although titania has good chemi-
cal stability and a high refractive index and dielectric
constant.6,7 Wang et al.8 successfully prepared high-
refractive-index organic–inorganic hybrid materials
by using titanium tetraisopropoxide as the inorganic
precursor to react with triethoxysilane-capped poly
(arylene ether ketone) and poly(arylene ether sulfone).
Lee and Chen9 synthesized high-refractive-index
PMMA–titania hybrid thin films that could potentially
be used as optical thin films.

However, there have been no reports of the prepara-
tion of titania/polyacrylate nanocomposites formed by
sol–gel processing in reverse micelles with subsequent
in situ photopolymerization. The present study was the
first to investigate the formation of transparent titania/
polyacrylate nanocomposites via hydrolysis of tita-
nium tetrabutoxide (TTB) in Span-85/Tween 80 reverse
micelles and entrapment of nanosized titania particles
by subsequent photopolymerization. The structure and
optical properties of the hybrid films were investigated
by atomic force microscopy (AFM) and ultraviolet-visi-
ble (UV–vis) spectroscopy, respectively. Transparent
hybrid filmswith a tunable refractive index of 1.46–1.52
and small shrinkage and roughness potentially could
be used as holographic recordingmaterials.
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EXPERIMENTAL

Materials

Chemical-grade butyl acrylate was Beijing Dongfong
Chemical Factory (China) washed with 30 wt % NaOH
solution three times. Analytic-grade acrylic acid was
Beijing Dongfong Chemical Factory (China) used with-
out further purification. Sorbite anhydride monostea-
ric acid ester (Span-85) and commercial-grade Tween
80 [poly(oxyethylene sorbitan monooleate)], purchased
from the Beijing Chemical Co. (China); titanium tetra-
butoxide purchased from Yangzhov Lida Resin Co.
(China); Darocur1173 (2-hydroxy-2-methylpropiophe-
none) provided by the Ciba Company (Summit, NJ);
and chemical-grade trimethylolpropyltriacrylate pur-
chased from Jiangsu Tianpeng Tongren Fine Chemical
Co. (China) were usedwithout further treatment.

Methods

Preparation of titania reverse micelles

Titania reversedmicelleswere synthesizedwith titanium
tetrabutoxide (TTB) as a precursor alkoxide, Span-85
and Tween 80 as surfactants, butyl acrylate (BA) as the
reactive solvent, acrylic acid (AA) as carboxylic acid
ligand, trimethylolpropyltriacrylate (TMPTA) as cross-
linker and bidistilled water for hydrolysis. First, 10 wt
% Span-85 and Tween 80 were mixed in 20-mL mix-
tures of butyl acrylate and TMPTA, and then about
1mL of water was added dropwise to form transparent
reverse micelles. Finally, mixtures of acrylic acid and
TTB were added carefully to the reverse micelles while
the solutionwas stirredmildly. After hydrolysis of tita-
nium butoxide at room temperature for at least 30 min,
stable and clear titania reversed micelles were success-
fully obtained and used for the preparation of the
hybrid films. The mass ratio of BA : TMPTA : surfac-
tant : H2O : TTB : AAwas 100 : 20 : 10 : 5 : 30 : 15.

Preparation of titania–acrylic polymer hybrid films

The curing of the hybrid films was induced using UV
irradiation. For that purpose, a photoinitiator, 2-hy-
droxy-2-methylpropiophenone (5 wt %, based on the
total monomer weight), was added to the formula-
tions. Hybrid organic–inorganic films were deposited
via casting on precleaned soda-lime glass substrates.
Photopolymerization was achieved by irradiating the
samples with a 50 mW/cm2 high-pressure mercury
lamp. After about 6 min of irradiation, transparent
hybrid films were obtained.

