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[. Introduction

A. Historical Background

The photochemistry of polyoxometalates is of great
interest to inorganic chemists. More than 80 years
ago, it was found that the a-Keggin tungstate
H3[PW12040] was reduced photochemically to yield a
blue-colored species which was reoxidized by air and
by various other oxidizing agents such as Fe3",
AgNQO3, and H;0,.1? The photoredox reactions of
H4[SiW1,040] and Hs[PW1,0,0] proceeded effectively
in the presence of primary and secondary alcohols,
their ethers and aldehydes, and proteins, but less
effectively in the presence of tertiary alcohols, ke-
tones, esters, the fatty acids above formic acid, and
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simple amines.®* The basic photoredox reaction
involving ethanol is illustrated by eq 1.

2H,PW,,0,, + H,CCH,OH >
2H,PW,,0,, + H;CCHO (1)
2H,PW,0,, + 1/202 — 2H;PW,,0,0 + H,O  (2)
In this reaction, one molecule of ethanol photochemi-
cally reduces two molecules of HsPW1,040 and is itself
oxidized to acetaldehyde. In the presence of air, the
thermal oxidation of the reduced species takes place
at room temperature (eq 2). The reduced polyoxo-
metalates, which are the so-called “heteropoly blues”,
have been used for the colorimetric analysis of the
elements P, Si, As, and Ge and for the determination
of uric acid, sugar, and other biological compounds.>¢
Piperidinium metavanadate ([CsH1oNH,][VO3]) also
undergoes photoinduced coloration from white to
black, followed by a reversible color change in the
presence of oxidizing agents. However, ammonium
metavanadates ([NH.][VOzs]) exhibits no photo-
induced coloration.” The early photoredox reactions
of the a-Keggin polyoxometalates Ha[SiW1,040] and
H3[PW1,040] were carried out in the presence of
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photographic paper; however, the limited number of
the structurally well-characterized compounds avail-
able for study delayed the development of modern
cluster—compound photochemistry until the discov-
ery of photochromism in alkylammonium polyoxo-
molybdate solids.8°

A photochromic or electrochromic material is one
whose light-absorbing properties are altered upon
optical excitation or reduction under the influence of
an externally applied electric field, respectively. The
induced coloration remains even after the excitation
source has been removed. These materials are of
technological interest because they return to their
original state either thermally, upon irradiation with
light of a frequency corresponding to the induced
absorption, or electrochemically, upon reversing the
polarity of the externally applied electric field. Thus,
photochromic and electrochromic materials behave
in a reversible manner. Polyoxometalates exhibit
significant photo- and electrochromism which makes
them suitable as nanocomposite molecular devices
and as models for probing the physical properties of
infinite metal oxides.

B. Scope and Limitations

Since the metal ions in the oxidized polyoxometa-
lates have d° electronic configurations, the only
absorption band which occurs in the UV—vis range
of the electronic spectra is due to the oxygen-to-metal
(O—M) ligand-to-metal charge transfer (LMCT). Upon
irradiation, electrons are promoted from the low-
energy electronic states, which are mainly comprised
of oxygen 2p orbitals (the valence band in the band
model), to the high-energy electronic states, which
are mainly comprised of metal d orbitals (the conduc-
tion band in the band model). The fundamental
transitions in polyoxometalate lattices are depicted
schematically in Figure 1. In the polyoxometalates
containing heteroatoms, and especially in mixed
metal polyoxometalates, the charge carriers which
are created by the light or electric field may be
trapped in electron traps and hole traps. These traps
provide states of localized energy in the O—M LMCT
energy gap due to the heteroatoms or counter cations
which correspond to impurities or lattice defects in
the band model. If the trap depth, AE, is large
compared to kT, the probability for thermal escape
from the trap will be negligibly small and metastable
situation will exist. The trapped carriers can be
released by thermal or optical stimulation. In the
case of thermal stimulation, the irradiated polyoxo-
metalate is heated until the energy barrier AE can
be overcome. The trapped electron (or hole) then can
escape from the trap and nonradiatively recombine
with the trapped hole (or electron). Under optical
stimulation, the energy of an incident photon is used
to overcome AE. The relaxation processes of the
O—M LMCT excitation energy include both the
nonradiative recombination of electrons and holes
within the energy gap and the intramolecular energy
transfer leading to a charge-transfer emission. This
intramolecular energy transfer corresponds to the
O—M LMCT energy gap and occurs via radiative
recombination and sensitized emission from the
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Figure 1. Simple model showing the electronic transitions
in the polyoxometalates containing electron donor and
acceptor: (@) generation of charge carriers; (b) electron and
hole trapping; (c) electron release due to stimulation; (d)
recombination between electron and hole. Electrons are
e, and holes are h™.
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Figure 2. Energy scheme for the electrochromism of
polyoxometalates: (a) electrochemical reduction; (b) elec-
trochemical oxidation.

heteroatoms or cations. If several energy levels
based on the heteroatoms or counter cations act as
energy acceptors within the O—M LMCT energy gap,
the energy transfer occurs from the O—M LMCT
states to these levels, followed by the nonradiative
or radiative deactivation of the excitation energy. It
should be noted that the O—M LMCT states also can
be generated by the application of very high electric
fields to the polyoxometalate solids, as demonstrated
by the observation of electroluminescence.®

If an external electric field with a potential more
negative than the energy levels of the vacant orbitals
involved in the O—M LMCT transition is applied to
a polyoxometalate on the electrode surface, an elec-
trochemical reduction occurs via the injection of
electrons from the electrode into the vacant levels of
the polyoxometalate, as shown in Figure 2. Electrons
injected into the high-energy levels also may be
trapped by electron traps, in a process analogous to
that which occurs during LMCT photoexcitation of
the polyoxometalates. These electrons are returned
to the electrode by electrochemical oxidation at an
electrode potential more positive than the energy
levels for the d! electron states.

The d! electrons in the O—M LMCT states facili-
tate the absorption of visible light via intervalence
charge transfer among metal centers and d—d transi-
tions. The same type of transition may be possible
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for the d* electron captured by the electron traps, too.
In addition, to searching for new photosensitive
polyoxometalates with the potential for having prac-
tical application, there is now a need to elucidate the
fundamental photo- and electrochemical coloration
processes by studying electron transfer within the
polyoxometalate lattices in conjunction with their
crystal structures. So far, few polyoxometalates
exhibit a perfect reversibility of coloration. The
irreversibility of the color change arises from as yet
uncharacterized side reactions during both the col-
oration and decoloration of the polyoxometalates.

In this paper the results of experiments dealing
with both electron transfer and energy transfer
within polyoxometalate and related metal oxide
solids are illustrated and discussed. | place particu-
lar emphasis on the structural characterization of
both oxidized and reduced polyoxometalates in con-
nection with the mechanistic feature of the coloration.
The photoredox reactions of the polyoxometalates
with organic substances, which yield heteropoly blues
in solution,*~1% is not included here. Furthermore,
only crystallographically well-characterized hetero-
poly blues which are prepared by photoredox reac-
tions in solutions are addressed. However, photo-
induced self-assembly reactions involving coloration
will be described, since they define the feasibility of
a novel method to prepare practically useful nano-
composite materials.

[I. Photochromism and Electrochromism of Metal
Oxides

A. Photoinduced Coloration of Metal Oxides Due
to Impurity Effects

Many metal oxides including aluminum, titanium,
vanadium, niobium, molybdenum, and tungsten ox-
ides are photochromic when they contain impurities,
or dopants. This coloration has been interpreted on
the basis of electron trapping at appropriate lattice
sites within the crystals, as shown in Figure 1, where
the O—M LMCT transition corresponds to the tran-
sition between the valence and conduction bands for
the infinite metal—oxide lattice.’®~1° Table 1 shows
coloring behavior of the metal oxides with dopants.

Sodalite, which has the chemical formula NasAle-
Sig024:2NaX (X = halogen), is colored by UV (photo-
chromic) and by electron beam (cathodochromic)
irradiation due to an electron (the color center) which
is trapped at a halogen vacancy.?°~3* Both sodium
ion vacancies and O?~ ion impurities in the halogen
sites have been proposed as hole-trapping sites. The
induced coloration is bleached from the material upon
exposing it to visible light or heat, due to the

Table 1. Coloring Behavior of Metal Oxides with Dopants
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recombination of the trapped electrons and holes. The
sodalite materials are prepared by solid-state sinter-
ing (700—1050 °C) of a mixture of Na,COs, Al,Os,
SiO,, NaCl, and Na;SO, in air. The achievable
contrast ratio, decay time, optical erasability, and
color of the materials change considerably depending
on number of sulfate radicals incorporated. The
composition of NagAlsSisO24+1.2NaCl-0.4Na,SO,4 shows
the best compromise among these properties. The
peak wavelength of this compound’s induced absorp-
tion spectrum is 553 nm, and its thermal decay time
at room temperature is about 30 min.%®

When Mn (0.005%) is incorporated into Fe (0.05%)-
doped LiNbOj3, photochromic behavior involving the
photoreversible conversion of Fe®* to Fe?" is observed
with the absorption peaking around 450 nm.36-3° This
process is considered to be useful for controlling
holographic storage sensitivity.*0=42

TiO, becomes photochromic when small amounts
(0.01—0.5%) of some metals (Fe, Ni, Cu, Cr, Co, Mn,
and certain rare earth metals) or their oxides are
added to it, if the impurity is adsorbed onto the
surface of the TiO, in a rutile form.*® On irradiation,
the stable, low-valent impurity ions on the TiO,
surface are oxidized to a higher, colored valency
state.** Upon cessation of irradiation, the high
valence form of the ions reverts to the low valence
form within minutes to weeks at temperatures <100
°C. The presence of oxygen and moisture appears
to be essential to this photolytic reaction.

