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ABSTRACT: Visibly highly transparent indium tin oxide (ITO)/epoxy nanocomposites were prepared by dispersing polyglycidyl methacrylate (PGMA)
grafted ITO nanoparticles into a commercial epoxy resin. The oleic acid stabilized,
highly crystalline, and near monodisperse ITO nanoparticles were synthesized via a
nonaqueous synthetic route with multigram batch quantities. An azidophosphate
ligand was synthesized and used to exchange with oleic acid on the ITO surface.
The azide terminal group allows for the grafting of epoxy resin compatible PGMA
polymer chains via Cu(I) catalyzed alkyneazide “click” chemistry. Transmission
electron microscopy (TEM) observation shows that PGMA grafted ITO particles
were homogeneously dispersed within the epoxy matrix. Optical properties of
ITO/epoxy nanocomposites with diﬀerent ITO concentrations were studied with
an ultravioletvisible-near-infrared (UVvis-NIR) spectrometer. All the ITO/
epoxy nanocomposites show more than 90% optical transparency in the visible
light range and absorption of UV light from 300 to 400 nm. In the near-infrared region, ITO/epoxy nanocomposites demonstrate
low transmittance and the infrared (IR) transmission cutoﬀ wavelength of the composites shifts toward the lower wavelength with
increased ITO concentration. The ITO/epoxy nanocomposites were applied onto both glass and plastic substrates as visibly
transparent and UV/IR opaque optical coatings.
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1. INTRODUCTION
With increasing environmental and energy saving concern,
optical materials with high visible wavelength transparency as
well as high UV/infrared (IR) blocking properties are needed for
application as UV/IR shielding windows in automobiles and
buildings, contact lenses, and heat mirrors.15 Nanocomposites using organic polymers and inorganic nanoparticles have
attracted signiﬁcant attention because of their potential for use in
optical applications requiring high visible transparency.6,7 The
properties of the composite materials can be engineered through
judicious selection of nanoparticles and polymer. Inorganic
nanoparticle/polymer composites with enhanced mechanical,
electrical, dielectric, thermal, and optical performance have been
reported.8 Among the wide variety of available polymers, epoxy
resins represent a class of thermosetting polymeric materials with
extensive industrial application ranging from coatings to adhesives and the matrixes for composite materials used for electronic
and optical devices packaging.9 Because they possess superior
transmission in the visible range and excellent adhesion with
various substrates, epoxy resins are an important optical coating
material. Epoxy does not block UV light, but it can be modiﬁed to
block UV or IR light via addition of appropriate inorganic
nanoparticles.10,11 Metal oxides with wide band gap are ideal
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candidates for UV protection of the organic polymers. Therefore,
UV-shielding nanocomposites have been prepared by adding
strong UV absorbers (ZnO, TiO2, and CeO2 nanoparticles) at
low content.7 UV-resistant TiO2/PMMA and ZnO/polystyrene
have been prepared with the addition of a small amount of
organic ligand.12,13 However, most of the previous work has been
focused on UV-shielding nanocomposites with thermoplastic
polymer matrixes. Only limited work has been performed on
both UV and IR blocking energy eﬃcient materials.14
Tin-doped indium oxide (ITO) was reported to be the most
favorable energy eﬃcient material due to its remarkable combination of high transparency in the visible range, high infrared
reﬂectivity, UV-light absorption, and high thermal stability.15 In
most cases, ceramic ITO thin ﬁlms were fabricated with various
techniques including physical vapor deposition, chemical vapor
deposition, electron beam evaporation, and magnetron
sputtering.1619 These techniques usually have strict requirements on the geometry and structure of the substrates. Often
with these techniques, high temperature processing and vacuum
equipment are necessary. By comparison, wet chemical
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deposition of dispersions containing ITO nanoparticles would be
preferred for the mass production of coating ﬁlms due to their
low cost, ﬂexibility, and good processability.2025 Indeed, rapid
progresses in nonaqueous synthesis of high quality metal oxide
nanoparticles enabled the fabrication of ITO nanoparticle polymer composites.2629 However, simply blending nanoparticles
with organic polymers usually results in agglomeration of the
nanoparticles within the polymer matrixes and loss of optical
transparency due to intense light scattering by the agglomerated
nanoparticles. Capozzi et al. found that PMMA/ITO nanocomposites prepared by mechanical mixing and compression molding totally lost their optical transparency with 3 wt % loading of
ITO nanoparticles.30 The optical transmittance of Al-dopedZnO/epoxy nanocomposites has also been reported to degrade
rapidly even with less than 0.2 wt % loading.14 Therefore,
eﬀective techniques are desired to achieve good dispersion of
nanoparticles within organic polymer matrixes and thereby high
optical transparency of the composite materials.
It is crucial to have the uniform nanoﬁller dispersion within the
polymer matrix, in particular for the preparation of transparent
nanocomposites. Extensive eﬀorts have been made to improve
the compatibility between metal oxide nanoparticles and organic
polymers. Concentrating suﬃcient charge on the surface of
particles to form an electric double layer was one of the methods
to keep particles in dispersion. This scheme typically is limited
to systems with highly polar solvents. Steric stabilization is the
more favorable dispersion technique. Surface modiﬁcation with
organic capping agents such as silane coupling agents and small
molecular ligands has been used to stabilize the dispersion in
solvents with moderate success.12,13,3135 However, when the
solvent is removed, phase separation between the nanoparticles
modiﬁed with small ligands and organic polymers occurs. Covalently grafting polymer chains to the surface of inorganic
nanoparticles has been considered as one of the most promising
techniques to overcome the attraction force between nanoparticles
and achieve stabilized dispersion at high concentration.3640
Known for its high eﬃciency, selectivity, and mild reaction condition, Cu(I)-catalyzed alkyneazide “click” chemistry has been used
to immobilize polymer chains onto inorganic nanomaterials, leading to improved mechanical and dielectric properties of polymer
nanocomposites.4145 However, to the best of our knowledge,
preparation of transparent optical materials using “click” chemistry
has not been reported for combined UV/IR opaque and visibly
transparent nanocomposites. In this work, we report the preparation of ITO/epoxy nanocomposites with high visible light transparency and UV/IR blocking using ITO nanoparticles grafted with
matrix compatible polymer chains. The polymer chains were
attached via a combination of phosphate ligand engineering and
alkyneazide “click” chemistry. The prepared ITO/epoxy nanocomposites can be easily applied on glass and plastic substrates as
functional optical coating materials.

