
Photochromism for the monolithic gel of titanium oxide
prepared by the catalytic sol-gel process was observed.  When
hydrazine monohydrochloride was used as a catalyst, an intense
blue color development was observed with the formation of
Ti3+ on the irradiation of UV light (< ca. 350 nm).  The degree
of coloration and the recovery time were strongly affected by a
kind of salt catalysts although the color was independent.
Presence of active salt catalysts in the gel was indispensable for
color development.

Colloidal titanium oxide particles dispersed in thin films
such as polyvinyl alcohol or in an alcohol exhibited light-
induced blue coloration.1-6 The colored particles reversely
bleached after the irradiation stopped.  The coloration is attrib-
utable to the formation of colored species Ti3+ via the reduction
of Ti4+ cation in a TiO2 lattice with a photogenerated conduc-
tion-band electron.  Scavenging of a photogenerated hole by the
alcohol prevents it from recombining with the electron and
facilitates the accumulation of electrons.  The fading of the blue
color is due to the oxidation of Ti3+ with oxygen.  

On the other hand, photochromism was hardly observed in
bulky titanium oxide particles.7-9 However, by using photo-
acoustic spectroscopy (PAS), the photochromic change which
consisted of charge separation followed by recombination was
observed.10, 11 The colored species Ti3+ was formed only on the
inside of particles.  Electrons are drifted  into the bulk while
holes are drifted to the surface according to the Shottky barrier
theory.  

Although photochromism has been widely observed for
iron-doped rutile particles,7-9, 12-15 the pinkish-brown coloration
was not due to Ti3+ but due to the Fe2+ color center.  Clark
and Broadhead15 have demonstrated that the Fe2+ center
trapped a photogenerated electron in the TiO2 particles ( sig-
nifies an iron-adjacent anion vacancy).   

We have previously demonstrated that a salt catalyst
effectively accelerates the polycondensation of titanium alkox-
ide in sol-gel process and allows the titanium alkoxide solution
to transform into monolithic gel of titanium oxide.16-18 The
microstructure of titanium oxide gel was controlled by the kind
of catalysts.  The spongy structure of the transparent gel was
prepared with 1,10-phenanthroline hydrochloride while the
stacking sheet structure of the opaque gel was obtained with
ammonium acetate.17

In this study, photochromism for the monolithic gel of tita-
nium oxide prepared by the catalytic sol-gel process with a
variety of catalysts was investigated concerning the degree of
coloration and the recovery time.  

In nitrogen atmosphere, 10 mL of the 1-butanol solution
containing 5 mmol of titanium tetra-n-butoxide and 12.5 mmol
of diethylene glycol (DEG), and 15 mL of another 1-butanol

solution containing 0.025 mmol of a salt catalyst and 31.25
mmol of water were prepared.  The sol-gel reaction started
when both the 1-butanol solutions were mixed to be a total of
25 mL of the solution (tetra-n-butoxide: 0.2 mol dm-3, H2O:
1.25 mol dm-3 and a salt catalyst: 0.01 mol dm-3) in the optical
glass cell (path length: 1 cm).  The reaction temperature was
kept at 25 oC.  The resultant gel was not dried.  It has the same
volume as the starting solution.  After the gel was sufficiently
formed, it was irradiated by the 150 W xenon lamp with a sharp
cut filter.

Figure 1 shows transmission curves before and after the
irradiation at λex for titanium oxide gels prepared with
hydrazine monohydrochloride18 as a catalyst.  The deep lower-
ing of transmittance was observed at λex > 300 nm with a blue
color development, while a little change and no change were
observed at λex > 350 and 420 nm, respectively.  It suggests that
this coloration is induced by the absorption in the range of
below ca. 350 nm, which is assignable to a charge transfer band
of titanium oxide.  The color development occurred only at the
irradiated surface of gel by 5-min irradiation (λex > 300 nm).
Most of the UV light would absorbed at the surface.  The Ti3+

signal11, 19-22 was observed in the ESR spectrum obtained only
for colored gels.  Colored species would be Ti3+ formed by a
photogenerated conduction-band electrons.  This color develop-
ment recovered (discolored) after the retention in the dark for 4
h.  The discolored gel was recolored by irradiation.

