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Due to the great potential applications, high transparent organic-inorganic nanocomposites have
attracted wide attention over past decade. However, it is still a challenge to maintain the transparency
of optical materials due to the light scattering caused by the severely aggregation of nanoparticles
(NPs) when they are introduced into the polymer matrix. In this report, we describe the preparation of
UV-curable transparent poly(urethane acrylate) (PUA) nanocomposites with 3-(trimethoxysilyl)propyl-
methacrylate (MPS) modified ITO NPs. The FTIR and TGA results confirmed that the MPS was grafted
to the surface of ITO NPs successfully. It was found that the incorporation of ITO NPs not only provided
UV shielding ability to the nanocomposite coatings with the similar transparency of the pure PUA, but
also exhibited low transmittance of near-infrared (NIR) light. And, the cutoff wavelength of the compos-
ites in NIR range (800-2500 nm) shifts toward the lower wavelength as ITO concentration increasing. The
transmittance of the nanocomposite coatings with 0 wt.%, 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.% and 9 wt.% of the
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ITO NPs at 1500 nm in the NIR region are 91%, 56%, 38%, 31%, 18% and 6%, respectively.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With increasing environmental and energy saving concern,
extensive researches have focused on the development of
inorganic-polymer nanocomposites that present high visible
wavelength transparency as well as high UV/infrared (IR) shielding
properties [1-11]. This class of polymer-inorganic functional
materials can be fabricated by incorporating transparent conduct-
ing oxides (TCOs) NPs into a transparent polymeric matrix and are
ideal for applications such as UV/IR shielding windows in
automobiles and buildings, contact lenses, and optical filters. TCOs,
typically wide bandgap oxide semiconductors such as aluminum-
doped zinc oxide, antimony-doped tin oxide, tin-doped indium
oxide (ITO), exhibit the good combination of high transmittance
in the visible region and low transmittance in the infrared region
of light [12-14]. Among these, ITO is attractive due to its remark-
able optical properties and high thermal stability [15,16]. UV-radi-
ation curing has attracted great interests and become
commercially important in wide applications because of the rapid
ambient crosslinking, solvent free characteristics and low energy
requirements [17-19]. Also, it has been extensively and success-
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fully applied in the production of polymer composites during the
past decade.

Many works have been done to fabricate the ITO/polymer nano-
composites and investigate the optical properties. For example,
Miyazaki et al. [7] synthesized transparent ITO/polymer materials
by simple blending of ITO NPs with urethane resin, and found that
a mixing ratio composite of 1.0 vol% of ITO NPs was not transparent
in the IR wavelength region while the transmittance in the visible
wavelength region was under 40%. Capozzi and Gerhardt [20] pre-
pared the PMMA/ITO nanocomposites by mechanical mixing and
compression molding, and the UV-VIS spectrophotometry analysis
indicated that the nanocomposites completely lost their optical
transparency with 3 wt.% loading of ITO NPs. The serious transmit-
tance loss in visible wavelength region of the two above mentioned
ITO/polymer nanocomposites are related to the intense light scat-
tering caused by the agglomeration of the NPs in the polymer ma-
trixes. Thus, to fabricate a highly transparent ITO/polymer
nanocomposite, it is crucial to have the uniform dispersion of ITO
NPs within the polymer matrix. Methods aiming to improve the
dispersion of ITO NPs in the polymer matrix are of great impor-
tance to prepare high transparent UV/IR shielding materials
[2,9,21,22]. For instance, Wu et al. [4] reported that the UV-curable
ITO/polymer nanocomposite was synthesized by mixing the ITO
slurry with UV-curable monomers and oligomer after the nano-
ITO slurry was prepared by ball milling with butyl acetate as the
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dispersing media. Schadler et al. [6] studied the preparation of ITO
NPs by the solvothermal method, followed by the modification of
ITO nanoparticles with polyglycidyl methacrylate, and finally the
modified ITO NPs were dispersed in an epoxy resin to prepare
nanocomposites. In another research, Zeng et al. [5] fabricated
transparent ITO/polymer nanocomposite films by two steps.
Firstly, using N-methyl-pyrrolidone as the reaction solvent and
surface modifier to prepare the functional monodisperse ITO NPs
via a nonaqueous solvothermal method. Secondly, the nanocom-
posite films were obtained by a simple sol-solution mixing
method. In the above three studies, the ITO NPs were modified
with different organic agents and the nanocomposites showed
good optical properties. However, only limited work has been per-
formed to fabricate UV curable ITO/polymer nanocomposites with
3-(trimethoxysilyl)propylmethacrylate (MPS) grafted ITO NPs. MPS
end capped with vinyl group is one of the important silane cou-
pling agents, which has been widely used in the surface modifica-
tion of inorganic particles to improve their dispersion in
nanocomposites and the compatibility with organic polymers,
especially for the UV cured polymer nanocomposites [23].

