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Abstract

A sol—gel chemical route was adopted to prepare the zinc oxide (ZnO) nanoparticles as small as 4 nm. UV-curable ZnO-acrylic nanocomposites
were then prepared by employing 3-(trimethoxysilyl)propyl methacrylate (TPMA) as the surface modification agent of ZnO particles. UV-vis
analysis revealed a high optical transparency (>95%) in visible light region for nanocomposite thin films with ZnO contents up to 20 wt.%. The
addition of ZnO nanoparticles also enhanced the dielectric constants of nanocomposites and the dielectric constants greater than 4 in frequencies
ranging from 1 to 600 MHz was obtained in the samples containing 10 wt.% of ZnO nanoparticles. A comparison of experimental results and
theoretical calculation indicated that the interfacial polarizations in between ZnO nanoparticles and polymer matrix may play an important role in

the enhancement of dielectric properties of nanocomposites.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, organic—inorganic nanocomposites attract
a lot of research interests due to their versatility on thermal
[1], electrical [2,3] and optical properties [4]. Among these,
transparent nanocomposites possessing high refractive index
(n ~1.65-1.79) [5] and high transparency in visible light
region (transmittance > 90%) [6] are popular materials for
the fabrication of optical fibers, waveguides, lenses and LED
packages. In order to preserve the transparency, a uniform
dispersion of nano-scale fillers in polymeric matrix and good
interfacial compatibility between inorganic and organic
components of nanocomposites are essential. Stelzig et al.
utilized the surface active amphiphilic copolymers to trap the
polar nanoparticle in a miscible multi-component solvent
system so as to yield the highly transparent nanocomposites
[7]. Althues et al. reported a surface functionalized
nanoparticle with acrylic acid that can be added in the
methyl methacrylate (MMA) monomer to prepare the
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transparent nanocomposites [8]. Previous studies also
indicated that the utilization of homogeneous solutions
comprised of nanoparticles and monomer is the most
efficient way to prepare the transparent nanocomposites
[6,7].

Most of the studies relating to transparent nanocomposites
focused on the optical applications. For instance, transparent
ZnS:Mn-poly(methyl methacrylate) (PMMA) nanocomposites
prepared by Althues et al. exhibited high quantum yield
(~29.8%) and transmittance (~87%) [8]. Lu et al. reported the
PbS-polythiourethane (PTU) nanocomposites with high refrac-
tive index (n ~1.57-2.06) [9]. Transparent ZnO-epoxy
nanocomposites have been prepared by Yang et al. and applied
to the encapsulation of solid-state lighting devices [10]. Highly
transparent photo-curable co-polyacrylate/silica nanocompo-
sites were also used for the direct encapsulation of organic light
emitting devices (OLEDs) [11].

In recent years, the demands of compactness and portability
of electronic devices accelerate the development of flexible
electronics in various aspects such as organic thin-film
transistors (OTFTs) [12], organic solar cells (OSCs) [13],
etc. Fabrication of flexible electronics always requires low-
temperature processes and the UV-curable materials as well as
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the processing methods are always the primary choices to fulfill
such a requirement.

Zinc oxide (ZnO) is a well known optoelectronic material
for its wide direct band gap (E,=3.25-3.5eV) and large
exciton binding energy (59 meV) which may provide the
highly efficient exciton emission at room temperature [14,15].
Various processing methods, e.g., sol-gel [16,17] and
molecular capping [18,19], have been employed to form
finely dispersed nano-scale ZnO particles in either organic or
inorganic matrix. Distinct luminescence properties of those
ZnO-relating nanocomposite systems and their relationships
with defect structure and transition mechanisms have been
reported [20-22]. This study employs a wet chemical route to
synthesize the ZnO nanoparticles followed by a surface
modification utilizing the 3-(trimethoxysilyl)propyl metha-
crylate (TPMA). The TPMA serves as not only the
compatibility promoter between the ZnO and monomer, but
also the dispersant agent of ZnO nanoparticles in the UV-
curable transparent nanocomposites. The synthesis route of
nano-scale ZnO particles and characterizations of micro-
structure, optical and electrical properties of nanocomposite
samples are presented as follows.