Table 1 summarizes the photochromic behavior of titanium
oxide gels prepared with a variety of salt catalysts.  The degree
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of coloration of the gel prepared with 1-benzyl-1-phenylhy-
drazine hydrochloride was almost the same as that in the case
of hydrazine monohydrochloride, but the recovery time was
shorter.  For the gel prepared with hydroxylamine hydrochlo-
ride, color development was not so remarkable.  The opaque gel
prepared with acetamidine hydrochloride18 showed significant
coloration in spite of small -∆T.  On the other hand, no color
change was observed for either the transparent gel prepared
with 1,10-phenanthroline hydrochloride17 or the opaque gel
prepared with ammonium acetate.16, 17

Figure 2 shows changes in the solution viscosity during the
sol-gel process which converts titanium butoxide into titanium
oxide gels with each catalyst.  Since titanium oxide growth is
followed by the solution viscosity,16, 18, 23, 24 the gel attained to
the high viscosity when the catalyst used for the sol-gel process
was active for titanium oxide growth. The catalyst used for the
preparation of the photochromic gel is much more active for the
titanium oxide growth than that used for the gel which exhibit-

ed no photochromism.
The degree of coloration and the recovery time were

strongly affected by the kind of salt catalysts although the color
was indepedent.  We have previously demonstrated that the
microstructure of a resultant titanium oxide gel depended on the

catalyst for the titanium oxide formation.  However, the appear-
ance of photochromism was independent of the transparency of
the gel which affected its microstructure.  The active salt cata-
lyst located around Ti ions enhanced the formation of the color
center, Ti3+.  Photochromism was not observed for a dried gel.
The mobility of proton through the active salt catalyst18 would
be indispensable for color development.  The titanium oxide gel
with photochromism can be applied for light-regulating optical
devices and photochemical sensors although further investiga-
tions are required for revealing the mechanism of the pho-
tochromism.

References
1 B. Ohtani, S. Adzuma, S. Nishimoto and T. Kagiya, J. Polymer

Sci.; Part C; Polymer Letters, 25, 383 (1987).
2 J. Huang, H. Ding, W. S. Dodson, and Y. Li, Anal. Chim. Acta,

311, 115 (1995).
3 M. Kume, Hyomen, 28, 306 (1990).
4 L. Su and Z. Lu, J. Photochem. Photobiol., 95, 942 (1987).
5 N. Serpon, D. Lawless, J. Disdier, and J. -M. Herrmann,

Langmuir, 10, 643 (1994).
6 K. Vinodgopal, I. Bedja, S. Hotchandani, and P. V. Kamat,

Langmuir, 10, 1767 (1994).
7 F. J. McTaggart and J. Bear, J. Appl. Chem., 5, 643 (1955).
8 R. Exelby and R. Grinter, Chem. Rev., 65, 247 (1965).
9 K. Ohno, S. Kumagai, and T, Tanaka, J. Soc. Cosmet. Chem.

Jpn., 27, 314 (1993).
10 J. G. Highfield and M. Grätzel, J. Phys. Chem., 92, 464 (1988).
11 Y. Takaoka, I. Aketa, and S. Murasawa, Trace Met. Environ., 3,

815 (1993).
12 W. O. Williamson, J. Miner. Soc., 25, 513 (1940).
13 W. A. Weyl and T. Forland, Ind. Eng. Chem., 42, 257 (1950).
14 F. A. Makovskii, Sov. Phys. Solid State, 7, 271 (1965).
15 W. Clark and P. Broadhead, J. Phys. C, 3, 1047 (1970).
16 Y. Murakami, T. Matsumoto, and Y. Takasu, J. Phys. Chem. B

103, 1836 (1999).
17 T. Matsumoto, Y. Murakami, and Y. Takasu, Chem. Lett. 1999,

177.
18 Y. Murakami, T. Matsumoto, Y. Watanabe, and Y. Takasu,

Trans. MRS-J, 24, 425 (1999).
19 E. L. Cochran, F. J. Adrian, and V. Bowers, J. Chem. Phys., 40,

213 (1964).
20 R. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147

(1963).
21 P. H. Kasai, J. Amer. Chem. Soc., 105, 6704 (1983).
22 M. Anpo, M. Yabuta, S. Kodama, and Y. Kubokawa, Bull.

Chem. Soc. Jpn., 59, 259 (1986).
23 Y. Murakami, T. Matsumoto, K. Yahikozawa, and Y. Takasu,

Catal. Today, 23, 383 (1995).
24 T. Matsumoto, Y. Murakami, K. Yahikozawa, and Y. Takasu,

Kagaku Kogaku Ronbunshu, 21, 1047 (1995).

Chemistry Letters 2000 349