2. EXPERIMENTAL SECTION
Materials. Indium(III) acetate (99.99%), tin(II) acetate, oleic acid
(90%), oleylamine (70%), and octadecene (90%) were purchased from
Sigma Aldrich for ITO nanoparticle synthesis. Tetrahydrofuran (THF)
was dried over CaH2 overnight and distilled before use. Prop-2-ynyl
4-cyano-4-(phenyl carbonothioylthio) pentanoate was synthesized according to previous work.46 Azobisisobutyronitrile (AIBN) was purchased from
Sigma Aldrich and recrystallized from ethanol before use. Glycidyl
methacrylate was passed through a neutral alumina column to remove
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the inhibitor before use. POCl3 (99.99%) and NaN3 were obtained from
Sigma Aldrich. N,N,N0 ,N00 ,N00 -Pentamethyldiethylenetriamine (PMDETA)
and 11-bromo-1-undecanol were purchased from Acros. Cu(I)Br (99.999%,
Aldrich) was purified with glacial acetic acid and washed with diethyl ether
and ethanol before use. Epoxy resin 301-1 was purchased from Epoxy
Technology.
Synthesis of ITO Nanoparticles. ITO nanoparticles were prepared through a thermal decomposition of indium acetate and tin acetate
under an argon atmosphere using oleic acid and oleylamine as capping
agents by modifying the procedures in previous work.28,47 Typically, to a
500 mL three-neck round-bottom flask containing 150 mL octadecene,
9 mmol of In(Ac)3, 1 mmol of Sn(Ac)4, 15 mL of oleic acid, and 15 mL
of oleylamine were added. The mixture was degassed, stirred with a
magnetic stir bar, and heated to 120 °C for 1 h with an argon purge.
Then, the flask was heated to 300 °C at a heating rate of 10 °C/min, and
the solution was refluxed for another 3 h under an argon stream. ITO
nanoparticles were obtained by cooling the flask to room temperature,
precipitating with acetone, and centrifuging. The obtained particles were
easily dispersed into nonpolar solvent such as hexane and chloroform.
Synthesis of Azido-Phsophate Ligand. 11-Azidoundecyl
dihydrogen phosphate was synthesized using a simple two-step reaction.
First, to a 250 mL round-bottle flask containing 60 mL of DMF, 10 g of
11 bromo-1-undecanol and 3 g of NaN3 were added. The mixture was
stirred with a magnetic stir bar at room temperature for 24 h. The
reaction was quenched by adding 50 mL of DI water. 11-Azidoundecan1-ol (8.5 g) was obtained after extraction with CHCl3 (30 mL),
extraction with DI water (30 mL), drying over sodium sulfate, rotoevaporation, and drying under a vacuum oven overnight. Second, 4.2 g (20
mmol) of 11-azidoundecan-1-ol and 3.11 mL (22 mmol) of triethylamine were added into 60 mL of anhydrous THF in a 250 mL roundbottom flask in an ice bath. Then, 2.07 mL (22 mmol) of POCl3 was
added into the solution dropwise. The solution was stirred for 5 h
and quenched with the addition of DI water. The final product,
11-azidoundecyl dihydrogen phosphate (3.8 g), was obtained after
completing the extraction and drying process. Fourier transform infrared
spectroscopy (FTIR), NMR, and mass spectrometry (MS) were used to
determine and analyze the synthesized phosphate ligand.