When Fe- and Mo-doped SrTiO3 or TiO, compounds
are irradiated with light in the 390—430 nm region,
broad visible absorption bands appear due to the
formation of Fe** and Mo®* via electron transfer from
Fe3* to Mof*".4446 This process does not depend on
the surface effect. At 300 K, thermal bleaching of
the photoinduced colored state occurs within several
minutes for the Fe/Mo-doped SrTiO3; and within less
than a second for the Fe/Mo-doped TiO..

Freshly evaporated films of WO3;, M0QO3, and V,0s,
in which the metal oxides exist in well-defined
oxygen-deficient phases, can be colored to a deep blue
by irradiating them with UV light for several hours.
The colored films then can be bleached by heating
them in an oxidizing atmosphere at a temperature
near 300 °C. Once the films are oxidized, however,
they do not undergo further coloration.*”

Calcium, strontium, and barium tungstates and
their solid solutions color remarkably on exposure to
UV light when doped with a small amount of bis-
muth. These tungstates turn to their original white
color by thermal fading or optical bleaching.*® The
intensity of the tungstates’ UV-induced coloration
depends on their Bi content and preparation tem-

UV-induced coloring color before exposure

host metal oxide dopant
Sodalite NagAlgSisO24°2NaX halogen-ion vacancy
(X = halogen)
LiNbO3 Fe, Mo
TIOZ Fe203 or FeSO4
StTiO3 or TiO; Fe, Mo

WO3, M00O3, V205 oxygen vacancy
(AE)WO, (AE = alkaline earth) Bi

magenta white
brown pale yellow
brown white
brown white
blue pale yellow
purple, green, pink white
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perature. Bi contents higher than 0.1 mol % and
preparation temperatures higher than 1250 °C give
strong coloration. The fading rate of the UV-induced
color is 30 min at 230 °C and also is increased by
visible light exposure.

B. Electrochromism

1. WO;

WOj is one of the most well-known electrochromic
materials,®4749-53 \WQs-based electrochromic cells are
composed of a front glass substrate, a display elec-
trode, an electrolyte, a reflector/counter electrode,
and a back cover glass substrate, as shown in Figure
3. The inside of the cover glass is coated with an ITO
(In203/SNOy) film. The WOs3 film is usually prepared
by vacuum evaporation, in which the oxides are
deposited onto the conducting ITO glass substrates.
These films appear uniform by optical microscopy at
x 100 magnification, and X-ray and electron diffrac-
tion show that they are amorphous. The WO; film
consists of nonstoichiometric oxide phases containing
a large number of oxygen ion vacancies, which results
in a partial structural change from corner-sharing
to edge-sharing WOg octahedra. It has been proposed
that the WO; films consist of trimeric W09 molecules
bound weakly to each other through water bridges,
hydrogen bonding, and van der Waal’s forces. The
film’s high solubility is attributed to this microstruc-
ture. Films which are subjected to ion bombardment
show decreased dissolution rates as well as decreased
electrochromism and, while still amorphous, are
believed to have a random network structure rather
than a molecular microstructure.> In general, the
electrocoloration in the WO; film results from the
formation of a tungsten bronze (MyWO3;, x = 0—1),
as denoted by eq 3:

WO, (colorless) + xM™ + xe~ — M, WO, (blue) (3)

M can be H, Li, or Na, and the formation of the
tungsten bronze is caused by the double injection of
M* ions and electrons into the WO3;. The blue color
of the tungsten bronze is attributed to the inter-
valence charge transfer of electrons between W+ and
W5,

Water plays an important role in the coloration and
bleaching of the WO; film.%~% Water adsorbed on
the film from the ambient air after ventilation of the
vacuum evaporation chamber causes an initial fast
electrochromic reaction and then gradually hydroxy-
lates and hydrolizes the WOj; which shifts the
potential of the cathodic reaction to a more negative
voltage. The hydroxylated film loses its electrochro-
mic coloration reaction to a more negative voltage.
The hydroxylated film loses its electrochromic col-
oration density at the same applied voltage as
before.9-62 In highly humid air, the tungstates
WO3:'H,0 and H,;WO,4-H,O are formed and cause
remarkable deterioration of the electrochromic activ-
ity of the film.

The kinetics of the electrochromic process has been
studied, as has the stability of different WO; elec-
trodes, including evaporated film electrodes, elec-
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Figure 3. Schematic structure of a simple electrochromic
cell based on amorphous WOs3 film.

trodes obtained by anodic oxidation of W, polycrys-
talline electrodes, and single-crystal electrodes.®® The
impedances of the WO3/H,SO,(aq) interface at dif-
ferent frequencies also have been compared for the
evaporated film and anodic oxide electrodes. The
results indicate that the electrochromic reaction at
the WO3; anodic film is much faster than at the
evaporated film electrode by about 2—3 orders of
magnitude. The difference in these reaction rates
reflects the different rates of H* diffusion in the films,
which is caused by variations in the film porosities
and water content. Furthermore, both the solvent
and the nature of the cation affect the kinetics of the
WO3 species’ electrochromic processes and the stabil-
ity of the amorphous films.

Unfortunately, the WOg3; electrochromic display
exhibits a short device life, and this limits its com-
mercial potential. Degradation of the WO; in the
electrochromic cell is caused by film dissolution on
the shelf and by erosion during cycling. Aqueous acid
cell show superior response speed; however, the
presence of water shortens their life span through
WO; dissolution. Nevertheless, the incorporation of
some water into the WO; film is necessary in order
to obtain electrochromic coloration. The electrochro-
mic reliability and response time of an amorphous
WOs-based electrochromic cell is dependent not only
by the WO; film but also on the electrolyte and
counter electrode. A lifetime of >107 cycles and
response times of 100 ms were obtained for the WO3/
LiClO,—propylene carbonate electrochromic display
at a charge density of 6 mC/cm? at 25 °C.%* Trans-
missive solid-state electrochromic devices based on
the WO3/Li—polymer (PMMA) electrolyte/V,0s sys-
tem have been optimized for potential large-area
window applications, and the best layer thickness
combination was found to be 8000 A WO; and 1150
A V,05.5 Long-term operation, that is, a cycling
lifetime of more than 5 x 10° and a static lifetime of
10—40 years at an operating temperature of —20 to
85 °C, is a critical requirement in this technology,
especially if device lifetimes in excess of 20 years are
to be achieved.%®

2. Other Metal Oxides

Iridium oxide films deposited on an iridium elec-
trode by anodic oxidation exhibit electrochromic
properties with a high response time of ~50 ms, as
denoted by the color change during the redox process
in eq 4.67°69

Ir(OH),, (colorless) —
IrO,(OH),_, (dark blue) +xH" + xe™ (4)
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Although long-term stabilization of this system against
corrosion is obtained in 0.5 M Na;SO, at pH 3.5,
degradation of the bleaching response time occurs
under these conditions. The electrochromic iridium
oxide films also can be prepared by either sputtering
or thermal oxidation.”®”* However, the reflectivity
of the redox reaction will have to be increased and
made more efficient if these systems are to find
practical application.