Characterizations

UV–visible absorption spectra were recorded on a
Thermo Spectronic Genesys TM 10 series spectropho-

tometer with a quartz cuvette whose optical path
length was 1 cm. The refractive indices of the hybrid
materials were measured by an Abbe refractometer at
208C. Film roughness and surface morphologies were
examined by AFM measurements using a Digital
Instruments NanoScope IIIa instrument in tapping
mode with a silica probe (NSC 11) and a frequency of
65 KHz. Scan dimension and roughness analysis were
performed on images 2 � 2 mm2 in size. The rough-
ness parameters, such as mean roughness and root
mean square roughness, were obtained with AEM
data software.

RESULTS AND DISCUSSION

Preparation of titania–acrylic polymer hybrid films

The sol–gel process is a powerful method for designing
new materials based on the hydrolysis and condensa-
tion reactions of molecular precursors such as metal
alkoxides. However, for titania-based materials the
precursor alkoxides are very reactive, and direct
hydrolysis usually leads to precipitates. For these
systems, direct precipitation can be avoided by the
addition of hydroxylated complexing ligands to the
titanium precursor10,11 or by confinement of water in
reverse micelles.12–14 In the micellar solution, hydroly-
sis may occur inside the micelle by penetration of the
Ti precursor through the surfactant layer or, in the
hydrocarbon phase, by reaction with water attached to
the polar head of a surfactant molecule released from
the micelle. Condensation reactions lead to formation
of Ti��O��Ti bridges and particle growth. These par-
ticles are partially hydroxylated, and condensation
reactions between them produce precipitates or gener-
ate a network enclosing the liquid phase. Both proc-
esses involve the rearrangement of surfactant mole-
cules that either may be adsorbed into the partially
hydroxylated skeleton or may form micelles in the
solution phase. Therefore, the hydrolysis and conden-
sation reactions were controlled by confinement of tita-
nia nanoparticles inside themicelles.

Titanium alkoxides are, in fact, known to readily
react with carboxylic acids such as MAA15–17 in mild
conditions by competitive pathways: substitution,
nonhydrolytic condensation and/or elimination of an
ester that generates Ti��O��Ti bonds, or by hydroly-
sis–condensation after slow esterification.

In the present study reactivemonomer butyl acrylate
was used as the continuous oil phase and acrylic acid
(AA) as the carboxylic acid ligand to further control
the hydrolysis reaction and construct the chemical
linkages between the organic and inorganic phases.

After the formation of stable and transparent titania
reverse micelles, other components such as a photo-
initiator were added, the mixtures were exposed to a
high-pressure mercury lamp to irradiate for 6 min,
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and finally the titania–acrylic polymer hybrid films
were formed.

Optical properties

UV–vis spectroscopy was used to characterize the bulk
structure of the crystalline and amorphous titanium
dioxide. From the linear extrapolation of the steep part
of the UV absorption toward the baseline, the energy
of the lower excited state was determined. The onset of
absorption (lonset) and the corresponding band-gap
energy (Eg) of the bulk TiO2 were determined to be
385 nm and 3.2 eV, respectively, for anatase,18 and
415 nm and 3.0 eV, respectively, for rutile.19

In this experiment, a UV–vis spectrum of the
reverse micelles using monomer as the continuous oil
phase without TTB was used as reference, and we
subtracted its value from the UV–vis spectra of the
hybrid films. The UV–vis spectra obtained, as shown
in Figures 1–3, were mainly a result of the scattering
and absorbance of the nanosized titanium dioxide
within the polymer matrix.

It is clear that as the particle size decreased the
band-gap energy increased. Size quantization caused
the absorption edge to be shifted to a higher energy.
From the shift in the band gap (DEg), the particle size
could be approximated using eq. (1):20

DEg ¼ h2p2=2mR2 � 1:786e2=eRð0:248ERYÞ (1)

where R is the radius of the particle; h is Planck’s con-
stant; ERY, is the effective Rydberg energy, m is the
reduced mass of the exciton, that is, the reduced effec-
tive mass of the electron and the hole in the semicon-
ductor; e is the electronic charge (1.6� 10�19 C); and e is
the dielectric constant of the semiconductor. The first
term, proportional to R�2, is the shift to a higher energy
gap because of quantum localization, whereas the sec-
ond term, proportional to R�1, is the shift to a lower
energy gap because of the electrostatic interaction
between the electron and the hole. Using e ¼ 184 and
m¼ 1.63me (me¼ 9.1� 10�28 g), as reported in the liter-
ature,19wewere able to roughly estimate the particle size.