Click Polymer Chains onto ITO Nanoparticles. A mixture of
as-synthesized ITO particles and 11-azidoundecyl dihydrogen phosphate with a weight ratio of 1:1 dispersed in chloroform was subjected to
a refluxed stirring at 75 °C overnight. The phosphate treated particles
were washed 3 times with ethanol and finally dispersed into THF.
Alkyne-terminated poly(glycidyl methacrylate) (PGMA, 20 000 g/mol,
PDI = 1.2) was synthesized with a reversible additionfragmentation
chain transfer (RAFT) polymerization technique based on our previous
work.46,48 In a typical “click” reaction, 0.5 g of phosphate treated ITO
particles, 0.4 g of azide-PGMA, and 20 μL of PMDETA ligand were
added into 60 mL of anhydrous THF. Ten milligrams of CuBr was added
into the flask, and the solution was bubbled with argon gas for 5 min. The
flask was transferred into an oil bath at 55 °C for 48 h.
Preparation of ITO Nanocomposites. The PGMA grafted ITO
nanoparticles were dispersed in chloroform via sonication. The pure
PGMA grafted ITO composites were prepared by casting the dispersion
onto a plastic Petri dish and removing the solvent in the oven at 80 °C
overnight. ITO/epoxy nanocomposites were prepared by mixing PGMA
grafted ITO nanoparticle dispersion with commercial diglycidyl ether of
bisphenol A (DGEBA) epoxy resin (Epoxy Technology, 301-1), and
curing agent (trimethyl-1, 6-hexanediamine). The resultant mixture was
coated onto glass and plastic substrates followed by thermal curing at
80 °C overnight.
Characterization. Powder X-ray diffraction (XRD) patterns for
ITO nanoparticles were recorded on a Bruker D8 diffractometer using
Cu KR radiation (λ=1.5405 Å) and operating at an accelerating voltage
of 40 kV, in the 2θ range from 10 to 80° (step of 0.01°). FTIR spectra
3639
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Figure 1. (a) TEM image of synthesized ITO nanoparticles, (b) HRTEM image with TEM-EDS analysis, (c) XRD diﬀraction pattern, (d)
transmittance spectrum of ITO dispersion in hexane (10 mg/mL) measured through a quartz cuvette and inset photograph of green ITO dispersion.
were obtained on a Perkin-Elmer Spectrum One FT-IR Spectrophotometer scanning from 500 to 4000 cm1 with a resolution of 4 cm1 for
10 scans. Thermal gravimetric analysis (TGA) was done on a PerkinElmer Series 7 instrument. The sample was heated from 30 to 700 °C
under a 60 mL min1 nitrogen flow at a heating rate of 10 °C/min. X-ray
photoelectron spectroscopy (XPS) data were acquired with a monochromatic Al KR X-ray source on a PHI 5000 Versa Probe XPS
spectrometer. A takeoff angel of 45° from the surface was employed.
Transmission electron micrographs (TEM) and X-ray energy dispersive
spectroscopy (EDS) spectra were obtained using a JEOL-2010 microscope operating at 200 kV. TEM samples were prepared by cutting ITOepoxy nanocomposites to 50 nm at room temperature using an RMC
PowerTome microtome. The transmittance spectra of nanocomposites were measured with a Perkin-Elmer Lambda 950 ultraviolet
visible-near-infrared (UVvis-NIR) spectrophotometer.