2. Experiment
2.1. Materials

Zinc acetate dihydrate (Zn(Ac),-2H,O, purity = 99.6%) was
purchased from J.T. Baker, Ltd. Absolute ethanol (pur-
ity =99.5%) and methyl methacrylate (purity =99%) were
purchased from Fluka, Ltd. Lithium hydroxide monohydrate
(LiOH-H,0, purity =99%) was purchased from TEDIA.
TPMA (purity =98%) was purchased from Aldrich. 2-
Hydroxyethyl methacrylate (HEMA, purity = 98%) was pur-
chased from Acros. Ltd. Hexane (purity = 95%) was purchased
from Seedchem, Ltd. Trimethylolpropane triacrylate (TMPTA,
purity = 98%) and photoinitiator (chemcure 481) were pur-
chased from Chembridge, Ltd. All reagents were directly used
without further purification.

2.2. Preparation of ZnO nanoparticles

Preparation of ZnO nanoparticles and its modifications have
been reported elsewhere [23,24]. In a typical run, 2.2 g of
Zn(Ac),-2H,0 was first dissolved in 150 ml boiling ethanol,
refluxed at 80 °C in argon ambient, and then held at this
temperature for 3 h under vigorous stirring. During this
process, 90 ml of ethanol was removed by distillation. After
cooling above mixture down to 0°C, a 90 ml of 0.58 g
LiOH-H,O in ethanol solution was added into the mixture
under vigorous stirring. The stock solution was stirred
continuously at room temperature for another 2 h until the
mixed solution became transparent. By adding 300 ml of
hexane, nano-scale ZnO particles were obtained and the
supernatant was removed by centrifugation. 50 ml of ethanol
was added into ZnO nanoparticles to re-suspend the
nanoparticles in ethanol.

2.3. Surface modification of ZnO nanoparticles

Surface modification of ZnO nanoparticles was achieved as
follows. 0.5 ml TPMA in 5 ml ethanol solution was added into
the 150 ml as-synthesized ZnO nanoparticles in ethanol
solution at 0 °C and then a reaction for 2h was allowed.
Afterward, the mixture was stirred at room temperature for
24 h. After adding the hexane, the TPMA-modified ZnO
nanoparticles were obtained by centrifugally removing the
supernatant.

2.4. Preparation of transparent UV-curable acrylic-ZnO
nanocomposites

Various amounts of TPMA-modified ZnO nanoparticles in
ethanol (2 ml) were blended with the monomers including
MMA (0.9011 g; 0.009 mole), HEMA (1.9521 g; 0.015 mole),
TMPTA (1.77792 g; 0.006 mole) and chemcure 481 photo-
initiator (0.18546 g; 4 wt.%). The mixtures were stirred at room
temperature for 24 h in argon ambient. The ethanol was then
removed by reduced pressure distillation to form the resin
precursor of ZnO nanocomposites. The nanocomposite pre-
cursor was coated on a polyester (PET) mold and cured by UV
irradiation to form the nanocomposite samples with film
thickness about 300 wm. The photo-polymerization was carried
out in an UV oven (C-SUN CU1000, Taiwan) with principal
wavelength = 365 nm, curing power=80W and curing
time = 50-70 s.

2.5. Microstructure and property characterizations

Crystal structures of as-synthesized ZnO nanoparticles were
characterized by an X-ray diffractrometer (XRD, MacScience
M18XHF) within Cu-K, radiation (A = 0.154 nm) at a scan rate
of 4°/min. Absorption spectra of ZnO nanoparticles were
recorded by UV-vis spectrophotometer (Hitachi 3900H).
Photoluminescence (PL) spectrum of ZnO nanoparticles was
obtained by a Hitachi F-4500 spectrophotometer. Fourier-
transform infrared (FT-IR) spectra and nuclear-magnetic
resonance spectra ("H NMR) of ZnO nanoparticles prior to
and after the surface modification by TPMA was characterized
by a PerkinElmer spectrum 100 FT-IR spectrometer and a
Varian Unity 300 MHz NMR spectrometer using DMSO-dg
solvent, respectively. Microstructures of ZnO nanoparticles and
ZnO-acrylic nanocomposites were examined by transmission
electron microscopy (TEM, Philips Tecnai 20) operating at
200 kV. TEM sample of ZnO nanoparticles was prepared by
spreading the samples on carbon-clad Cu meshes and, for ZnO-
acrylic nanocomposites, their TEM samples were prepared by
using the ultramicrotomy (Leica UltraCut E). The metal-
insulator-metal (MIM) samples containing the ZnO-acrylic
nanocomposites were prepared for the electrical property
measurements. The top and bottom Ag electrodes were
prepared by screen printing of Ag paste. After drying in
vacuum for at least 24 h, the capacitances of MIM samples
were measured by an HP 4194A gain/impedance analyzer
operating in the frequencies ranging from 1.4 to 10 MHz and an
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HP 4291B impedance analyzer operating in the frequencies
ranging from 10 to 600 MHz, respectively. The relative
dielectric constant (k) was calculated according to the formula

Ct
K=—"), 1
A ey
where C = capacitance, ¢, = the vacuum dielectric permittivity,
A = the area of electrode = 0.283 cm2, and ¢ = the thickness of
cured nanocomposite layer = 300 pwm.