Figures 1–3 show the UV absorbance spectra of
TiO2/polyacrylate hybrid films prepared by the sol–
gel process in reverse micelles with subsequent in situ
photopolymerization. Figures 1–3 show that in general
there was relatively low absorption of the hybrid films,
in the range of 400–800 nm, indicating their excellent
optical transparency in the visible region. According to
the Rayleigh equation,21 a smaller size of the aggre-
gated titania resulted in less loss of optical scattering
and increasing transparence of the hybrid films. Thus,
the relative low absorbance in the visible region
proved again that nanosized titania–acrylic polymer
hybrid materials could be prepared using sol–gel
approaches in reverse micelles with subsequent photo-
polymerization. Furthermore, strong absorbance, in
the range of 300–400 nm, was observed for the hybrid
films, which should be assigned to the electronic tran-
sitions of the Ti��O��Ti chains and the charge–transfer
effect of the Ti��O��Ti segment.22,23

Above all, as shown in Figures 1–3, the onset of
absorption (lonset) of TiO2 particles of hybrid films of
different compositions appeared between 363.4 and
383.5 nm, which exhibited blue shifts relative to the
onset of bulk anatase (lonset ¼ 385 nm).

After the sol–gel process followed by photopolyme-
rization, the hybrid films were postheated in order to
further enhance the polycondensation between TiOH
and to remove the residual volatile molecules in the
hybrids, and the corresponding UV–vis spectra are
shown in Figure 1.

Figure 1 UV–vis absorption of hybrid film as a function
of heat treatment time.

Figure 2 UV–vis absorption of hybrid film as a function
of temperature of heat treatment.

Figure 3 UV–vis absorption of hybrid film as a function
of TTB concentration.
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According to eq. (1), when the size of titania was
small enough, the band-gap value increased, leading
to the blue shift of the absorption edge. However, the
absorption edge shifted to the low-energy side with
increasing post-thermal time, as shown in Figure 1.
This might be attributed to the increase in the size of
the titania particles.

To further study the effect of post-thermal treat-
ment on the UV–vis absorbance spectra of the hybrid
films, three temperatures, 908C, 1508C, and 2008C,
were selected, and their UV–vis absorbance spectra
are shown in Figure 2. The onset of absorption sharply
increased from 369.3 to 380.3 nm with an increase in
temperature from 908C to 2008C, indicating remark-
ably aggregated titania during post-thermal treatment
at higher temperatures.

It can be seen that post-thermal treatment at 908C
for 1–56 h caused the lonset to slightly increase from
364.2 to 370.2 nm. However, with post-thermal treat-
ment at 2008C for only 1 h, the lonset increased from
369.3 to 380.3 nm, indicating post-thermal treatment
temperature had a much more significant effect on
lonset than did post-thermal treatment time.

In addition to post-thermal treatment, TTB concen-
tration also significantly influenced the onset of
absorption, as shown in Figure 3. Onset of absorption
as well as Ti��O��Ti content dramatically increased
with an increase in TTB concentration, for example.
The lonset increased from 363.6 to 383.5 nm with an
increase in TTB concentration from 1 to 30 wt %, which
might be attributed to the increased size of titania.

The transmittance spectra of the hybrid films, even
with 30 wt % TTB content, exhibited good optical
transparence in the visible range (400–700 nm). But
transmittance in the UV region decreased with increas-
ing titania content in the hybrid films, suggesting that
titania/acrylic polymer organic–inorganic hybrid ma-
terials could improve the UV-shielding property of
the polymer without significantly decreasing the
transparence.

The photostability of the hybrid film with 30 wt %
TTB was compared with that of the pure acrylic poly-
mer film after 60 min of UV irradiation by a 1000W
mercury lamp, as shown in Figure 4. The hybrid
film was red brown, whereas the pure acrylic poly-
mer film was dark brown, indicating enhanced

Figure 4 Pictures of (a) hybrid film with 30 wt % TTB and (b) pure acrylic polymer film after 60 min of UV irradiation
by 1000W mercury lamp.