3. RESULTS AND DISCUSSION
Figure 1a shows the TEM and high resolution transmission
electron microscopy (HRTEM) micrographs of the homogeneously distributed as-synthesized ITO nanoparticles. Figure 1b
presents a high resolution TEM image of the synthesized ITO
nanoparticles. A single crystalline domain within each particle
can be clearly observed. The TEM EDS analysis on the ITO
particles shows the existence of C, O, In, Sn, and Cu elements.
The Cu is due to the copper grid used in the TEM sample holder,

and the C element can be attributed to the presence of the surface
capping agent, oleic acid. The atomic ratio of tin and indium is
3.47:31.70, which is in accordance with the prescribed 10 at %
doping composition.
Figure 1c displays the XRD pattern of the ITO nanoparticles.
All of the detectable diﬀraction peaks of ITO can be indexed to a
pure body-centered-cubic In2O3 structure (JCPDS card #: 060416). No impurity peaks are found in the sample within the
experimental error, indicating successful doping of SnO2 into the
In2O3 lattice. Meanwhile, the crystal size of ITO particles was
estimated by measuring the broadening of the (222) peak using
the Scherrer equation:
D ¼ 57:3kλ=ðβcos θÞ

ð1Þ

where the shape factor k was taken as 0.9, λ is the wavelength of
Cu KR1 irradiation (1.5405 Å), β is the half-intensity width, and
θ is the Bragg angle. The average particle size was estimated to be
6.6 nm, which is consistent with the average particle size of
6.3 nm based on TEM observation.
Figure 1d shows the light green color dispersion of ITO
nanoparticles in hexane. As shown in the transmittance result of
the ITO dispersion, the ITO nanoparticles have an interband
transition near 400 nm and weak absorption in the red region,
resulting in a green color. During the reﬂux process at high
temperature, a gradual color change of the solution was observed.
3640
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Scheme 1. Synthesis of 11-Azidoundecyl Dihydrogen Phosphate

Figure 2. FTIR spectrum of 11-azidoundecyl dihydrogen phosphate.

Figure 3. XPS survey of synthesized ITO and ITO particles treated with
phosphateazide.

When the temperature was raised to 200 °C, initially, clear
solution quickly turned from light yellow to orange-yellow.
When the temperature reached 300 °C, the transparent yellow
mixture gradually turned deep green, indicating successful doping of tin and the formation of ITO with high carrier concentration. Due to surface capping by oleic acid, the synthesized
particles were easily dispersed in nonpolar solvent and formed
a transparent dispersion. It is worth noting that an important
feature of the synthesized particles is their relatively narrow size
distribution even with grams of particles per batch yield, evidenced by the TEM images. The high-quality, batch-scalable
ITO particle synthetic route would allow for their potential use in
industry.

Figure 4. FTIR spectra of as-synthesized ITO, phosphateazide
treated ITO, and PGMA grafted ITO nanoparticles.