In this paper, visible transparent but UV- and IR-opaque ITO/
PUA nanocomposites were prepared by incorporating the surface
modified ITO NPs into a transparent UV curable urethane acrylate
resin. Firstly, ITO NPs modified with 3-(trimethoxysilyl)propyl-
methacrylate (MPS) were dispersed the in 1,6-hexanediol diacry-
late (HDDA). Then, ITO/PUA nanocomposites were obtained by
mixing ITO dispersion with urethane acrylate resin and cured un-
der UV ray. The modification of the ITO NPs were confirmed by
Fourier Transform Infrared (FTIR), ThermoGravimetric Analysis
(TGA) and Dynamic Light Scattering (DLS). The optical properties
of the nanocomposites were examined by an ultraviolet-visible—
near infrared (UV-VIS-NIR) spectrophotometer.

2. Experimental
2.1. Raw materials

Isophorone diisocyanate (IPDI), poly(1,6-hexyl 1,2-ethyl car-
bonate) diol (PHEC) (M,, = 2000), were supplied by An Li Artificial
Leather Co., Ltd., Hefei, China. Dibutyltin dilaurate (DBTDL), etha-
nol, hydroxyethyl acrylate (HEA), 1,6-hexanediol diacrylate
(HDDA) and 3-(trimethoxysilyl)propylmethacrylate (MPS) were
purchased from Qiang Shen Chemical Reagent Co., Ltd., Nanjing,
China.  2-Hydroxy-2-methyl-1-phenyl-1-propanone (Irgacure
1173) and 1-hydroxycyclohexyl phenyl ketone (Irgacure 184) pur-
chased from Aldrich were used as photoinitiators. Indium Tin
Oxide (ITO) was purchased from Hu Zheng Nano Technology Co.,
Ltd., Shanghai, China. The doping level of the antimony is
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Fig. 1. FTIR spectra of MPS, pristine ITO, and MPS modified ITO NPs.

10 wt.%. The raw materials were used as received, except for the
PHEC which were dried in vacuo at 100 °C for 2 h.

2.2. Preparation of urethane acrylate oligomers

Urethane acrylate oligomers were prepared according to the lit-
erature [24]. PHEC and IPDI (1:3 by mole) were added to a four-
necked flask equipped with a mechanical stirrer, nitrogen inlet,
condenser, and thermometer. The reaction mixture was stirred
and carried out at 80 °C for 2 h under a dry nitrogen atmosphere.
Upon reaching the theoretical NCO value (determined by a dibutyl-
amine back titration method), HEA was added. After an additional
1 h of reaction below 60 °C, HEA-terminated oligomers were ob-
tained. The completion of end capping reaction was confirmed by
FTIR measurements.

2.3. Modification of ITO NPs

The ITO (15 g) was dispersed in 100 mL of ethanol and 2 g of
deionized water, and then 1.5 g of MPS was added. The PH value
was tuned with ammonia solution. The mixture was proceeded
for 8 h by ball milling. The obtained NPs were washed for three
times by centrifugation in absolute ethanol at 12,000 rpm and fur-
ther dried.