TABLE I
TiO2 Particle Sizes Obtained from UV–vis Spectra Shown in Figures 1–3

Post–thermal treatment time (h) at 908C
1 24 56

Particle size (nm) 7.0 7.6 8.3

Post-thermal treatment temperature (8C)
90 150 200

Particle size (nm) 8.1 9.9 14.7

TTB content (wt %)
1 5 20 30

Particle size (nm) 6.8 7.7 18.7 21.0
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photostability of the hybrid film. The TiO2 in the
hybrid films was amorphous (as indicated by XRD,
not shown here) and could absorb and scatter the UV
radiation. Therefore, amorphous TiO2 had low photo-
catalysis and high photostabilization, and the hybrid
films might achieve long-term UV protection and
could be used as UV shielding materials.

Table I summarizes the data on titania particle ra-
dius estimated by eq. (1) with different parameters
such as post-thermal treatment and TTB concentra-
tion. It can be seen that the titania particles synthe-
sized in reverse micelles had calculated radii between
6.8 and 21.0 nm, and the particle size increased rap-
idly at higher post–thermal treatment temperatures
and higher TTB concentrations and slowly at higher
post–thermal treatment times.

AFM study

AFM can provide valuable information on nanoclus-
ters and can serve as an ideal tool to characterize
cluster-covered surfaces because a wide range of

materials can be chosen as substrates for cluster
deposition.

The bright and dark regions of the AFM phase
images, as shown in Figures 5 and 6, corresponded to
the inorganic and organic domains, respectively.

The AFM phase images show that the phase mor-
phology of the hybrid films was closely correlated
with the post-thermal treatment. The AFM micro-
graphs of the hybrid films with and without post-
thermal treatment show the presence of inorganic
domains with mean sizes of 38.3 and 25.3 nm, respec-
tively. This demonstrates that the inorganic domain
size was related to post-thermal treatment.

Above all, the AFM phase images showed the pres-
ence of inorganic domains, whose mean size was
25.3–28.8 nm, uniformly dispersed in the polymeric
network. Therefore, the new method used to prepare
titania–acrylic polymer hybrid films by sol–gel pro-
cesses in reverse micelles followed by rapid photo-
polymerization was effective.

In addition, the effects of post-thermal treatment on
titania particle size could be further studied by

Figure 5 (a) AFM phase diagram and (b) inorganic domain size histogram of titania–acrylic polymer hybrid film without
post-thermal treatment (TTB ¼ 30 wt %, photocuring for 6 min).

Figure 6 (a) AFM phase diagram and (b) inorganic domain size histogram of the titania–acrylic polymer hybrid film with
post-thermal treatment (TTB ¼ 30 wt %, photocuring for 6 min, post-thermal treatment: 908C fpr 80 h).
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UV–vis spectra. As shown in Figure 7, the lonset of the
hybrid films increased from 383.1 to 386.3 nm after
post-thermal treatment. This further demonstrated
the increase of titania size during post-thermal treat-
ment. In addition, the hybrid films exhibited excellent
optical transparency in the visible region, an indica-
tion of nanoscale hybrid compositions. These results
were consistent with those of the AFM images.

Roughness study by AFM

The darkest and brightest regions in the AFM images
reported in this article corresponded to those regions
with the largest height gradients. The brightness of a
region corresponded directly to its height. For quanti-
tative height information from each image, a line

profile is given that shows the height of significant or
typical features and the depth of pores.

Figures 8 and 9 present the AFM topographies and
accompanying line profiles of the hybrid films, show-
ing the effects of post-thermal treatment on film
roughness. Table II summarizes the mean roughness
(Ra), root mean square roughness (Rrms), and peak
and valley distance (P-V) values of samples with and
without post-thermal treatment. The Rrms of the
hybrid films decreased from 4.6 to 4.5 nm with heat-
ing for 80 h at 908C, as compared with that of the sam-
ple without post-thermal treatment Similar trends
could also be seen for mean roughness. This seemed
to indicate that post-thermal treatment could not only
accumulate TiO2 particles on each other but also could
fill up some of the depressions between particles.

