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Tungsten-based photochromic composite films were
fabricated using peroxoisopolytungstic acid aqueous solution
and transparent urethane resin. UV-visible irradiation of
the resulting composite films showed photochromic proper-
ties, indicating broad absorption with peaks at 650 and
900nm. The coloring time was about 40 min. The colored
composite films were transformed to clear film in a dark
room in 90 h.

Amorphous tungsten trioxide (WOj3) films have been known
to exhibit electrochromic? and photochromic properties.>~’
Tungsten-based oxide photochromic films have been fabricated
using EB evaporation,® vacuum evaporation,* sputtering,® and
sol—gel coating.®” Because tungsten oxide slightly dissolves in
water (including water vapor), the films described above are
difficult to apply for photochromic devices or windows in a
deposited condition.

However, fabrication of a WOj; base composite and hybrid
photochromic films has been attempted.®® Katayama et al.
reported fabrication of tungsten oxide based hybrid films,
which were synthesized using Na-WO, heteropoly acid solu-
tion and GPTMS (3-glycidoxypropyltrimethoxysilane) as start-
ing materials.® The film exhibited rapid coloration from a
transparent state to colored state during coloration time of
about 1h.?® Tungsten-based clusters were embedded into the
resin matrix, thereby preventing erosion of the tungsten oxides
in the film by liquid or vapor-phase water.

Kudo et al. reported fabrication of peroxoisopolytungstic
acid (W-TPA, W,0353(0,)s'%") using metal tungsten powder
and H,0,."° The W-IPA powder is an “isopoly acid.” There-
fore, no cation or anion (e.g., Na, P) coexists in the powder.
Furthermore, the W-IPA is water soluble, enabling easy
treatment for synthesis of some devices.

Short Articles

In this report, the authors describe fabrication of a tungsten-
based photochromic composite film using W-IPA and trans-
parent urethane resin as starting materials. The urethane resin in
this investigation, which was in a liquid state, can be cured by
UV-visible light (UV-vis) irradiation. The transmittance of
the cured urethane resin is extremely high. Therefore, the
authors used it as matrix. Coloring and bleaching properties
of the resulting composite films were evaluated.

Experimental

Metal tungsten powder (Mitsuwa Chemical Co., Ltd.) was
used as a starting material. The tungsten powder was dissolved
completely into an ice-cooled 15% H,0, solution to achieve
atomic tungsten concentration of 1 mol L~!. After reaction, the
excess HyO, was removed catalytically using Pt nets. The
resulting solution was dried using a rotary evaporator with a
40°C water bath to obtain glassy solid matter as a peroxo-
isopolytungstic acid powder (W-IPA). Peroxopolytungstic acid
was prepared using the method reported by Kudo et al.'°

W-IPA powder was dissolved to water to produce tungsten
molar concentrations of 0.2 and 1.0molL~!. The precursor
W-IPA solution was mixed into urethane resin (Asahi Kasei
Chemicals Corp., M-40) of 3.3g (volume of 3cm?). The
matrix resin quantity was fixed through investigation. The
urethane resin can be cured by UV-vis light irradiation. First,
the mixture was degassed at 10Pa for 60 min to expel the
dissolved air in the precursor slurry. Then the precursor slurry
was put between the slide glasses with film thickness of 1 mm
and the slurry was cured using UV-vis light irradiation for
10 min. The resulting film was colored because of the UV-vis
light irradiation. Therefore, the composite film was put into a
dark room to clarify the film for 7 days. The film photo-
chromic properties were evaluated at room temperature using a
UV-vis spectrophotometer (UV-1600; Shimadzu Corp.).
Through the investigation, a 1kW low-pressure Hg lamp
was used for curing resin and for coloration of the composite
films.

Results and Discussion

The composite films were fabricated using pure water (ion-
exchanged water) and urethane resin to conduct a blank test.
Figure 1 portrays transmittance spectra of the resulting com-
posite films with water contents of 0—0.25 mL in urethane resin
(3.3 g, 3cm?). The transmittance of the composite film without
mixing water was higher than 90% for wavelengths of 400—
1100 nm. The transmittance of the composite film with water
contents of less than 0.15mL was also higher than 90% for
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Figure 1. Transmittance spectra of composite films with
water content of 0-0.25mL.
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Figure 2. Photographs of the resulting films (a) before and
(b) after UV—vis light irradiation with W-IPA concentration
of 0.2mol L', and (c) before and (d) after UV—vis light
irradiation with W-IPA concentration of 1.0 mol L™,

wavelengths of 400-1100nm, and their transmittance proper-
ties were similar to those of the composite film without mixing
with water. However, the transmittance of the composite film
with water contents of 0.25 mL was about 60% for wavelengths
of 400-1100 nm. These results show that increasing the added
water quantity in the composite film decreased the trans-
mittance of the resulting films. Therefore, adding water (or
W-IPA solution) to the composite film was fixed at 0.05mL
for this investigation.

Tungsten—urethane composite films were fabricated with
the W-IPA aqueous solution with concentrations of 0.2 and
ImolL™! in quantities of 0.05mL. Figure 2 depicts photo-
graphs of the resulting films taken before and after UV-vis
light irradiation. Here, the irradiation time was 60min.
Composite films were placed onto a paper, on which some
words had been printed. Photographs taken before irradiation
showed sufficient transparency of both films. Nevertheless,
both composite films became blue during UV—-vis irradiation.

Figure 3 presents transmittance spectra for the composite
films described above (with W-IPA concentrations of (a) 0.2
and (b) 1.0 mol L™!) before and after UV—-vis light irradiation.
Before UV-vis light irradiation, both composite films trans-
mitted visible and near-IR wavelength light with wavelengths
of 400-1100nm. The composite films after UV-vis light
irradiation showed two broad absorption peaks with peaks at
650 and 900 nm. For each film, increasing the irradiation time
increased the degree of absorption.