2.4. Preparation of ITO/PUA nanocomposites

Firstly, the MPS modified ITO NPs were dispersed in HDDA via
sonication. Then, ITO/PUA nanocomposites were prepared by mix-
ing the HDDA solution (20 wt.%), urethane acrylate oligomers
(78 wt.%), Irgacure 1173 (1 wt.%) and Irgacure 184 (1 wt.%). The
resultant mixture was coated onto glass and exposed to UV radia-
tion from a medium pressure 2 kW mercury lamp for 10 s. All the
irradiation experiments have performed at ambient temperature in
the presence of air. By changing the contents of ITO over the range
of 0, 1, 3, 5, 7 and 9 wt.%, a series of ITO/PUA nanocomposites were
prepared and coded as ITO/PUA-O, ITO/PUA-1, ITO/PUA-3, ITO/
PUA-5, ITO/PUA-7 and ITO/PUA-9, respectively.

2.5. Characterization

Fourier transform infrared (FTIR) spectroscopy was performed
on a spectrometer (Nexus, Nicolet). KBr disks were prepared after
mixing (0.5%) each of the test samples with dry KBr. The particle
size of the modified ITO was measured with a Malvern Zetasizer
at 20 °C. Morphology of the nanocomposite films was observed
with a scanning electron microscope (FESEM, Sirion 200 FEI) at
10 kV. The specimens were frozen in liquid nitrogen, fractured,
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Fig. 2. TGA of pristine ITO, and MPS modified ITO NPs.
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Fig. 3. TEM images of ITO NPs after (a) and before (b) modification. (Scale bars = 200 nm).

and then coated with gold. Transmission emission microscopy
(JEM-2010 TEM) was used to observe the morphology of ITO NPs.
The transmittance of the glass with the ITO/PUA coatings was mea-
sured by UV3600 (Shimadzu, Japan) UV-VIS-NIR spectrophotome-
ter. The wavenumber range was set from 300 to 2500 nm.

3. Results and discussion
3.1. Surface modification of ITO NPs by MPS

MPS is one of the most efficient ligands for functionalization of
inorganic oxide nanoparticles since it can react with surface hydro-
xyl groups of the nanoparticles in basic solution by condensation of
its alkoxyl groups. Fig. 1 shows the FTIR spectra of both pristine ITO
and MPS modified ITO NPs. Several absorption bands in the pristine
ITO sample are considered as impurities. Apparently, most of the
absorption bands of MPS modified ITO NPs are overlapped with
the strong band of adsorbed impurities on the ITO. The band at
1080 cm™! was corresponded to be characteristics of Si—0—C
bonds in MPS, and the bands at 2901 cm~! and 2969 cm™! were as-
signed to the stretching vibration of C—H bonds of MPS. Compared
to the pristine ITO, the broadened absorption band appeared at
around 1080 cm™!, as well as the bands at 2901 and 2969 cm™!
demonstrate that the condensation took place on the surface of
ITO NPs. The TGA curves in Fig. 2 could be further confirmed that
MPS had attached to the surface of ITO NPs. The amount of silane
linked to ITO surface was about 2 wt.% which is almost comparable
to the amount of the silane linked to ZnO surface (around 3 wt.%)

Fig. 4. Digital photographs of modified (a) and pure (b) ITO NPs dispersed in
urethane acrylate oligomers.

[23]. Moreover, the sizes of the ITO particles were characterized
by dynamic light scattering. The mean particle size of secondary
ITO particles modified the MPS was 163 nm, while the pristine
ITO particles was 313 nm which was almost two times larger than
the modified ITO NPs. It is well known that the NPs tend to agglom-
erate due to their high surface energy. The surface modification of
ITO NPs with MPS can to avoid its agglomeration effectively be-
cause of the condensation reactions between the surface hydroxyl
groups of the ITO NPs and alkoxyl groups of MPS. Thus, compared
to the pure ITO NPs, the size decreased as evidenced by the TEM
measurements (Fig. 3). In order to test the stability, the ITO NPs
were dispersed in HDDA via sonication and then mixed with
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Fig. 5. UV-VIS-NIR spectra of ITO/PUA nanocomposites with different ITO contents
(a) transmittance and (b) absorbance (the inset picture are digital photographs of
100 um thick ITO/PUA coatings on glass substrate containing 9 wt.%, 7 wt.%, 5 wt.%,
3 wt%, 1 wt.% and 0 wt.% of the ITO NPS, respectively (A-F)).
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urethane acrylate oligomers. The pure ITO NPs Fig. 4(b) finally sed-
imentated at the bottom of the container for less than one week
and the modified ITO NPs Fig. 4(a) still retained homogeneous
phase even for three months. The pure ITO NPs tend to form large
particles and sedimentate quickly. While the modified ITO NPs
showed good stability due to the steric hindrance of covalently
grafting polymer chains of condensed MPS to the ITO NPs surfaces,
and the polymer chains may modify the ITO surfaces, making them
more hydrophobic, which is helpful to enhance the compatibility
and long time stability. Furthermore, the small particle size of
the modified ITO is favorable to minimize the light scattering,
which is curial to fabricate high transparent nanocomposites.