Above all, the surface roughness parameters of the
hybrid films, Ra, Rrms, and P-V, were 1.3–2.3, 4.5–4.6,
and 9.7–19.4 nm, respectively, indicating the hybrid
films had slippery and flat surfaces. This suggests

Figure 7 Effects of post-thermal treatment on UV–vis
spectra of hybrid films at a mass fraction of 30% TTB.

Figure 8 AFM topography and accompanying line pro-
files of the surfaces of hybrid films without post-thermal
treatment (TTB ¼ 30 wt %, photocuring for 6 min).

Figure 9 AFM topography and accompanying line pro-
files of TiO2/polyacrylate film with post–heat treatment
(TTB ¼ 30 wt %, photocuring for 6 min, post–heat treat-
ment: 908C for 80 h).

TABLE II
Roughness of TiO2/Polyacrylate Hybrid Films

Samples Ra (nm) Rrms (nm) P-V (nm)

Aa 1.3–2.3 4.5 9.7–19.4
Bb 1.5–2.3 4.6 10.6–18.9

a TTB ¼ 30 wt %, 908C for 80 h, photocuring 6 min.
b TTB ¼ 30 wt %, no postheat treatment, photocuring

6 min.
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their potential applications in areas such as optic
lenses, semiconductor mask films, and wear-resistant
materials.

Refractive index

High-refractive-index optical thin film is one type of
important optical material. However, the application
of organic polymers for high-refractive optical materi-
als is limited because of their low refractive index.26

Recently, inorganic materials, especially TiO2, have
been used to fabricate high-refractive¼ index organic–
inorganic hybrid materials.

In the present work, the relationship between TTB
content and refractive index of the film is shown in
Figure 10. It can be seen that the refractive index of
the TiO2 hybrid films increased rapidly at 5 wt % TTB,
as compared with that of pure polyacrylate film, and
then changed slowly with higher TTB content, indicat-
ing that the refractive index of the TiO2 hybrid films
was not proportional to the TTB content.

As demonstrated in the FTIR data (not shown here),
a stiff oxide network was formed with the rising TTB
concentration; therefore, the contact probability of
TiOH groups presenting at the TiO2 surface decreased,
which in turn hindered the completion of the conden-
sation process and further oxide network develop-
ment and made the refractive index of the films
increase slightly with rising TTB concentrations.

In addition, some changes in the refractive index of
the TiO2 hybrid films were induced by irradiation and
post-thermal treatment. These changes are shown in
Table III.

As expected, post-thermal treatment could increase
the hybrid film refractive index—the higher the post-
heat temperature, the higher the refractive index of
the hybrid films—which could be a result of the densi-
fication of the hybrid films during post-thermal treat-
ment. Above all, it appears that the post-thermal tem-
perature can upgrade the refractive index of the
hybrid films more dramatically than can post-thermal
treatment time.

CONCLUSIONS

Transparent, UV-curable acrylic resin/titania organic–
inorganic hybrid films with an improved refractive
index and UV-shielding properties were prepared by
the sol–gel method in Span85/Tweeen 80 reverse
micelles with subsequent in situ photopolymerization.
UV–vis spectra and atomic force microscopy indi-
cated the presence of a hybrid composite with nano-
scale dimensions. During post-thermal treatment,
there was an obvious increase in the titania content of
the hybrid films at higher temperatures and higher
TTB concentrations, whereas there was only a slight
increase with longer treatment times. On increasing
the inorganic content, the refractive index and UV-
shielding properties of the acrylic polymer were
greatly improved.

The authors gratefully acknowledge fruitful discussion with
Professor Zhang Yong of Chengdu University of Technol-
ogy on the preparation of nanosized TiO2. They are also
grateful to Ye Yuan and Wen-Qiong He of Chengdu Univer-
sity of Technology for extending all possible facilities.
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