Figure 4 presents coloring and bleaching of the composite
films at 650 nm irradiation and the remarkable absorption of
the composite films during coloring. For each film (precursor
solution concentrations of 0.2 and 1.0 mol L"), the time until
color saturation was about 40 min, with bleaching times from
the colored state of about 90 h. The bleaching time was much
longer than the coloring time. For the film using the
0.2mol L™! solution, the transmittance of the sample before
UV-vis irradiation was 90%, while that after irradiation was
35%. However, for the film using the 1.0molL~" solution,
transmittance of the sample before UV-vis irradiation was
60%, whereas that after irradiation was 5%.
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Figure 3. Transmittance spectra of composite films with the

precursor aqueous solution concentrations of (a) 0.2 and
(b) 1.0mol L~
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Figure 4. Photochromic properties of composite films

with tungsten concentrations of 0.2 and 1.0molL~":
(a) coloring and (b) bleaching properties.

The colored films, which were fabricated using precursor
solution with 0.2 and 1.0molL~!, were bleached in a dark
room. The bleaching time from the colored state to the clear
state was 90 h, and the transmittance of each bleached film was
nearly equal to its initial transmittance. These results proved
that the composite films in this investigation show reversible
photochromism.

In an earlier study, Katayama et al. reported fabrication of
tungsten-based photochromic hybrid films and their photo-
chromic properties.® In this report, the film displayed photo-
chromism (with color changed from transparent to blue) by UV
light irradiation, the colored film showed broad absorption at
absorption peaks of 650 and 900 nm, and the film turned blue in
40 min. The two absorption peaks were d—d bond intervalence
transition states. The composite film in this investigation
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Figure 5. Plot of —In(1 —A/An.) as a function of
(a) UV-vis irradiation time and (b) bleaching time after
60 min UV-vis irradiation.

showed similar photochromic properties corresponding to the
sample described in that report.?

Using the optical properties of the composite films, the
reaction rate constant k was estimated. The method of calculat-
ing the photochromic reaction rate constant was described an
earlier report.® The reaction rate equation is described as

— In([A]/[Ao]) = kt (D

where A4 is the initial absorbance and ¢ is the time. Figure 5
shows the plot of —In(l —A4/An.x) as a function of the
coloration and bleaching time, where A is the absorbance, as
calculated using transmittance. For the coloring, both plots
show a linear relation. The reaction should be estimated as first-
order. The constants k of the films using 0.2 and 1.0 mol L~
W-IPA solutions were calculated as 0.029 and 0.032min™".
The reported value was 0.19min~!;® the constant k in this
investigation is much smaller. Itoh et al. reported that existence
of the OH system group in the WOj; base film engendered a
remarkable photochromic property.!! In an earlier investiga-
tion,® the WO; base photochromic composite was fabricated
using an organosiloxane-based matrix containing many OH
system groups. In contrast, the authors used urethane resin as
matrix, which included a few OH system groups. The OH
system group in the composite specimen in the present study
included only aqueous water and hydrated water originating
from the precursor W-IPA solution. Therefore, it is assumed
that the photochromic reaction rate of the specimen fabricated
by Katayama et al. was much higher than that for the composite
film in this study. On the other hand, the lamp used in the
present study was different from that of the previous study,®
and it also caused the difference of coloration speed.
Regarding bleaching, neither plot of the reactions showed a
linear relation. Therefore, the bleaching reaction was not first-
order. This suggests that the bleaching reaction differs from
the coloring reaction. The resulting composite film was not
subjected to heat treatment. Therefore, the tungsten oxide
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cluster in the film existed in an amorphous-like state. The band
structure of an amorphous-like material is shown to have
random potential, and an electron generated by the photo-
chromic reaction exists at a deep potential site (Anderson
localization).'> The electron at the deep potential site is
diffused by thermal hopping, known as “Mott’s variable range
hopping.”!? For that reason, the electron as the color center at
the W site needed much thermal energy to itinerant in the
WO3; cluster. For these reasons, we infer that the bleaching
reaction did not show first-order kinetics.

To elucidate the condition of tungsten oxide clusters in the
composite film, the authors used X-ray diffractometry (XRD)
to clarify the crystallographic structure, X-ray photoelectron
spectroscopy (XPS) to examine the valence of the tungsten
before and after coloring, and IR and Raman spectroscopy to
evaluate the W—O bond. The concentration of the tungsten in
the film was extremely low (0.05 mL solution with 1.0 mol L~!
W-IPA was mixed into 3 cm® urethane resin, which has limited
solubility). Therefore, the tungsten signal was not obtainable
for all measurements. Furthermore, the composite film was
prepared using 10 mol L~ W-TPA solution, which was close to
the limit of solubility. However, no signal was observed for
any measurement. Further investigation is necessary to clarify
the tungsten state in the composite films.

Conclusion

Tungsten-based photochromic composite films were fabri-
cated using W-IPA aqueous solution and urethane resin. Both
the composite films with the W-IPA concentration of 0.2 and
1.0mol L™! showed a photochromic property: the film color
changed from transparent to blue during 40 min irradiation by
UV-vis light. The composite films after UV—vis light irradi-
ation showed broad absorption, with peaks at 650 and 900 nm.
Both samples using 0.2 and 1.0molL~! solutions showed
bleaching. Therefore, the composite films in this investigation
showed reversible photochromism. The coloring reaction
rates of the composite films using 0.2 and 1.0 mol L~! W-IPA
solutions were calculated as 0.029 and 0.032min~'. The
bleaching reaction rate was not estimated because the reaction
was not first-order.
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