3. Results and discussion
3.1. Characterizations of ZnO nanoparticles

Fig. 1 presents the UV-vis absorption profile of ZnO
nanoparticles in ethanol solution. As shown in Fig. 1, distinct
blue shift of absorption profile occurs in the ZnO nanoparticle
sample as its absorption peak shifts to short wavelength side in
comparison with that of bulk ZnO [25]. This is attributed to the
quantum confinement effect caused by the size reduction of
ZnO particles prepared in this work [24]. The data extracted
from UV-vis absorption spectrum was also adopted to calculate
the average size (d) of ZnO nanoparticles by using the
expression as follows [24]:

1240 3301 4+ 294.0 1.09

Aos d’ d’ @
where Aq s is the wavelength corresponding to the shoulder of
absorption profile at half height of intensity. For the ZnO
nanoparticles, Ags is about 350 nm and, according to
Eq. (2), the average size of ZnO nanoparticles is about 3.75 nm.

The PL spectrum of ZnO nanoparticles shown in Fig. 2
depicts a strong emission peak with the maximum locating at
the wavelength about 520 nm. Such a broad green-yellow
emission is commonly ascribed to the recombination of
electrons at the edge of conduction band (CB) or exciton states
with the deeply trapped holes V*/V*® (2.0-2.2 eV below
CB) in the bulk of ZnO quantum dots (QDs) [26-28]. This
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Fig. 1. UV-vis absorption profile of ZnO nanoparticles in ethanol solution and
bulk ZnO. The profile for bulk ZnO is deduced from Ref. 25.
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Fig. 2. PL spectrum of ZnO nanoparticles in ethanol solution.

implies the ZnO nanoparticles prepared in this work may
abound with oxygen vacancies.

XRD pattern presented in Fig. 3 indicates the typical
wurtzite structure of ZnO nanoparticles and the relatively broad
diffraction peaks might be resulted from the size reduction
effects as well as the abundance of lattice defects in ZnO. The
average size of ZnO nanoparticles was calculated by using the
Scherrer’s formula [29] and was found to be about 3.8 nm. A
high magnification TEM image of ZnO nanoparticles attached
in Fig. 4 reveals that the size of ZnO nanoparticles is about
4 nm, evidencing the consistency of data presented above.

3.2. Surface modification of ZnO nanoparticles

Due to the presence of silane and acrylic functional groups
in its molecular structure, TPMA was adopted to serve as the
interfacial coupling agent as well as the dispersant of ZnO
nanoparticles in polymeric matrix. Silane functional group may
undergo chemical reactions to couple ZnO nanoparticles with
acrylic matrix while the acrylic functional group provides the
reaction sites with monomers via free-radical photo-polymer-
ization so as to ensure the successful preparation of transparent
ZnO-acrylic nanocomposites.
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Fig. 3. XRD pattern of as-synthesized ZnO nanoparticles.
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Fig. 4. Bright-field TEM micrograph of as-synthesized ZnO nanoparticles.

Fig. 5 shows the FT-IR spectra of as-synthesized ZnO
nanoparticles and those subjected to surface modification by
TPMA. The absorption bands at 1565 and 1420 cm™ ' in both
samples are assigned to the surface absorbed carboxylate anion
complex [30] with the zinc center, indicating the chemical
absorption of acetate group on the surface of ZnO. As to the
TPMA-modified ZnO, the absorption bands corresponding to
the Si—OH stretching vibration peak at 885 cm ™' and the Si—-O—
Si symmetrical stretching vibration peak at 1185 cm™' [31]
emerge, evidencing the successful attachment of TPMA on
ZnO nanoparticle surface.

Fig. 6 presents the 'H NMR spectra of TPMA, TPMA-
modified and as-synthesized ZnO nanoparticles, respectively.
In 'H NMR spectrum for TPMA, the resonance peaks at 6.00
and 5.63 ppm are assigned to the methylene protons (peak H,).
The three resonance peaks at 4.02, 1.65, and 0.61 ppm are
assigned to the «-CH,, 8-CH,, and y-CH, protons (peaks Hj,
Hy, and Hs) of methacrylate, respectively. The resonance peak
at 1.86 ppm is attributed to the proton of methyl group (peak
H,;) near the methylene group and the resonance peak at
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Fig. 5. FT-IR spectra of as-synthesized and TPMA-modified ZnO nanoparticles.
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Fig. 6. "H NMR spectra of TPMA, TPMA-modified and as-synthesized ZnO
nanoparticles.