Oxides of nickel and vanadium are electrochromic
materials which exhibit various color changes during
their redox process.”>"7 Nickel oxide films which are
grown by a variety of vacuum technologies from NiO
powder targets usually have a composition of NiO,
with z > 1. After electrochemical formatting, the
optically active film has a composition of LiyNi;_O,
where x is about 0.3—0.5. LixNi;—xO is anodically
colored and thus complements cathodically colored
WO3. The actual electrochromic process takes place
between Liy+yNi1—xO and colored Liy+y—sNii—O with
y being close to 6. The typical optical transmission
range of this material is from 20 to 30% at 550 nm.
Cyclic voltammograms and long-term cycling have
been tested over 10° cycles.”™

Vanadium oxide (V,0s) films which are deposited
by rf reactive sputtering at high oxygen flow show
good electrochromic performance. These films are
cathodically colored at wavelengths of >500 nm by
charges inserted according to the reaction V,0s5 +
XLi™ + xe~ — LixV.0s at up to —25 mC/cm?.7® The
films have an amorphous microstructure and a high
hydrogen content. The hydrogen is present either as
O—H groups or as water molecules. When the films
are deposited at low oxygen flow, there is a resultant
decrease in vanadium oxide content, and the films
are not electrochromic.

lll. Photochromism of Polyoxometalate Solids

A. Alkylammonium Polyoxomolybdates

Alkylammonium polyoxomolybdates are discrete
molecules which can be differentiated from infinite
metal oxides and are photosensitive both as solids
and in solution. When the primary, secondary, and
tertiary ammonium polyoxomolybdates are irradiated
with UV light at wavelengths corresponding to the
O—Mo LMCT transition (A<400 nm), the white
crystals become reddish brown or violet, signaling the
formation of MoVOs(OH).277=7® The colored polyoxo-
molybdates return to their original white color in the
presence of oxygen in the dark, but the colored
monomethyl- and monoethylammonium polyoxo-
molybdate salts do not return. This color change can
be repeated many times. A French group also has
demonstrated that secondary ammonium salts of
polyoxomolybdates are photochromic.®8 Table 2
contains a complete list of the photosensitive alkyl-
ammonium polyoxomolybdate solids, while Figure 4
shows examples of the structures of the anionic
portion of these compounds ([NH3zPr]s[Mo;0,4]-3H,0,5!
[NH3PF]6[MO7024]’3H20,81 [Nngri]e[M08026(OH)z]'
2H20,82 [NH3M€]8[M08026(M004)z]'2H20,83 and
[NH2Mez]4[M0gO2]:2H,0.84 The most photosensitive
compound, [NH:;Me;]4[M0sO20]:2H,0, contains a
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Table 2. Photosensitive Alkylammonium
Polyoxomolybdate Solids™

Amax OF  rel
colored rate of rel
space state color- rate of

polyoxomolybdates group® (nm) ation fading

[NHzPri]e[Mo;024]-3H,0%  P2/n (4) 510 1 2

[NHzPr]s[M0;024]-3H,0%  P1 (2) 490 1 4

[NH3Pr‘]6[M08025(OH)2]- P1 (l) 480 2 1
2H,0%

[N H3Me]8[M08026(MOO4)2]' P2:/n (2) 480 4
2H,08

[NHzMez]4[M05020]'2H2084 P21 (2) 470 >7 8

2 The number of molecules in unit cell is indicated in
parentheses.

[M08026(M004)2] 8-

[MogO6(OH),16-

([Mog0201*) o

Figure 4. Structures of anions of the photosensitive
alkylammonium-polyoxomolybdates. An asterisk (*) indi-
cates the photoreducible MoOg site associated with the
transfer of the hydrogen-bonded alkylammonium proton.
The photoreducible site for fibrous crystals of [NH,Me;]s-
[Mo0sO20]:2H,0 is not determined yet, because of difficulty
in the preparation of single crystals with a moderate size.

{[M0gO2]*"}«.8* Other known isopolyoxomolybdate
infinite chains include {[Mo0gO2(0)]®"}. and
{[M0gO26(M004)]¢}. in the crystals of [NH4]s[M0gO27]-
4H,08 and [NHa4]s[M0gO25(M004)]-5H,0,% respec-
tively. The former, in which the MogO,s moieties are
arranged parallel to each other, is regarded as a
condensed version of the discrete [MogO26(OH)2]¢~
anion found in the photosensitive compound [NH3Pri]s-
[MOgOzs(OH)z]'ZHzo.SZ Likewise, [MOgOze(MOO4)2]8_
in which two adjacent MogO,s moieties are linked by
a MoO, tetrahedron to form an infinite zigzag chain,
is regarded as a condensed analog of the discrete
[Mo0gO26(M00,),]8~ anion from the photosensitive
compound [NHz;Me]g[M0gO25(M00,),]-2H,0.8%  Fol-
lowing solid-state irradiation of the alkylammonium
polyoxomolybdates, the colored, metastable state is
characterized by single-crystal ESR spectroscopy.’®87-8
From this it has been deduced that photoexcitation
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of the alkylammonium polyoxomolybdate’s O—M
LMCT bands induces transfer of a proton from a
hydrogen-bonded alkylammonium nitrogen to a bridg-
ing oxygen atom at the photoreducible site in the
edge-shared MoOg octahedral lattice. This is followed
by the interaction of the d* electron with the proton
which was transferred to the oxygen atom. Simul-
taneously, the hole left at the oxygen atom as a result
of the O—Mo LMCT transition interacts with non-
bonding electrons on the amino nitrogen atom to form
a charge-transfer complex (i). Equation 5 denotes the
environment of the photoreducible MoOg site and the
subsequent formation of the charge-transfer complex
(i) in the solid state.

Complex (i) reflects the separation of the electron
and hole charges which are produced by the O—Mo
LMCT transition in the polyoxomolybdate lattice. It
is this separation which keeps the colored state
stable. The bleaching which occurs in the presence
of oxygen molecules is caused by the back reaction
which is triggered by an electron transfer from the
MoV atom to the oxygen molecule. The irreversibility
for [NHgMe]g[M03026(MOO4)2]'2H20 (Table 2) Sug-
gests that the methylammonium cation undergoes
photochemical oxidative decomposition. The bleach-
ing mechanism of this compound remains unclear.

The observable ESR spectra of the UV-irradiated
single crystals of alkylammonium polyoxomolybdates
at room temperature are exemplified in Figure 5. The
spectrum with ®°"Mo and H hyperfine structures
at room temperature indicates that the single un-
paired electron resides in an orbitally nondegenerate
ground state for a single MoOs(OH) site in the anion.
Each spectrum can be interpreted using the spin
Hamiltonian in eq 6 with S = /5, Iyo = %>, and Iy =
Y.

H = BH-g'S + ly"Ay,S + ZIH'AH-S (6)

The final ESR parameters were obtained by an
iterative least-squares procedure utilizing exact di-
agonalizations of the Hamiltonian matrix and are
given in Table 3.

The structure of the paramagnetic site in the
polyoxomolybdate anion was elucidated for the
MoVO,4(OH), center in a UV-irradiated single crystal
of [NH3Prils[MogO2(0OH),]:2H,0.8° The ESR spec-
trum of this crystal at room temperature indicates
that two magnetically equivalent protons interact
with a paramagnetic electron localized at the dis-
torted MoOs(OH) octahedral site. One of the two
protons was the original hydroxo proton, while the
other is originally a hydrogen-bonding [NHsPri]*
proton which transferred to a bridging oxygen atom
trans to the hydroxo group. Analysis of the ESR
parameters g, ®®*Mo and °’Mo hyperfine, and 'H
superhyperfine tensors using a point-dipole approxi-
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Figure 5. ESR spectra of UV-irradiated single crystals of
[NH3Pr]s[M07024]-3H20 (a) and [NHzPr]s[MogO26(OH)]*
2H,0 (b) at room temperature. The signals indicate g =
1.921, Amo = 42.2 G, and Ay = 14.1 G (a) and G = 1.940,
Amo = 34.0 G, and Ay = 9.0 G (b).

mation for the low-symmetric site indicates that the
maximum eigenvector of the 'H superhyperfine ten-
sors with all positive signs lies close to the MoV+--H™"
direction and that the superhyperfine couplings with
the proton nuclei arise from a direct participation of
the H 1s orbital in the semioccupied molecular
orbital. The eigenvectors of the intermediate com-
ponent for the Ay, tensors are close to the Mo---O
molecular axis involving the oxygen atom bonded to
the transfered proton, and the eigenvector of the
lowest component for the Ay tensors is close to the
Mo---O axis involving the oxygen atom which inter-
acts with the amino nitrogen atom in the charge-
transfer complex (i). The semioccupied molecular
orbital (SOMO) of the paramagnetic electron consists
primarily of the extensively mixed d orbitals (>90%),
along with the oxygen and nitrogen 2p orbitals (a
significant contribution), the Mo 5s orbital, and the
H 1s orbital. The extended-Huckel calculations for
the molybdenum(V) site indicate that the two protons
at the paramagnetic site are situated symmetrically
at a distance of about 1.9 A from the paramagnetic
molybdenum atom and 1.43 A from the nearest
oxygen atom. This is rather long for an O—H bond
and results from the significant mixing of the Mo 4d
and O and N 2p orbitals in the SOMO. The struc-
tural configuration of the paramagnetic site corre-
sponds to the molecular structure at the saddle zone
in the full potential energy surface, which can be
regarded as a transition state for the photoredox
reaction in solutions.?® Figure 6 shows the environ-
ment of the MoVOs(OH) site in its photoinduced
colored state, along with the approximate directions
of selected eigenvectors for the Ay and Ay, tensors,
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Table 3. ESR Parameters for the MoV Centers in UV-Induced Alkylammonium Polyoxomolybdate Lattices?