As shown in Scheme 1, the phosphateazide ligand was
synthesized via a two step reaction. Figure 2 shows the full FTIR
spectrum of the synthesized 11-azidoundecyl dihydrogen phosphate. The strong absorption around 3000 cm1 was assigned as
asymmetric and symmetric CH2 vibration from the long alkyl
chain. The intense azide band at 2100 cm1 and characteristic
peaks of phosphate in the ﬁngerprint region were also observed.
The organophosphates have been reported to be able to bind
very strongly to the surface of metal oxides.35,49 The original
capping agent, oleic acid, on the synthesized ITO particle surface
was exchanged with the stronger phosphate binder by reﬂuxing
the ITO particles with azidophosphate ligands overnight. The
reﬂuxing process enhances the surface ligand exchange and
binding of the stronger phosphates. Figure 3 compares the
XPS survey results of both the as-synthesized ITO particles
and the phosphate treated particles. After surface treatment with
the azidophosphate ligand, extra N and P peaks due to the azide
group and phosphate headgroup, respectively, were detected.
Quantitative analysis of the as-synthesized ITO and phosphate
treated particles showed a 2.2:23.8 ratio of tin-to-indium, which
is also consistent with the TEM EDS results.
The ITO nanoparticles were anchored with a long alkyl chain
phosphate ligand, which has an azide terminal group, allowing for
the grafting of polymer chains onto the particle surface via a
simple and eﬃcient “click” reaction. As shown in Figure 4, the
alkyne terminated PGMA chains were successfully grafted onto
ITO particles using the “click” chemistry as evidenced by the
reduction in azide vibration intensity and the introduction of
characteristic peaks from the PGMA polymer such as the carbonyl
vibration near 1700 cm1. After reaction with alkyne-terminated
PGMA, the azide peak intensity decreases signiﬁcantly but not
3641
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Figure 5. XPS scan of N1S of as-synthesized ITO, phosphateazide
treated ITO, and PGMA grafted ITO nanoparticles.
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Figure 7. Photographs (a) ITO/PGMA dispersion in chloroform, (b)
ITO/PGMA coating on glass slides, (c) 100 μm thick ITO/PGMA
composites after removal of solvent (60 wt % ITO loading), (d) ITO/
epoxy composites (20 wt % ITO loading, 3 mm thick).

Figure 6. TGA curves of as-synthesized ITO nanoparticles, phosphate
azide treated ITO nanoparticles, and PGMA grafted ITO particles.

completely, which indicates not all the azide groups have reacted.
The PO symmetric vibration can be seen in both the phosphate
treated particle sample and the particle with grafted polymer chains.
However, the FTIR spectra of ITO samples showed a broad
absorbance over almost the complete spectral range, which was
due to plasma vibrations and oscillations of conduction electrons in
the ITO particles. The strong absorption in the infrared range
prevents more detailed analysis with FTIR.
XPS was used to further analyze the click reaction, and the
result is shown in Figure 5. The high-resolution peak of the N 1s
spectrum shows that no peak was observed for the synthesized
ITO particles and there are two peaks at 405 and 401 eV in the
phosphateazide treated ITO sample. Ideally, the azide nitrogen
exists in two diﬀerent oxidation states with a ratio of 1:2, where
the high binding energy peak corresponds to the relatively
electron poor middle N atom of the azide group.50 In our
experiment, the ratio of the areas of these two peaks of the
phosphateazide treated ITO sample is approximately 1:3, and
the deviation was possibly due to the degradation of the azides
during the XPS measurement.51 After the click reaction, due to
the formation of triazole, the peak at 401 eV can still be observed
while the peak at 405 eV is not apparent. Fitting the N1s
spectrum in the ITO-click-PGMA sample showed that the
resultant spectrum could be best ﬁtted with peaks at 405 and
401 eV with an area ratio of 1:5, which means around 50% of the

Figure 8. TEM image of ITO/epoxy nanocomposites with diﬀerent
ITO concentrations at low and high magniﬁcations: (a, b) 35 wt %; (c, d)
20 wt %; (e, f) 10 wt %.

azide groups have reacted.52 The increasing carbon content in
the quantitative XPS analysis also indicated the successful grafting of PGMA chains.
Figure 6 presents the TGA curve for the synthesized particles,
phosphate treated particles, and PGMA grafted particles.
Approximately 10% weight loss in the as-synthesized particles
was due to the loss of the surface capping oleic acid. The increase
in weight loss for the phosphateazide treated ITO particles and
ITO/PGMA particles presents further evidence for successful
surface treatment of the phosphate ligand and grafting of the
PGMA chains. It is noteworthy that compared with the ITO
particles treated with small ligands, the PGMA grafted particles
showed stronger steric stability against agglomeration. Figure 7 is
3642
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Figure 9. UVvis spectra of ITO/epoxy nanocomposites with diﬀerent
ITO contents (a) transmittance and (b) absorbance (the inset pictures
are digital photographs of 20 μm thick ITO/epoxy coating on glass
substrate with thickness); (c) near IR transmittance spectra of ITO/
epoxy nanocomposites.

