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Solar control materials are required in architectural 
glazing to reduce the heating of building interior under 
solar radiation in hot weather. In particular, blocking in
frared ray properties are desirable to save energy during 
air conditioner use in buildings or cars. 

Some copper compounds exhibit near-infrared absorp
tion useful for solar control materials.1- 5 Copper sulfide, 
a p-type semiconductor in which copper atom vacancies 
act as acceptors,6 has been frequently investigated due 
to its attractive optical and electrical properties. 2,3,G- 12 

Copper sulfide is generally represented as CuxS (x = 1-
2) because there are numerous stable and metastable 
species which have various compositions ranging be
tween Cu2S (chalcocite) and CuS (covellite).2·8 The near
infrared absorption of CuxS significantly depends on 
composition as well as on electrical properties.2·6,7 Most 
earlier papers have dealt with CuxS thin films coated on 
a glass substrate by vacuum evaporation2·7·8 and chemi
cal deposition.3•9•12 However, with regard to practical ap
plication, these techniques are limited to the prepara
tion of CuxS film on an industrial scale because the for
mation of CuxS layers on glass substrate requires large 
scale facilities. 

Studies on organic-inorganic nanocomposites consist
ing of polymers doped with metal and semiconductor 
nanoparticles have increased because of optical proper
ties; e.g., nonlinear optical and laser amplification prop
erties.13-16 Matrices of organic polymers have the ad
vantage of processability of composite materials in the 
forms of film and fiber compared with inorganic matrices 
such as glass or ceramics. We prepared such nanocom
posites, i.e., the poly(acrylic acid) (PAA)/copper metal 
nanoparticle composite films by reduction of the 
copper(II) salt of PAA in an H2 flow above 230°C. 17 

The present study describes a simple procedure for 
preparing composite films consisting of PAA and CuxS 
nanoparticles, and discusses optical absorption in terms 
of application of these films as solar control materials. 

EXPERIMENTAL 

Preparation of PAA-CuxS Composite Film 
Acrylic acid (AA) and trimethylolpropane triacrylate 

(TMPTA) were used as monomers. TMPTA, which has 
three acryloyl groups in the molecule, functions as a 
crosslinking agent. The reason for using TMPTA is de-

scribed in the section of RESULTS AND DISCUSSION. 
1-Hydroxycyclohexyl phenyl ketone was used as initia
tor. Composite films consisting of PAA and CuxS were 
prepared as follows: AA 6.840 g (90 mmol) and TMPTA 
2.963 g (10 mmol) were mixed, and the initiator was 
added to the mixture. The mixture solution was spread 
on a glass plate and polymerized by UV irradiation at 
room temperature. The thickness of the PAA film was 
ca.IO µm. PAA films were subsequently immersed in 2 
wt% copper(II) acetate aqueous solution at room tem
perature for 6 h and then placed in 5 wt% sodium sulfide 
nonahydrate aqueous solution at room temperature for 2 
h. The composite obtained was represented by PAA
CuxS. 

Measurements 
X-Ray diffraction (XRD) measurement was performed 

using a Rigaku Geigerflex 2028 diffractometer with Ni
filtered Cu-Ka radiation. Voltage and current of the X
Ray source were 40 kV and 150 mA, respectively. The 
ultraviolet-visible-near infrared (UV-VIS-NIR) absorp
tion spectrum was recorded using a Hitachi U-3500 UV
VIS-NIR recording spectrophotometer. Transmission 
electron microscopy (TEM) was performed using a JEOL 
JEM-2010 transmission electron microscope operated at 
200kV. 

RESULTS AND DISCUSSION 

PAA is an anionic polymer and complexes with vari
ous metal ions. After immersing crosslinked PAA films 
in copper(II) acetate solution, the films changed from 
colorless to blue-green, indicating the formation of cop
per(II) salt of PAA. 17 PAA film 1 g reacted with 0.103 g 
copper(II) ions under the present conditions. Sulfuration 
of copper(II) ions by sodium sulfide proceeded quickly in 
solution. The color of the films changed to dark yellow 
within 30 min by immersion in sodium sulfide solution. 
In the absence of TMPTA, PAA films immersed in the 
sodium sulfide solution dissolved in water. Thus, some 
crosslinking agent is needed for the method in the pre
sent study. 