3.2. Optical properties and morphology of ITO/PUA nanocomposite
films

The transmittance and absorbance spectra of ITO nanocompos-
ites containing various concentrations are shown in Fig. 5(a and b)
respectively. The thickness of the obtained films coated on glass
substrates was about 100 um. In the UV range, the neat PUA films
only blocks UV light up to 250 nm. In other words, neat PUA are
transparent for UVB (280-320 nm in wavelength) and UVA (320-
400 nm in wavelength) irradiations that has degradation effects
on various materials and detrimental effects to human health
[1,8]. By introducing the ITO NPs into the polymer, UVB and UVA
irradiations are efficiently filtered by the composite. Higher ITO
loadings show stronger UV-shielding efficiency. For example, the
transmittance of the coatings with 0 wt.%, 1 wt.%, 3 wt.%, 5 wt.%,
7 wt.% and 9 wt.% of the ITO nanoparticles at 350 nm in the UV re-
gion are 82%, 68%, 54%, 53%, 43% and 32%, respectively. In the UV
range, as the ITO loadings increasing the absorption increases
(Fig. 5(b)), which is in harmony with decreased transmission in
the transmittance spectra. In the visible range (400-800 nm), the
ITO/PUA coatings show good transparence with transmittances

0.2'um
||

close to that of the neat PUA, except for that of high ITO concentra-
tions which exhibit slightly decreased transmittance. The faint loss
of transparency of nanocomposites owing to light scattering can
explained by the Eq. (1) below.

e =)

where T is the transmittance of incident light, I and I, are the trans-
mitted and incident light intensity, V,, is the volume fraction of inor-
ganic particles, r is the radius of spherical particles, y is the optical
path length, 7 is the wavelength of incident light, and n, and n, are
the refractive index of nanoparticles and matrix [6,25]. Eq. (1)
shows that the different refractive indexes of the filler ITO
(n~1.9) and PUA polymer matrix (n~ 1.6) as well as relatively
large particle of the agglomerated particle are responsible for reduc-
tion in the transmittance of nanocomposites in the visible range. In
the NIR range Fig. 5(a), the neat PUA resin showed a constant more
than 89% transmittance. The weak absorption peaks observed in the
long IR range are assigned to the functional group absorption peaks
of PUA coatings. With respect to the neat PUA coating, the ITO/PUA
coatings show low transmittance in the NIR range. For example, the
transmittance of the coatings with 0 wt.%, 1 wt.%, 3 wt.%, 5 wt.%,
7 wt.% and 9 wt.% of the ITO NPs at 1500 nm in the NIR region are
91%, 56%, 38%, 31%, 18% and 6%, respectively. Thus, the NIR trans-
mission cutoff wavelength of the ITO/PUA coatings shifts to shorter
wavelength with increasing content of ITO NPs.