a digital photograph of the stable dispersion of PGMA grafted
ITO nanoparticles within chloroform solvent, coating on a glass
substrate and self-standing composites after removal of solvent. It
can be seen that the grafted particles formed a transparent
dispersion, highly transparent coatings, and transparent selfsupporting ﬁlm. With 60 wt % loading of particles, the grafted
PGMA polymer chains eﬀectively screened the ITO nanoparticle
corecore attraction and transparent composites were obtained.
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However, physical blending ITO particles with PGMA polymers
suﬀered from severe agglomeration and transparent composites
were not obtained. The grafted ITO nanoparticles could be
mixed with epoxy resin without agglomeration. Figure 7d shows
the highly transparent green color 20 wt % loaded ITO/epoxy
composite sample with a thickness of 3 mm after removing the
solvent and curing.
Figure 8 shows the TEM images of ITO/epoxy nanocomposites with PGMA grafted ITO nanoparticles at diﬀerent loading
levels. Both the low and high magniﬁcation micrographs show
that the ITO nanoparticles are homogeneously dispersed in the
epoxy matrix and agglomerates were absent. Within the higher
loading samples, the particles are more densely distributed. The
chemical similarity of the grafted polymer chains with the matrix
polymer minimized the mixing enthalpy. Additionally, the long
grafted PGMA polymer chains can be swollen and wetted by the
small matrix epoxy molecules, and this is beneﬁcial for good
dispersion of ITO particles within epoxy matrix.37,53
Figure 9a,b shows the transmittance and absorbance spectra of
ITO nanocomposites at several loadings with a thickness about
20 μm coated on glass substrates. In the visible range
(400800 nm), the ITO composites show more than 90%
transparency. Similar to the transmittance spectrum of assynthesized ITO dispersion in solvent, ITO/epoxy composites
with high ITO concentration show slightly decreased transmittance of visible light from 500 to 800 nm. This is also consistent
with increased absorption in the absorbance spectra. In the UV
range, the neat epoxy only blocks UV light up to 300 nm. The
ITO/epoxy nanocomposites block UV light in the 300400 nm
range, and high loading samples show stronger absorption of UV
light. TiO2 and ZnO nanoparticles are well-known to be useful in
UV protection for organic polymers even with very low loading
fraction. Unlike TiO2 and ZnO intrinsic semiconductor nanoparticles, ITO particles, as a degenerate semiconductor, do not
have a very sharp UV absorption edge. The resultant ITO/epoxy
composites show a relatively broad absorption in the
300400 nm range. As shown in the transmittance spectra,
ITO nanoparticles at 5 wt % content in the epoxy resin showed a
60% shielding eﬃciency of UV light at ∼350 nm and more than
90% transparency of the whole visible light. The introduction of
matrix compatible polymer chain grafted ITO nanoparticles
increased the UV shielding ability of epoxy resin from 300 to
400 nm but maintained high optical transparency feature of
epoxy in the visible light range.
As shown in the inset photographs, the composite coatings are
highly transparent and no visible clouding was observed for all
the samples. The only diﬀerence is that the samples with high
ITO content appear more greenish. The high optical clarity of
the prepared composites can be attributed to the good dispersion
of the grafted ITO nanoparticles within the epoxy matrix, which
minimizes the scattering loss. The loss of transparency of
nanoparticle ﬁlled polymer composites due to scattering can be
estimated from the equation below6,12,14
"

 #!
3jp xr 3 np
I
T ¼ ¼ exp 
1
ð2Þ
I0
4λ4 nm
where I and I0 are the transmitted and incident light intensity, r is
the radius of spherical particles, jp is the volume fraction of
inorganic particles, x is the optical path length, λ is the wavelength of incident light, and np and nm are the refractive index of
particles (ITO, n ≈ 1.9) and polymer matrix (epoxy, n ≈ 1.5),
3643
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Figure 10. UVvis-NIR transmittance spectra of 35 wt % ITO-epoxy
coating (with thickness of 5 μm) on plastic substrates.