[NH3Pr‘]6[M07024]- [NHgMe]g[M03OZG(MOO4)2]‘
3H:0 [NHsPr]e[M0704]+  [NHsPrils[MogOz6(OH),]- 2H,0
principal values site A site B 3H0 2H,0 site A site B
g 01 1.899 1.898 1.895 1.901 1.899 1.899
g2 1.924 1.922 1.925 1.935 1.930 1.930
O3 1.935 1.936 1.937 1.958 1.949 1.949
Jdo 1.919 1.919 1.919 1.931 1.926 1.926
Awmo Amo1 30.7 28.5 23.4 19.4 237 28.0
Awmoz 34.0 37.1 42.0 35.9 40.2 41.8
Amos 74.5 74.7 69.9 76.8 735 76.8
Amoo 46.4 45.8 45.1 44.0 45.8 48.9
An An1 6.36 5.98 8.15 6.78 6.57 6.87
Anz 8.63 9.39 9.14 8.41 10.7 9.69
Az 11.85 11.58 125 8.94 12.4 12.3
Ao 8.95 8.98 9.93 8.05 9.86 9.63

a Jo = (91 + (oF] + 93)/3, units of A are 10~ cm’l, Amoo = (AMol + Amoz + AM03)/3 and Ay = (AH]_ + Ap2 + AH3)/3

AMOZ ’;Y'

An, \H {O\ /O

N\ L
dl

An, %

Complex (i)

Figure 6. Schematic environment of the UV-induced
MoVOs(OH) site and approximate directions of the selected
eigenvectors of ESR parameters. Ay; and Ays indicate the
minimum and maximum eigenvectors of 'H superhyperfine
tensors, and Ay, indicates the intermediate component for
the Ay, tensors.

as determined for the photoreducible MoOg site in a
variety of alkylammonium polyoxomolybdate lattices.

The relative rate of coloration for the alkylammo-
nium polyoxomolybdates correlates with the number
of the photoreducible MoOg sites in the respective
edge-shared MoOg octahedral polyoxomolybdate an-
ions. Table 2 shows the agreement between the
relative rates of UV-induced coloration for
[NH3Pri]6[M07024]-3H20, [NH3PF]5[M07024]'3H20,
[Nngri]e[MOg;Oze(OH)z]'ZHQO, and [NH3M€]3[MOgOzG-
(M00,),]-2H,0 and the number of the photoreducible
MoOgs sites in the anion (1, 1, 2, and 4, respectively,
as marked by an asterisk (*) in Figure 4). The
number of sites were determined by analysis of the
ESR spectra of UV-irradiated single crystals of the
compounds. The ammonium salts of polyoxomolyb-
dates are not UV sensitive; however, under y-ray
irradiation, they yield paramagnetic sites similar to
those discussed above, as has been shown for [NH,]e-
[M07024]-4H,0.9%% The lack of UV sensitivity ex-
hibited by the NH4* polyoxomolybdate salts can be
attributed to the chemical instability of the charge-
transfer complex (i), which results in the preferential
recombination of the d* electron and the 2p hole at
the MoOg site. ENDOR results for the y-irradiated

single crystal of [NH4]s[M07024]:4H,0 indicate that
a MoOs(OH) center is formed at one of the four MoOg
octahedra having C, symmetry within the C,, sym-
metry anion. This center is formed as a result of
direct decomposition of an NH;" ion.®> The proton
is estimated to be 1.46 A from the terminal O atom,
which is close to the limits of applicability of the
point—dipole approximation. The y-induced para-
magnetic site in the Mo;0,4 framework of the [NH,]e-
[Mo7024]-4H,0 solid occupies a location different from
that of the UV-irradiated [NH3Pr]s[Mo-;0.4]-3H.0
solid. The UV-induced paramagnetic site lies at the
end of three MoOg octahedra which form a line at
the central horizontal level (Figure 4). These differ-
ences in the location of the paramagnetic site are the
result of differences in the hydrogen-bonding network
between the NH,* and alkylammonium salts in the
lattice. None of tetrabutylammonium salts of poly-
oxomolybdates exhibit UV-induced coloration in the
solid state. Thus, the presence of a transferable
proton in a hydrogen bond between the polyoxometa-
late anion and alkylammonium cation is essential to
keeping the d! electron localized at the MoOs octa-
hedron and allowing UV-induced coloration to occur.
The [NHEtg]g[HgO][MOgOze]'ZHzo SOlid,g3 which was
a Hs;O cation connecting the two independent
B-[MogO2]*~ anions via complicated hydrogen bonds,
is also photosensitive and turns from white to brown.

The colors of the UV-irradiated polyoxomolybdate
solids are related to the extent of delocalization of
the d! electron, which is governed by the M—O—M
bond angle and reflects the dz—pz—dx orbital mixing
in the polyoxometalates.®*=°¢ In the edge-shared MOg
octahedral lattices with M—O—M bond angles of
about 100°, the d! electron is localized at almost a
single MOg octahedron site, which results in the
reddish brown color seen for [NH3Pri]g[M0ogO.s(OH)]
2H,0.8% On the other hand, the Keggin framework,
involving a corner-shared linkage of different M3013
groups, allows thermally activated, electron-hopping
delocalization between corner-shared MOg octahedra
with M—O—M bond angles of 150°. This results in
a blue UV-induced coloration as observed for
[Nngri]3[PM01204o] and [NH3Pri]4[SiM012040]. Simi-
lar behavior is observed in the lattices containing
the Keggin structural anion and organic molecules,
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such as H;3[Mo1,040]-6(tetramethylthiourea),®®
H3[PM012040]-6DMA-CH3CN-0.5H,0 (DMA = N,N-
dimethylacetamide),'®® and [(DP).H]s[PW1204] (DP
= dipolar organic media such as N-methylpyrrolidi-
none, 1,1,3,3-tetramethylthiourea, and 1,3-dimethyl-
2-imidazolidinone).1%!

B. Other Polyoxometalates

A UV-induced color change from white to brown is
observed for a variety of anilinium and pyridinium
salts of S-octamolybdates [NH3CgsHs]4[M0gO2s]-2H,0,102
[NHM62C6H5]4[M03026]'2H20,103 [NHC5H4(3'M€)]4'
[MOgOze],lO4 [NHC5H4(4-M€)]4[M08026],105 [NHC5H4-
(3-ME)]X[NHC5H4(3-Et)]4.x[M08026] (X =0, 2, 3, 4),106
and [NHCsH.(3-NH,)]4[M05O,6]:2DMF (DMF = N,N-
dimethylformamide).1®” This coloration can be at-
tributed to a transfer of the proton involved in the
hydrogen bond between the anion and the organic
cation, as was described for the alkylammonium salts
of polyoxomolybdates. Similarly, alkylammonium
salts of polyoxovanadate and -tungstate lattices
undergo UV-induced coloration, such that [NHz;Bus-
[V401,] turns from white to brown%10° and [NHBuU3],-
[W1003;] turns from white to blue. UV-induced
coloration also occurs in polyoxometalates which are
coordinated to organic ligands: [NH;]35[M0gOg6-
(HCO,),]2H,0 (white — reddish brown);0
Na4[M08024(OMe)4]-8H20 (White i blue);“l
[Hpyla[MogO2s(py)2]-8Me2SO (py = pyridine),**? [NH;-
Pr]g[H4M08026(OC6H4CH=NPr-2)2]'6MeOH ((OC5H4'
CH=NPr-2) = N-propylsalicylideneiminate),*3
[Hmorph]4[MogO24(MetO),]-4H,0 (morph = morpho-
rine and MetO = methioninate),’*®* Na[MogO,s(H.-
Lys),]-8H,0 (Lys = lysine) (white — brown);*'*4 and
Nay[(Hamp),M050;5]:6H,O (amp = adenosine-5'-
monophosphate) (white — blue).1*®* Although other
organic—inorganic charge-transfer salts based on
polyoxometalates such as S-[Htmpd]|tmpd]s«
[HMogOz] (tmpd = N,N,N’,N’-tetramethyl-p-phen-
ylenediamine) have been prepared in an attempt to
achieve perfectly reversible photochromism in the
absence of oxygen molecules, this goal has not been
realized and UV coloration remains largely irrevers-
ible.116

IV. Electrochromism of Polyoxometalates
A. H3PW;1,049

H3PW;,04 is an electrochromic and ionic conduc-
tive material.*” A typical cell for this material is
fabricated by placing the HsPW;,040 in a 3-mm bore
ceramic tube and compressing it at ~500 kg cm™2
against a transparent conducting SnO, electrode
deposited on a glass slide (see Figure 7a). The SnO,
layer constitutes the front, or viewing, electrode.
Metallic Cu or Ag, or a nonstoichiometric mixed
conductor capable of providing Li*, Cut, and Ag* ions
(such as LixV,CriS;, Cuz«Se, or Ag,4Se), is then
applied as the back or counter electrode. The cell
characteristics are independent of the nature of the
counter electrode. Typically, the H3PW;,040 layer,
which is in contact with the SnO; electrode, changes
color when the SnO; is biased to —1 V with respect
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Figure 7. A schematic configuration of the electrochromic
cell based on H3PW1,040.

to the Ag electrode. Likewise, it bleaches when the
SnO; is biased to +2.5 V. A coloration charge of ~1
mC/cm? was measured at a ~0.3 reduction in diffuse
reflectivity at 1000 nm. This allows the minimum
thickness of the colored layer to be estimated at ~500
A. Thus, the area density of color centers is ~10%6
cm~2, which is comparable to the composition of Mg 1
WO; in 3000 A thick films which is required for
adequate contrast in WOs-based cells. The Hs-
PW,,040-based cells show useful response times of
50 ms. However, these cells have a disadvantage in
that they bleach relatively slowly when heavily
colored.