3.45 ppm is ascribed to methyl protons of trimethylsilane (peak
He). In 'H NMR spectrum of as-synthesized ZnO nanocrystals,
the peak of 1.73 ppm is resulted from the methyl proton of the
acetate group which is in agreement with the FT-IR spectra
presented in Fig. 5. The resonance peaks at 2.48 and 3.31 ppm
are DMSO-d, and H,0, respectively. A comparison of the 'H
NMR spectra of TPMA and TPMA-modified ZnO indicates the
absence of Hg peak and the significant broadening of H;, H, and
H; peaks in the TPMA-modified ZnO sample. The diminishing
of Hg peak in TPMA-modified ZnO nanoparticles is attributed
to the hydrolysis—condensation reaction of TPMA bonded on
ZnO particle surface. As to the broadening of H;, H, and Hj
peaks, it is resulted from the inhomogeneity of the local
chemical environment in the magnetic field [32]. When protons
are attached the nanoparticle surface, in general the proton
motion will be more strictly confined and hence the resonance
peaks broaden. Analytical results of FT-IR and '"H NMR spectra
hence indicate that the TPMA is successfully bonded on ZnO
particle surface by the hydrolysis—condensation reaction of
trimethoxysilyl group in TPMA.

3.3. Characterizations of ZnO-acrylic nanocomposites

Fig. 7(a) and (b) respectively shows the UV—vis absorption
spectra and appearances of pristine polymer and the
nanocomposite samples containing 5, 10 and 20 wr.%
TPMA-modified ZnO nanoparticles. Regardless of the amounts
of filler loading, the transmittances of nanocomposite samples
are very much the same as that of pristine polymer and they all
exhibit high optical transmittances greater than 95% in visible
light wavelengths from 400 to 800 nm. The intensity losses of
incident light in a composite sample resulted from light
scattering can be evaluated by using the following expression

[33]:

where [ is the intensity of light passing through the specimen, I,
is the intensity of incident light, d is the diameter of spherical
filler particles with a refractive index ngjer, Mparic 1S the
refractive index of the matrix, Vi, is the volume fraction
of filler particles, A is the wavelength of incident light and x is

. 3Vﬁlle,xd3 N filler
3224

Nimatrix
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Fig. 7. (a) UV-vis spectra of pristine polymer and nanocomposite samples
containing 5, 10 and 20 wt.% TPMA-modified ZnO nanoparticles. (b) Appear-
ances of samples in (a) taken by digital camera. Thicknesses of samples are
about 4 pm.

the optical path length. By substituting the values of d ~4 nm,
Nisger =2 for ZnO, 1,44 ~1.45 for acrylic and x =4 wm into
Eq. (3), it was found that the intensity loss of incident light is as
low as 0.01% for the nanocomposite sample with V., = 0.051
(i.e., the sample with 20wt.% ZnO filler loading) at
A = 600 nm. Furthermore, Eq. (3) indicates that the aggregation
of ZnO in polymer matrix would induce a dramatic intensity
loss of transmitting light, i.e., a suppression of transparency of
ZnO-acrylic nanocomposites. As revealed by the analytical
results shown in Fig. 7, the highly transparent feature of
ZnO-acrylic nanocomposites with high-filler-loading hence
indicates a uniform dispersion of ZnO nanoparticles in poly-
meric matrix. Such a fine dispersion behavior is evidenced
by the TEM characterization of sample shown in Fig. 8. The
results above hence illustrate the success on preparing the ZnO-
acrylic nanocomposites by using TPMA to enhance the inter-
facial compatibility in between ZnO nanoparticles and acrylic
monomers.