As shown in the inset digital photographs of Fig. 5(b), the com-
posite coatings show high clarity and no visible lump was observed
for all the samples. The interesting optical properties of the nano-
composites suggest a good dispersion of the ITO NPs in the PUA
matrix. This can be proved by scanning electron microscopy
(SEM) images of the cross-sectional fractured surface of the com-
posites coatings. Fig. 6(a and b) shows the images of neat PUA ma-

Fig. 6. SEM images of the cross-sectional fractured surface of the composites coatings ((a) ITO/PUA-O, (b) ITO/PUA-7) and TEM images of the cross-section of the composite

coatings ((c) ITO/PUA-9 and (d) ITO/PUA-9 with pure ITO NPs).
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trix and nanocomposites filled with 7 wt.% ITO, respectively. Com-
pared to the PUA coatings, the distribution of the ITO can be easily
identified. The ITO NPs appear as white dots, whose concentration
on the fracture surface of the nanocomposites increases as the filler
loading increasing. It can be seen that the ITO NPs are homoge-
neously dispersed in the matrix and no large agglomerates were
observed. The dispersion state of ITO NPs in the PUA matrix is sig-
nificantly different from that of nanocomposites prepared by the
simple blending the PUA and pure ITO NPs. Fig. 6(c) and (d) shows
the TEM images of ITO/PUA nanocomposite with modified and
pure ITO NPs (9 wt.%). From the TEM images, it can be seen that
the modified ITO NPs were well dispersed in the polymer matrix
while the pure ITO NPs were aggregated severely in the polymer
matrix with the larger particle size. The optical properties and dig-
ital photographs of the ITO/PUA nanocomposite with pure ITO
(9 wt.%) and modified ITO (9 wt.%) NPs are shown in Fig. 7. It is evi-
dent that the former shows less transparent in the visible range
with respect to the modified ITO/PUA nanocomposite. It can be
concluded that grafted ITO NPs in the PUA matrix are beneficial
for the minimization of the aggregation of NPs and homogeneous
dispersion in the matrix. Additionally, the chemical similarity of
the grafted polymer chains of ITO NPs with the matrix reduce
the mixing enthalpy,which is responsible for the stabilization of
ITO/PUA solution for several months and enhanced compatibility
between the fillers and matrix. Therefore, in order to obtain high
transparent ITO/PUA nanocomposites, the modification of ITO is
important to lower the scattering loss.
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Fig. 7. UV-VIS-NIR spectra of ITO/PUA-9 and ITO/PUA-9 with pure ITO NPs (the
inset picture are digital photographs of 100 um thick ITO/PUA coatings on glass
substrate).
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Fig. 8. TGA curves of ITO/PUA nanocomposites.

3.3. Thermal properties of ITO/PUA nanocomposites

It is generally believed that the incorporation of inorganic fillers
into polymers can reinforce thermal stability because of physical
confinement and interactions between the polymer chains and
the filler surface [18,26,27]. To investigate how ITO NPs impact
the thermal stability of the ITO/PUA nanocomposites, TGA analyses
were performed in a nitrogen atmosphere. The TGA curves are
shown in Fig. 8. It is noteworthy that compared with the pure
PUA, the ITO incorporated composites showed no obvious
enhancement of thermal stability. In contrast, ITO/PUA nanocom-
posites with high ITO contents exhibit lower onset decomposition
temperatures. The decrease in thermal stability can be attributed
to the strong absorption of UV radiation of ITO NPs which lead to
the incomplete curing of the UV-cured ITO/PUA nanocomposites.
Though, under the experimental conditions of our research, the
surfaces of ITO/PUA nanocomposites are all tack-free, further work
will be done to raise the curing degree and thermal stability.

4. Conclusions

In this work, highly transparent ITO/PUA nanocomposite coat-
ings had been fabricated by incorporating 3-(trimethoxysilyl)pro-
pylmethacrylate (MPS) modified ITO NPs into a transparent UV
curable urethane acrylate resin. The FTIR and TGA result confirmed
that the MPS was grafted to the surface of ITO NPs successfully.
Owing to the surface modification, the ITO NPs were able to
uniformly dispersed in the PUA matrix. The composite coatings
possess appealing optical properties: UVB (280-320 nm in wave-
length) and UVA (320-400 nm in wavelength) irradiations are effi-
ciently filtered by the composite films, and the prepared ITO/PUA
nanocomposites show high transparency of visible light close to
neat PUA resin and low transmittance of near-infrared (NIR) light.
Increasing the ITO concentration gives rise to higher NIR shielding
efficiency. Thus, the ITO/PUA composites can be easily adopted in
industrial production to behave as functional optical coatings of
glass and other substrates.
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