Both solid-state and simplified cells have been
fabricated in an attempt to improve the electrochro-
mic properties of H3PW12040:29H,0 and H3PMo0:,040°
29H,0 systems.18 In the cell diagrammed in Figure
7b, the back electrode is graphite powder or simply
a graphite rod, and the entire cell is sealed with
epoxy resin. A bleaching voltage of ~1.2 V was
applied to this cell, while a coloring pulse of >—2 V
was applied for 0.1 s at a repetition rate of 0.5—1 Hz.
A —1.2 V coloring voltage with an average current
of 10 mA produced a ~50% decrease in reflectivity
at 800 nm in 10 ms. The integrated charge was ~1
mC/cm? for a cell area of 0.1 cm™2. These values
compare favorably with the WO; liquid electrolyte
cells. Oxidation occurs at the carbon electrode to
maintain charge neutrality in the cell as a whole,
during coloration. Since there are hydroxy groups
on the carbon surface, a liberated proton can be
injected into the H3PW1,040 layer, with the electron
completing the external circuit. The net electro-
chemical reaction is

C—OH + HyPW,,0,5 = C=0 + H,PW;,0,, (7)

The critical feature in these cells is the contact
between H3;PW1,04 and SnO,. The cell’'s shelf life
is limited by an increase in cell impedance over time.

B. Ko33WOs3 165 and Peroxopolytungstic Acids

Ko.33WO3 165 IS an electrochromic material which is
prepared by cathodically depositing a reduced deca-
tungstate K4JHW;003,]/Ks[HW1003;] film on an ITO
electrode and then heating it at 400 °C in air.'®
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Figure 8. Absorption spectral change (a) of the evaporated
Ko.33WO3 165 film (d = 2 um) electrode and its current and
absorbance (at 900 nm) time transients (b) at Uag = —0.6
V (5 s) and 1.2 V (5 s) repetitive potential steps.

Ko.33WO3 165 also can be prepared by the thermal
reaction of WO3; and K,COs; in the ratio of 6:1 at a
much higher temperature (800 °C).1?° The coloration
reaction is denoted by eq 8.

Ko.3sWO; 165 (bleached) + H,0 +e™ —
Ko.33HWOj; ;65 (dark blue) + OH™ (8)

The H,O molecule exists as a contaminate in the
crystal lattice or propylene carbonate electrolyte and
donates an H* during the reductive coloration of
Ko.33WO3 165. Ko33WOs3.165 films grown by evaporating
Ko.33WO3.165 powder in a vacuum, followed by anneal-
ing at 150 °C for 4 h, provide an optimum water
content in the film. Figure 8 shows the absorption
spectra of such a film at Uag = —0.6 V (reduction)
and +1.2 V (oxidation) in an electrochemical cell
containing 1 M LiCIO, in propylene carbonate. The
electrochromism of K 33WO3 165 is comparable to that
of the amorphous WOj3 liquid electrolyte system.?!

Spin-coating a solution of tungsten or tungsten
carbide powder in a 15% H,O, is the best method for
fabricating large-scale electrochromic devices.’® The
homogeneous thin films formed in this manner
consist of amorphous peroxopolytungstic acids, and
their electrochromic properties are similar to those
of amorphous WOj3 films.123

V. Photoluminescence and Intramolecular
Energy Transfer in Polyoxometalate Solids

A. Polyoxometalloeuropates

When several energy levels exist within the O—M
LMCT bands in the polyoxometalate lattices, energy
transfer from the O—M LMCT excited states to these
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levels may be possible (Figure 1). In fact, this process
is observed during the sensitized luminescence of
EU3+,123_138 Mn4+,139 and Cr3+ 140,141 as a resu|t Of
intramolecular energy transfer within their respec-
tive polyoxometallometalates.

Early studies of the intramolecular energy-transfer
processes in decatungstolanthanoates [[LNW10036]°~
(=[LN(W501g)2]°7)], indicated that the Eu®* complex
[EuW10036]°~ was the most luminescent of the
[LNW;10036]°~ anions when the O—W LMCT bands
were photoexcited.1?4-129.142143  The Gd3** complex
[GdW1503,]° exhibited tungstate emission instead of
Gd3* emission.1?51%6 | ow yields were obtained for the
sensitized emission of Ln3" from the other deca-
tungstolanthanoates due to radiationless loss via
charge-transfer states Ln*"—W?>* in the Pré* and Th®*
complexes and cross relaxation in the Sm3*, Dy3",
and Ho®** complexes.'?> The luminescence spectrum
of [EuW10036]°~ was analyzed with the help of the
crystal structure of NagH,[CeW0036]-30H,0.1** Sen-
sitized luminescence of Eu3" was also observed for
the [EU(Sinlogg)z]lsi, [EU(BWllogg)z]lsi, and
[Eu(P2W1,061).]*"~ anions, which contain an Eu3" ion
surrounded by two lacunary polyoxometalates,
[SiW11050]87, [BW11039]°", and [P,W;17061]'°",
respectively.’?47128 It is expected that the Eu-
encrypted Preyssler complex [EuPsW300110]*2~, which
consists of a cyclic arrangement of five PWgO,;, units
each with Ds, symmetry, will also exhibit sensitized
luminescence since the lifetimes of the Eu®*™ emission
observed during direct excitation of Eu®* ions in
aqueous solutions of the complex imply the coordina-
tion of two or three aqua ligands per Eu3t.145-147

1. Structural Feature

The intramolecular energy transfer in polyoxo-
metalloeuropate lattices has been systematically
studied using six polyoxometalloeuropates: Nag-
[EUW10036]'32H20,130 K15H3[EU3(H20)3(SbW9033)-
(W5018)3]'25.5H20,131 [NH4]12H2[EU4(H20)16(MOO4)'
(MO7024)4]‘13H20,136 Eu2(H20)12[M08027]-6H20,132
NazH1o{ [EuzO(OH)3(H,0)3],Al(NbgO1g)s} -47H,0,138
and [EU(H20)8]3K2H3[(G3Ti3W9037)203]'13H20.139 Flg-
ure 9 shows the six anions as assemblies of linked
MOg octahedra, along with the coordination shape
of the Eu atom in the anion. In Nag[EuW;0036]*
32H,0, four O atoms from the WsO15 group of the
half anion are bonded to the Eu atom, resulting in
8-fold coordination of Eu®". There is no water
molecule in in the first coordination sphere of the
Eu3t, and the anion has an approximate point sym-
metry of C4.13° In the anion of KjsH3[Eus(H20)s-
(SbWg0O33)(W5018)3]:25.5H,0, a central trinuclear
Eus(H,0); core is tetrahedrally linked to three WsOgs
groups and one B-a-type SbWyOs3 group, giving it
an approximate point symmetry of Cs,.'3! The
SbWy0g33 group is a trivacant B-o-type ligand which
contains a tricoordinated Sh®* ion and three corner-
sharing W5013 groups, each comprised of three edge-
shared WOg octahedra. Each Eu®* in the Euz(H,0)3
core achieves 8-fold coordination by attachment to
four oxygens from one WsO1s, two oxygens from one
SbWy033, and two aqua oxygens ligands. In [NHg4];2H,-
[EU4(H20)16(MOO4)(MO7024)4]'13H20 the anion con-



316 Chemical Reviews, 1998, Vol. 98, No. 1

[\ ke
N
n

Figure 9. Structures of anions for six polyoxometallo-
europate complexes: [EUW10036]°~ (2), [Eus(H20)3(SbWgOsz3)-
(W5018)3]187 (b), [EU4(HZO)16(MOO4)(M07024)4]147 (C), Eu,-
(H20)12[M0gO27] (d), [{ EusO(OH)3(H20)3} 2Al>(NbgO19)5]26~
(e), and [{Eu(H,0)s}3[Ge,TigW15077]1°~ (f). Shaded octa-
hedra in f represent TiOg sites.

sists of a central [Eu4(MoQO4)(H20)16]*°* unit and four
Mo;0O24 groups and has an overall point symmetry
of D2q.1%8 Each Eud' achieves 9-fold coordination by
attachment to one oxygen atom from the MoO,
tetrahedron, two oxygen atoms from a single Mo07024
group, two oxygen atoms from other Mo;O,4 groups,
and four oxygen atoms from aqua ligands. The anion
of Eu,(H20)12[M050,7]-6H,0 is isostructural to that
of [NH4]s[M0gO27]:4H,0.85 EusT is coordinated by six
agua oxygen atoms, two oxygen atoms of a MogO,7;
unit, and one oxygen atom belonging to the MoOsg
octahedron of a neighboring MogO,; unit. This
results in the formation of an infinite belt of octa-
molybdate {[Mo0gO7]°"}. by the Eu3*.132 The anion
of Na7H19{[EU30(OH)3(H20)3]2A|2(Nb5019)5}'47H20
consists of two [EuzO(OH)3(H,0):]*" clusters, two AIS*
cations, and five [NbgO19]®~ anions.®” Each Eu®*
achieves 8-fold oxygen atom coordination via one u3-O
ion, two OH™ ions, one terminal H,0, and four oxygen
atoms belonging to the equatorial [NbgO19]®~ groups.
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Figure 10. Luminescence spectrum of Euy(H,0)12[M0ogOy7]-
6H,0 at 77 K under the O—Mo LMCT band excitation.