respectively. Equation 2 shows that controlling the dispersion of
the inorganic nanoparticles within polymer matrix is critical to
achieve high optical transparency of prepared composites. When
the ITO/epoxy nanocomposites prepared here are referred to,
the matrix compatible polymer chains grafted on ITO nanoparticles prevent the formation of large agglomerates. The true ITO
nanoparticles (6.3 nm in diameter based on TEM observations)
are signiﬁcantly smaller than visible light wavelengths and,
therefore, optical scattering was suppressed. As a result, as shown
in Figure 9a, the ITO/epoxy thin ﬁlm coatings were highly
transparent and the transparency did not deteriorate with
increasing ITO content from 5 wt % to 35 wt %.
Figure 9c presents the near-infrared transmittance spectra of
ITO/epoxy nanocomposites as a function of wavelength in
comparison with neat epoxy on a glass substrate in the
8002500 nm wavelength range. The neat epoxy resin showed
a constant more than 97% transmittance in the whole IR range.
Only several weak functional group absorption peaks associated
with epoxy polymer were observed in the long IR range. In
contrast, all the ITO/epoxy composite ﬁlms show low transmittance in the IR range. The IR transmission cutoﬀ wavelength of
the ITO/epoxy coatings shifts toward shorter wavelength with
increasing content of ITO nanoparticles. Tin-doped In2O3 is a
heavily doped n-type semiconductor and known to be opaque in
the near-infrared, because of the free carrier absorption within
the conduction band.54,55 The IR-shielding eﬃciency was primarily determined by the free carrier concentration within the
sample. It can be understood that, based on the BeerLambert
law, the interaction of the IR light with the sample increases with
free electron concentration. The 60 wt % ITO sample shows near
100% IR shielding eﬃciency, and progressively lowering the ITO
concentration decreases the IR shielding ability. Therefore, in
order to screen the IR eﬀectively, a relatively high concentration
of ITO nanoparticles is desired. Luo et al. reported a 10%
enhancement of IR shielding eﬃciency of 0.08 wt % Al-doped
ZnO/epoxy with 3 mm thickness over neat epoxy matrix.14 In
contrast, the 5 wt % ITO/epoxy thin ﬁlm composites with a
thickness around 20 μm eﬀectively blocked more than 90% of the
IR light at wavelength longer than 2000 nm.
Furthermore, the ITO/epoxy nanocomposite coatings were
applied on polyimide and polyethylene terephthalate (PET)
plastic substrate at ambient conditions with the common spincoating method. The ﬁlm on a ﬂexible substrate also exhibited
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high transparency in the visible range, strong UV absorption, and
high IR shielding ability. Figure 10 shows the UVvis-NIR
transmission spectra of 5 μm thick ITO/epoxy (35 wt %) coating
on polyimide and PET substrates in comparison to the uncoated
substrates. The thin ﬁlm interference eﬀect of the polyimide can
be seen in the uncoated thin ﬁlm substrate. After applying ITO/
epoxy coating, in the near IR range, the sample shows zero
transmittance. Due to the strong absorption of light around
500 nm, the ITO-epoxy coated polyimide showed a similar
absorption edge as the polyimide substrate. The UV absorption
property of ITO-epoxy composites in the 300400 nm range
was shown on the coating of PET substrate. Meanwhile, the
intrinsic vibration and stretching of the functional group in PET
in the IR range was totally masked with ITO/epoxy coating. The
high optical transparency in the visible light range for both
polyimide and PET substrates were retained with the homogeneously dispersed ITO/epoxy coating.

4. CONCLUSIONS
In this work, homogeneous dispersion of ITO nanoparticles
within a commercial epoxy matrix was achieved by grafting epoxy
compatible poly (glycidyl methacrylate) (PGMA) chains onto
the surface of ITO particles via a combination of phosphate
ligand engineering and Cu(I) catalyzed alkyneazide “click”
chemistry. The prepared ITO/epoxy nanocomposites show
more than 90% transparency of visible light and absorb UV light
in the range of 300400 nm. The ITO/epoxy composites
demonstrate low transmittance of near-infrared light, and increasing the ITO concentration leads to higher IR shielding
eﬃciency. The ITO/epoxy composites can be easily applied onto
glass and ﬂexible plastic substrates to behave as functional optical
coatings. To summarize, tailoring the interface of ITO nanoparticles by grafting matrix compatible polymer chains is a facile and
eﬀective way to prepare visibly transparent, UV/IR opaque ITO
polymer nancomposites.
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