Fig. 9(a) and (b) separately presents the dielectric constants
and dielectric losses of nanocomposites containing various
amounts of ZnO nanoparticles measured in the frequency range
of 1.0-600 MHz. As shown in Fig. 9(a), the UV-curable

Fig. 8. Bright-field TEM micrograph of ZnO-acrylic nanocomposite containing
20 wt.% of TPMA-modified ZnO nanoparticles.

nanocomposite thin films with dielectric constants greater than
4 can be achieved. Further, it can be seen that both the dielectric
constant and dielectric loss of nanocomposites increase with the
increase of ZnO content. Implantation of ZnO nanoparticles in
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Fig. 9. (a) Dielectric constant and (b) dielectric loss of ZnO-acrylic nanocom-
posites as a function of measuring frequency. The data discontinuities at 10
MHz were resulted from the difference in measuring frequency ranges of
HP4194A and HP 4291B impedance analyzers.
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Fig. 10. Schematic illustration of the interfacial polarization at ZnO/acrylic
interface.

acrylic matrix results in a substantial improvement of dielectric
constant without dramatic deterioration of dielectric loss. For
instance, at 1 MHz an increase of dielectric constant from 2.8 to
about 4.35 (about 55% enhancement) with dielectric loss less
than 0.02 can be obtained in the nanocomposite containing
20 wt.% inorganic filler. Such a highly transparent thin film
with good flatness possesses promising applications, e.g., the
gate dielectric of OTFTs or the encapsulation layer for flexible
organic electronic devices.

Table 1 lists the comparison of dielectric constants obtained
by experimental measurement and theoretical calculation in
terms of the Maxwell-Garnett effective medium approximation
[34]. As shown in Table 1, the experimental values are always
higher than the theoretical calculated values. Previous studies
reported that interfacial interactions may affect the dielectric
properties of composites [35-41]. Since Maxwell-Garnett
approximation is applied to homogeneous composites contain-
ing spherical filler particles without considering the interactions
in between the filler and polymer phases, it hence is speculated
that interfacial polarization may contribute to the dielectric
constant enhancement of nanocomposites. In our nanocompo-
site samples, interfacial polarization may be resulted from the
interactions between the silane functional group in the branch
of acrylic polymer and ZnO nanoparticles as illustrated in

Table 1
A list of calculated and measured dielectric constants of nanocomposites.
Sample ZnO content Calculated Experimental

(wt.%) value® value®
Pristine polymer 0 2.78 2.78
Nanocomposites 5 2.82 3.66

10 2.86 3.99

15 291 422

20 2.96 4.35

* Theoretical dielectric constants of nanocomposites, &.m, were calculated in
terms of Maxwell-Garnett effective medium approximation [33], &com =
& +2em+2f (e f—em) . . . .
Em o ()] where ¢, = dielectric constant of acrylic matrix = 2.78,
& = dielectric constant of wurtzite ZnO = 8.75 and f = the volume fraction of
ZnO filler.

® Experimental values were obtained at 1 MHz.

Fig. 10. Further, the size reduction of filler particles to
nanometer scale drastically escalates the specific surface area
(SSA) of ZnO and thus amplifies the contribution of interfacial
polarization on dielectric constant property of nanocomposites.

Finally, Fig. 9(a) also shows that the increasing trend of
dielectric constant gradually alleviates with the increase of ZnO
content in nanocomposite samples. High inorganic filler
loading may cause scattering/reflection of UV light which,
in turn, results in the incomplete photo-curing and thus the
physical property degradation of UV-curable nanocomposites.
In order to complete the photo-curing, a prolonged UV
exposure is required for high-filler-loading samples. Never-
theless, it might cause excessive photo-curing and induce the
oxidation of polymer component in nanocomposites. It is
speculated that photo-induced oxidation may be the cause of
alleviation of dielectric constant increment as shown in
Fig. 9(a) and, hence, there is a limit of inorganic filler loading
when preparing the UV-curable nanocomposites.

4. Conclusions

This study demonstrates the preparation of ZnO nanopar-
ticles and UV-curable ZnO-acrylic nanocomposites containing
the TPMA-modified ZnO nanoparticles. Analytical results
indicated that the sol—gel chemical route employed in this study
successfully produces the ZnO particles as small as 4 nm. A
fine dispersion of filler particles in polymeric matrix was
achieved via the surface modification with TPMA which serves
both as the interfacial coupling agent and dispersant of ZnO
nanoparticles in acrylic matrix. UV-vis characterization
revealed a high optical transparency (>95%) in visible light
region for nanocomposites with ZnO content as high as
20 wt.%. Electrical measurement indicated that the addition of
ZnO nanoparticles in acrylic matrix enhances the dielectric
constants of nanocomposite thin films and the dielectric
constants exceeding 4 could be achieved in the samples with
ZnO contents higher than 10 wt.%. A comparison of experi-
mental values and theoretical calculation implied that inter-
facial polarizations may also contribute the dielectric constant
enhancement since the scaled-down of ZnO particle size to
nanometer scale effectively increases the SSA of ZnO.
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