The anion of [EU(H20)3]3K2H3[(G€Ti3W9037)203]'
13H,0'%® is a condensed aggregate of Keggin-type
[GeTisWy037]° ions,#® and the Eud' is coordinated
to a terminal oxygen atom of [(GeTizWgO37),03]*~
and eight aqua oxygen atoms. As shown in Figure
9, the local symmetry around the Eu®' in Nao-
[EUWlooge]'32Hzo and K15H3[EU3(H20)3(SngO33)'
(W5013)3]-25.5H,0 is approximately square antipris-
matic, while it is approximately tricapped trigonal-
prismatic in [N H4]12H2[EU4(H20)15('\/'004)('\/'07024)4]‘
13H20, EU2(H20)12[M08027]'6H20, and [EU(Hzo)g]g-
K,H;[(GeTizWy0s7),03]-13H,0 and approximately bi-
capped trigonal-prismatic in NasH1o{ [EusO(OH)s-
(HzO)g]zAlz(Nb6019)5} ‘47H20.

2. Intramolecular Energy Transfer from the O—M LMCT
States to Eus*

Photoexcitation of the O—M (M = Nb, Mo, W)
LMCT bands of the polyoxometalloeuropates leads
to an Eu3" emission with a single exponential
decay.317135 The emission originates from both the
5Dy and °D; excited states of Eu3", and the lumines-
cent transitions all terminate in the 3 = 0—4 levels
of the 7F; ground state. Figure 10 shows the photo-
luminescence spectrum of Eu,(H20):2[M0gO,7]:6H,0
at 77 K. Nag[EuW;0036]:32H,0, which has an an-
hydrous Eud®" site, exhibits the high qguantum yield
(~1.0 at 4.2 K) for the emission corresponding to the
O—W LMCT band excitation, and the intensity of the
5Do—’F; emission is the highest among the °Dy—'F;
transitions.'?#713° The intensity of the 5Dy—"F; tran-
sition depends only slightly on the nature of the
surroundings of the Eu®*, since the °Dy—'F; transi-
tion is of almost magnetic dipole character.149150 By
using the intensity of the 5Dy—7’F; magnetic dipole
transition for Nag[EuW,0036]:32H,0 as a standard,
the radiative (krg) and nonradiative (kn,) rates for
the 5D, state and the quantum yield (®e) of the
overall energy transfer from the O—M LMCT states
to the 5D, state (in part through the °D; state) can
be calculated from the relative intensities of the
5Dy—7F; transitions, the quantum vyields, and the
lifetimes of the °Do—"F; emission.'5! Table 4 displays
the calculated values of Krag, Knr, and ®¢: as well as
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Table 4. Radiative Rate (krag in s71), Nonradiative Rate (knr in s71), and Ratio (raq) of Radiation of the D, State
of Eut and Quantum Yield (®.;) of the Overall Energy Transfer from O—M LMCT States to the °D, State

(through the °D; state in part) for 1-62P

1 2 3 4 5 6
n 0 2 4 6 1, (2 8
T
42K 3.7 1.1+0.2 0.16 0.32 £0.01 0.15+0.01
77 K 3.3 1.14+0.2 0.24 + 0.02 0.17 +£0.01 0.31 +0.01 0.14 + 0.01
300 K 2.8 1.1+0.2 0.20 £ 0.01 0.17 £ 0.01 0.31 £ 0.02 0.14 £ 0.01
Krad 2.7 x 102 7.5 x 102 1.1 x 103 9.0 x 102 1.4 x 103 7.9 x 102
nr
42K A0 (1.9 + 1.7) x 102 5.4 x 10° (1.7+0.1) x 10° (5.9 +0.4) x 10°
77 K 3 x 10 (1.9 +1.7) x 10?2 (3.2+0.3) x 10° (5.0 £0.3) x 10° (1.8 +£0.1) x 103 (6.4 +£0.5) x 103
300 K 9 x 10 (19+1.7) x 102 (4.0+02) x 100  (5.0+0.3) x 103  (1.8+0.2) x 103 (6.4 + 0.5) x 10°
Hrad
4.2 K 1.0 0.83+£0.15 0.14 £ 0.01 0.45+0.01 0.12 £ 0.01
77K 0.90 0.83 £ 0.15 0.25 + 0.02 0.15+0.01 0.43 +£0.01 0.11 £ 0.01
300 K 0.75 0.83 £ 0.15 0.21 £0.01 0.15+0.01 0.44 £ 0.03 0.11+£0.01
Dot
4.2 K 1.0 0.69 £0.12 0.24 £0.01 0.19 £0.01 (6+1) x 1073
77K 1.0 0.64 +0.12 0.48 + 0.04 0.19 + 0.01 0.09 +0.01 (2+1) x10°3
300 K 0.94 0.31 £+ 0.06 0.33 £0.02 0.08 £ 0.01 0.02

a Since the relative intensities of 5Dy — “F; emission was hardly changed on a variety of temperature, krag Was evaluated to be
independent on the temperature. ® Number of hydroxo ligands: Nag[Eu(Ws01s)2]-32H,0 (1), KisH3[Euz(H20)3(SbWgO33)(Ws016)3]
155H20 (2), (N H4)12H2[EU4(H20)16(MOO4)(M07024)4]'13H20 (3), EU2(H20)12[M08027]'6H20 (4), Na7H19[{ EU30(OH)3(H20)3} 2A|2-

(Nb5019)5]'47H20 (5), and KzEUgHg[GEQTiGW18077]‘37Hzo (6)

the number (n) of aqua and hydroxo ligands bound
to Eudt, and the lifetimes (z in unit of ms) at 4.2, 77,
and 300 K of the six polyoxometalloeuropate com-
pounds.

The increase in the value of k, with increasing n
value is due to the radiationless deactivation of the
5Dy state through weak vibronic coupling with the
vibrational states of the aqua and hydroxo ligands’
high-frequency OH oscillators. The 5Dy—"F, energy
difference is approximately equal to five times the
highest vibrational frequency of the surroundings.®?
This nonradiative process usually is called multi-
phonon emission. A plot of the deviation (Az71) of
the reciprocal °Dy lifetimes from that of standard,
Nag[EuW,0036]:32H,0, versus the total number of
aqua and hydroxo ligands coordinated to Eu®t indi-
cates a good linearity (n = 1.05Az™1) irrespective of
the coordination geometry, as long as the mean
distance between the Eu and the aqua or hydroxo
oxygen atoms is less than 2.5 A. This implies that
the Az~ value can be used to predict the number of
aqua and hydroxo ligands coordinated to Eus*, re-
gardless of the coordination geometry, for polyoxo-
metaloeuropates not amenable to study by single-
crystal X-ray methods 151152

The observation of d* hopping delocalization in the
polyoxometalate ligand indicates that ®.; decreases
with increasing temperature. Thermal deactivation
of the O—M LMCT states by d' hopping occurs
because of the small disparity between the excited
and ground state electron configurations, which is
reflected in the bond angle of the M—O—M or Eu—
O—M linkage. Photoexcitation into the O—M LMCT
bands allows the d! electron to hop to the Eu®" site
via the Eu—O—M linkage, if the Eu—O—M bond
angles are about 150°. This is because fr—pz—dx
orbital mixing in the Eu—O—M linkage can occur in
a manner similar to the dz—pxz—dx mixing which
occurs at the corner-shared MOg octahedra when the
M—O—M bond angles are about 150°. Consequently,

the polyoxometaloeuropates with Eu—O—M bond
angles of about 150° (KisHs[Eus(H20)3(SbWyOas)-
(W5018)3]'25.5H20, [NH4]12H2[EU4(H20)16(MOO4)'
(M07024)4]’13H20, and EU2(H20)12[M08027]'6H20 ex-
hibit a strong ®.; temperature dependence.132134.135
Polyoxometalate ligands having only edge-shared
MOg octahedra with M—O—M bond angles of about
100° show only a small ®¢; temperature dependence.
This is due to localization of the d* electron at the
MOg octahedron and can be seen for Nag[EuW;403¢]
32H,0. The highly symmetrical polyoxometalate
ligands favor the effective nonradiative deactivation
of the O—M LMCT excitation energy due to a small
disparity between the O—M LMCT excited and
ground states. This results in low values of ®¢; with
a strong temperature dependence and can be seen
for Na.7H19{ [EU30(OH)3(H20)3]2A|2(Nb6019)5} '47H20
and [EU(HzO)g]ngH3[(G€Ti3W9037)203]'13H20.140’151