Figure la shows the XRD of P AA-CuxS. The pattern of 
CuS powder obtained by mixing aqueous solutions of 
copper(II) acetate and sodium sulfide is shown in Figure 
lb for comparison. The compound in Figure lb could be 
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Figure 1. XRD of PAA-Cu,S (a), and CuS powder (b). 

concluded covellite18 based on 17 JCPDS files of copper 
sulfide allotropic forms. In Figure la, the large broad 
peak at 24° is shown, which is originated from scatter
ing of amorphous PAA. Some crystalline peaks are ob
served between 20=27 and 49°. Most of the peak posi
tions well agree with those of CuS powder. The peaks 
with asterisks could not be assigned to CuS. Therefore, 
some copper sulfides with different compositions may co
exist in the composite. The phase diagram of the Cu-S 
system is very complicated,8 and that copper sulfides 
having various compositions exist.7•8 Peaks with aster
isks could not be assigned based on 17 JCPDS files of 
copper sulfides, and thus accurate determination of the 
composition of the copper sulfide in the specimen from 
XRD measurement is extremely difficult. 

Figures 2a and 2b show absorbance and transmittance 
of UV-VIS-NIR for PAA-CuxS film, respectively. In Fig
ure 2a, the composite film exhibits strong absorption in 
UV (below ca. 500 nm) and near-infrared (around 1250 
nm) regions. The transmission curve in Figure 2b indi
cates UV below 400 nm to hardly be transmitted in the 
film, while over 90% of near-infrared between 900 and 
2100 nm is absorbed. The wavelength of the transmit
tance maximum at ca. 600 nm is very close to 565 nm, 
which corresponds to maximum spectral sensitivity of 
the human eye. 19 P AA-CuxS film is sufficiently transpar
ent to the human eye in daylight, although transmit
tance at 600 nm is only 45%. Thus, PAA-CuxS film is 
very useful and effective as a blocking filter of UV and 
near-infrared rays in sunlight. Absorption in the shorter 
wavelength region is due to interband transition from 
the valence band toward the conduction band in CuxS, 
whereas absorption in the higher wavelength region is 
attributed to free carriers.2•7 The wavelength of the ab
sorption maximum for PAA-CuxS at 1250 nm is almost 
consistent with that of the solid covellite calculated from 
diffuse reflectance data by Silvester et al.20 The peak in
tensity of the phase which is different from covellite in 
the XRD profile of Figure 1 is relatively low. Thus, most 
of the CuxS components in the composite may be consid
ered covellite. 

The dispersion state of CuxS in composite film was ob
served directly by TEM. Figure 3 shows the TEM image 

304 

2.5 ....-----------------.----, 

2 

Q) 

g 1 .5 

"' .D .... 
0 
1/) 

1 

0.5 

0 
100 

90 

80 

70 
...... 
Q) 60 u 
C 

"' so +-' 
+-' .E 

40 en 
C 

"' ,= 30 

20 

10 

(a) 

(b) 

600 900 1200 1500 1800 2100 2400 2700 3000 
Wavelength / nm 

Figure 2. UV-VIS-NIR spectrum for PAA-CuxS film ((a) absor
bance, (bl transmittance). 

Figure 3. TEM image of a cross-sectional view of the edge of 
PAA-CuxS film. 

of the cross-sectional edge view of PAA-CuxS film. 
Spherical CuxS particles are dispersed in the composite 
film, and CuxS particle diameter is from 2-5 nm, which 
is considerably small. Such small CuxS particles do not 
scatter visible rays. Thus, PAA-CuxS film is transparent 
in the visible region. 

Semiconductor nanoparticles with radii smaller than 
the bulk exciton Bohr radius exhibit interesting size-
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dependent optical properties. 21·22 The spectrum of copper 
sulfide is dependent on composition. The absorption 
maximum at NIR region shifts to the longer wavelength 
by reduction of copper(II) in CuxS (i.e., x of CuxS in
creased).23 Thus, optical absorption of PAA-CuxS is af
fected by size and composition of copper sulfide particles. 
The spectra of PAA-CuxS film was affected by certain 
treatments. The wavelength of the absorption maximum 
at 1250 nm increased with annealing temperature in air 
(e.g., absorption maximum shifted to 1650 nm by an
nealing at 280°C), and the absorption maximum at 1250 
nm shifted to 1040 nm by storing in methanol at 60°C, 
although the origin of the shift of the absorption maxi
mum was not clarified. Optical absorption properties of 
PAA-CuxS film may thus be controlled by changing the 
radius and composition of CuxS particles, which is pres
ently under investigation. 

PAA-CuxS is easily prepared and has sufficient absor
bance to block most UV and near-infrared rays. The film 
is only 10 µm in thickness and is flexible, and thus can 
be easily handled (e.g., transferred to a plate of glass or 
resin). Intensity and wavelength of optical absorption for 
PAA-CuxS can be controlled by changing the thickness of 
PAA film, concentration of copper(II) acetate solution 
and immersion time, and heat treatment of PAA-CuxS. 
PAA-CuxS in this study was found effective not only for 
reducing interior heating under solar radiation but pro
tecting human eyes against harmful near-infrared ray 
around 1000 nm.24 PAA-CuxS film thus has great poten
tial as a solar control material. 
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