B. O—M LMCT Triplet Emission

The first O—M LMCT emission observed was with
Nag[GdW19036]:18H,0.125126 |_uminescence from the
O—M LMCT states is observed with other polyoxo-
metalates, especially at low temperatures, and KssHj s-
[SbW0,4]-6H20, in particular, is highly photolumi-
nescent.%15 Decays of the O—M LMCT emission
can be described as the sum of two exponentials,
unlike the Eu®* luminescence of polyoxometalloeuro-
pates which occurs as a single exponential decay.
Table 5 shows the decay (zct) and quantum yield
(®ct) of the O—M LMCT emission for a variety of
polyoxometalates. The long decay times (several
hundred microseconds) of the O—M LMCT emission
originate from the triplet states. Similar decay times
are observed for the nonmolecular WOg octahedral
compounds, Ba,CaTe;_xWsOs, where O—W LMCT
photoexcitation of the A;—1Ty, transition results in
a characteristic WOg blue-green emission from two
3Ty, levels, each of which has a different exponential
decay of 10—70 us below 100 K.*%*155 The O—M
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Table 5. Photoluminescence Maxima, Emission Decay (rct), and Quantum Yield (®ct) under the Excitation of the

O—M LMCT Band for Nine Compounds!#°

Terlus ¢ct
compounds emission (Amax/nm) 42 K 77K 42 K 77K
KssH1.5[SbWgO24]-6H,0 520 176 + 245 143 + 160 0.61 0.43
Nas[IM0gO24]-3H.0 670 133 + 246 110 + 189 2.6 x 1072 1.5 x 1072
NaszHs[CrMogO24]-8H,0 703.0, 704.2 143 87 5 x 1073 1x10°3
Ke[M07024]-4H,0 700 169 + 209 142 + 190 9.4 x 1072 3.1 x 1072
Cs4[W10032]-nH,0 (n = 4 or 5) 660 203 + 306 157 + 217 6.4 x 1072 4.5 x 1072
Ks5[BW12040]-15H,0 520 134 + 185 105 + 140 4 x 1072 2 x 10
K3[PM012040]-nH20 510 64 + 190 43 + 87 2 x 1072 1x10*
[NBU4]2[WeO1] 520 102 + 158 45 + 146 7 x 1074 1x 1074
[NBU4]2[M06O10] 530 107 + 250 88 + 159 1x 10
KoHs[(GeTizWg037)203]-16H,0%5t 570 91 + 140 10 + 30 5x 1073 1x10°3
1T1u2‘
o [CrMogOy 41 1
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Figure 11. Photoluminescence spectra of KssHjs- Cr3+, Mn4+ O—-M LMCT Eus+

[SbW6024]'6H20, Na5[IM060234]-3H20, and NaszHe-
[CrMo0s0,4]-8H,0 solids at 4.2 K under 248 nm light
irradiation. Polyhedral representation indicates Anderson-
type structure [XMgO24]"~ in which a central shaded
octahedron is a heteroatom XOg site.

LMCT triplet states of nonmolecular transition metal
oxide have been identified with an empty d shell by
ESR studies of the luminescent states of K,Cr,0y,
YVQ,, and CaMoQ, crystals at 1.2 K.156.162

The involvement of the O—M LMCT triplet energy
transfer in the polyoxometalate lattices was inves-
tigated using three isostructural Anderson-type com-
plexes K5,5H1_5[SbW5024]'6H20, Na5[IM06024]-3H20,
and Naz[HeCrMog024]:8H,0.114° Figure 11 shows
the Anderson structure for the three compounds and
their photoluminescence spectra under 248-nm light
irradiation at 4.2 K. Photoexcitation of the O—M
LMCT bands in the former two complexes lead to a
broad emission due to the 3T,,—!A4 transition which
originates from the O—M LMCT triplet states. The
green emission of KssH15[SbWgO24]:6H,0 is intense
and was observed even at room temperature, while
Nas[IM0g024]:3H,0 produced an orange emission
only at low temperatures <100 K. The Nas[IM0gO24]
3H,0 emission produces small quantum yields com-
pared to K5,5H1,5[SbW6024]’6H20, and this is at-
tributed to its small spin—orbit coupling and result-
ant increase in the nonradiative 1T, —Ayq transition
probability. On the other hand, the NasHe-
[CrMos024]-8H,0 has a central Cr3" which releases
its transition energy within the O—Mo LMCT emis-
sion bands and does not show any O—Mo LMCT
triplet emission. However, it does produce sharp 2T;,
2E—*A; lines, known as R-lines, with single-expo-
nential decays from the excited Cré* as a result of
the energy transfer from the 3T, O—Mo LMCT
states. If the energy transfer from the O—Mo LMCT

Figure 12. A schematic energy diagram of relaxation
processes of the O—M LMCT excitation energy in a variety
of polyoxometalate lattices.

excited singlet state is operative in this case, one
would expect the coexistence of both O—Mo LMCT
triplet and Cr3* luminescence, since the rate of the
intersystem crossing for the T;,—3Ty, conversion
would be high enough to compete with the energy
transfer to Cr3". Therefore, the rate of the triplet
energy transfer in NasHg[CrMogO24]:8H,0 is esti-
mated to be >108 s~1. If it were not, the O—Mo
LMCT triplet emission of NazHs[CrMogO24]-8H,0
should be observed with nonexponential long decays
of several hundred microseconds at <100 K.4° The
same is true for the polyoxometallomanganates such
as KeNaz[MnW5024]’12H20, Ks[MnMOGOQ,z]’GHzO, and
Nai2[Mn(NbgO19)-]-50H,0, where the intramolecular
energy transfer from the O—M (M = W, Mo, or Nb)
LMCT triplet states into Mn*t occurs to yield the
R-line luminescence of Mn*+.13% Since the *Do—"F;
transition energy of Eu®* is close to the energy of the
2Ty, 2E—*A; transitions of Cr3* and Mn**, it is
reasonable to assume that the O—M LMCT triplet
states are involved in the energy transfer in the
polyoxometalloeuropate lattices. Figure 12 shows the
energy transport processes for the O—M LMCT
excitation in a variety of polyoxometalate lattices.'5!

VI. Photoinduced Formation of Heteropoly Blues

A. Polyoxomolybdates

UV irradiation of highly concentrated aqueous
solutions of alkylammonium polyoxomolybdates re-
sults in the formation of blue species.'%3-1% The deep,
reddish-brown solids, which are obtained by UV
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Figure 13. Polyhedral representation of the structure of
[M014O46]107-

irradiation of alkylammonium polyoxomolybdate sol-
ids according to eq 5, form the same blue species on
their dissolution in water.”® ESR spin trapping
reveals that photolysis of the solution results in the
formation of an *OH radical accompanied by partial
decomposition of the alkylammonium cation. Thus,
it is proposed that the charge-transfer complex (i) in
agueous solution oxidizes the water to an *OH radical
in competition with the deactivation to the original
species and the decomposition of alkylammonium
cation (eqs 9—11).

+ Q
AHYww0 1
R-NH, =Mo" ©
il 0]
/ .
AH-0_i .0 N 0} y-
R-N o “Mo'_ + HyO— [RNH3] + = Mo +OH (10)
H, 707l (o] ' HO N
o] o]
(i) 0
[RNH,J* O~ W0
+ (]
2 H*O/ I ~o0
o]

UV inactive [NH4]s[M07024]-4H,0 undergoes photo-
redox in the presence of electron-donating organic
substances such as alcohols and carboxylic acids to
yield [Mo07023(OH)]%-.166-16  This one-electron-
reduced [Mo;0,3(OH)]®™ anion is converted into a blue
species. The blue species resulting from the photo-
redox reaction (eq 12) of [NH;]6[M0;024]-4H,0 with
MeOH has been characterized as the diamagnetic
two-electron reduced species [M01404]0.17°

2[M0,0,,]°” + MeOH -
[Mo0,,0,6]"°” + HCHO + 20H™ (12)

The structure of the anion of [NMe;]2[NH4]s[M014045]*
8H,0 is shown in Figure 13. This [M014046]*°"
(=[(M07023),]*°") anion has a di-u-oxobis(heptamolyb-
date) framework with an approximate symmetry of
C,yv. The two electrons in the anion are located over
the central two sets of MoOg octahedra, which are
linked through an axial u-oxo oxygen atom. The
electronic structure returned by extended-Huckel
calculations is in good agreement with the diamag-
netic properties of this anion. Reduced anions con-
sisting of four sets of two MoOg octahedra linked
through an axial u-oxo oxygen atom are found at the
center of the nitrosyl decamolybdates [Mo03002s-
(OMe)s(NO)]~ and [M010024(OMe);(NO)]?~, which were
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prepared by the reduction of either [Mo0sO;3-
(OMe)4(NO)]?~ or [MogO15(NO)]3~ with NoH4 in MeOH
or MeOH/CH3CN.1t Other nitrosyl polyoxomolyb-
dates, including [Mo3s0108(NO)4(H20)16]*?~, [Mos7-
V60180(NO)s(OH)3(H20)15]?~,  [Mo0s7Fe0174(NO)e-
(OH)3(H20)24]*5~172  {[M0O25(H20)][M0360108(NO)3-
(H20)16]*? } &, 173 and [M01540420(NO)14(OH)2s-
(H20)70]@+%~ 174 have been prepared as novel, meso-
scopic compounds by using NH,OH-HCI, (N2Hg)SO4,
and SnCl; as the reducing agents.

An amorphous molybdenum blue is obtained upon
photolysis of strongly acidic, aqueous molybdate
solutions and may be related to Na;5[M01440409(OH)2g-
(H20)s6]-~250H,0 which is reductively prepared us-
ing iron powder.1”> Other reduced polyoxometalates,
such as the two-electron-reduced anions, o-[H:-
AsMO01,040]3 1% and a-[HPM01,040]*~,*"” and the four-
electron-reduced anions A-[HzPMo012040]%",178 B-[Ha-
AsM01,040]37,17¢ and a-[H3S:M015062]°~ 77 have been
prepared as disordered solids by electrolysis and
chemical reduction methods.

B. Polyoxotungstates

The “polytungstate-Y” compound [W10032]*~ shows
a strong O — W LMCT band (Amax = 323 nm, € =
1.35 x 10 dm® mol™* cm™! in CH3CN) in the
ultraviolet region and undergoes electrochemically
guasi-reversible reduction with two successive steps
(at —0.85 and —1.35 V vs Ag—AgClI in CH3CN) in
nonhydrolytic solvents. Each reduction yields a blue
species.1’®7182 The relatively low value of the O—W
LMCT transition energy for [W;0O3,]*~ makes it a
good photocatalyst candidate for solar energy conver-
sion. This is reinforced by the action spectrum of the
anodic photocurrent observed for solutions containing
[W10032]*~.1817183 The oxidation potential of the one-
electron-reduced species is highly negative compared
to the redox potential of H*/H,, which indicates that
[W1003,]*" is a simple photocatalyst for H, production
from a variety of substrates with or without the
heterogeneous catalysts Pt and RuQ,.%8181.184 A
number of these photocatalytic reactions and their
mechanisms have been investigated.!'~15185 The
structures of the protonated 1.5-electron- and 1.8-
electron-reduced anions are not significantly different
from the structure of the oxidized anion.86 [NH,-
Pri]a[H1sW10032]-8H,0, which consists of a 1:1 molar
mixture of the one-electron-reduced species
[H502][NH2Pris]4[W1003,]:6H,0 and the diamagnetic
two-electron-reduced species [HsO2]o[NH2Pris]s-
[W10032]-4H,0, provides a single-crystal ESR spec-
trum showing the superhyperfine interaction due to
eight magnetically equivalent *H atoms with an
intensity ratio of 1:8:28:56:70:56:28:8:1 at 77 K. In
[NH2Pri2]4[H1,5W10032]-8H20, the terminal oxygen
atom at each of the eight equatorial WOg sites is in
contact with a water molecule which is hydrogen
bonded in the lattice. Therefore, at 77 K the anion’s
paramagnetic electron is delocalized over the central
four sets of two WOg octahedra linked through an
axial u-oxygen atom in a mode similar to what was
seen with [M014046]'°~. The interaction of the para-
magnetic electron with the eight protons on the
terminal oxygen atoms is due to the direct spin
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Figure 14. ESR spectrum (a) of [NH2Pris]s[H15W1003,]
8H,0 single crystal at 77 K and hydrogen bonds (b) among
the terminal oxygen atoms at equatorial octahedral sites
and lattice water molecules. The ESR signal indicates g
=1.833 and Ay =8.0G.

Table 6. Thermal Activation Energies for
Electron-Hopping in the One-Electron-Reduced
Polyoxometalates

compounds En
[W5019]3‘ 0.055%
[WsNb019]47 0.075%
[H2W12040]"~ 0.035%
[SiW1204o]57 0.035%
[As;W15062]"~ 0.040%
[AsH2W15060]%~ 0.040%
[BW:1,040]5 0.004%
[W10032]57 0.069.182
[M06O10]* 0.155%
a-[PM012040]47 0.035%
Q- [GeM012040]57 0.045%
ﬁ'[SiMO3WQO40]57 0.055%

0.0045 and 0.0871&

[S2M01062]°~

polarization of the isopolyoxomolybdate lattice.'®”
Figure 14 shows a typical ESR spectrum of [NH,-
PrisJa[H1sW1003,]:8H,0 at 77 K along with the hy-
drogen bonds between the terminal oxygen atoms on
the equatorial WOg octahedra and the water mol-
ecules in the lattice. W NMR spectra of the two-
electron-reduced species [W1003,]¢~ in various solu-
tions indicate that the two electrons are delocalized
primarily over the eight equatorial WOg octahedral
sites.98:182.188 A hopping process between the equato-
rial and axial WOg octahedra in the anion probably
occurs in the protonated species [HoW1003,]*", since
the thermal activation energy (0.06 eV at >100 K)
of the paramagnetic electron for the species
[HW10032]*~ %8 is close to the value for [WsO19]3.%
The thermal activation energies (E) estimated from
Arrhenius plots of the observed ESR peak-to-peak
line widths for the one-electron-reduced polyoxo-
metalates in solution are listed in Table 6. The Ey,
= 0.0045 eV observed for the Dawson structure
molybdosulfate [S;M01506,]°~ in the low-temperature
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Figure 15. W'V;04; triad (a) and anion (b) structures of
_[Bv'g\/lzogy(HZO)sF*. Average W'V---W! distance is denoted
in A.

range is ascribed to hopping over the whole anion
lattice. This is based on the observation of 91 lines
due to the coupling with 18 magnetically equivalent
Mo nuclei (coupling constant ~4 G). Also, the Ey, =
0.087 in the high-temperature range corresponds to
an intermolecular hopping process.’®® This is in
contrast to Ey, = 0.155 and 0.075 eV observed for the
intramolecular hopping in  [Mo¢O]®~ and
[W5Nb019]4_.94’95

Electron delocalization occurs over the whole W—0O
framework of the a-Keggin polyoxotungstate of two-
electron-reduced [Co'"W1,040]%", which is prepared by
electrolysis, and can be seen with a help of W NMR
spectroscopy.'® [H,W12040]6, [BW12040]°~, and
[SiW12040]%~ each can be reduced electrochemically,
or photochemically in the case of [BW1,040]°", to a
brown, six-electron-reduced species which is different
from one- or two-electron-reduced species used as a
precursor and which has a framework nearly identi-
cal to that of the oxidized species. %W NMR
spectroscopy of the brown species indicates that six
electrons are localized at the edge-shared W'"30;3
triad where the terminal oxygen atoms are doubly
protonated to form water molecules.%191-19  A|-
though the first crystallographic study of the brown
species was carried out on electrochemically formed
Rb4H8[H2WIV3WV|904o]”\’18H20, the location of the
WW;0;3 group in the anion was uncertain due to
orientational disorder of the crystal.’®® However, a
perfect structure of the six-electron-reduced from was
obtained for Ks[BW1,037(H20)3]-13.5H,0.1°7 Figure
15 shows the structure of the a-form of the
[BW1,037(H20)3]°~ anion. The photolysis of aqueous
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solutions containing a-[BW12040]°~ and MeOH at pH
< 2 led to the formation of the diamagnetic brown
species Ks[BW;,037(H20)3]-13.5H,0 via successive
disproportionations between the protonated two-
electron-reduced species [H,BW1,040]°>.°¢ The edge-
shared W'V; triad contains terminal aqua ligands.
Each W' atom is bound to an aqua ligand with a
mean bond length of 2.15 A and is linked to other
W atoms by WIV—W!' bonds (mean 2.543 A). The
aqua ligand is also bound to lattice water and to
neighboring anion oxygen atoms via hydrogen bonds.

C. Polyoxovanadates and Self-Assembly
Encapsulation

[HV20-]3", which is in equilibrium with [V401,]*"
in basic media,'%1% is photosensitive and acts as a
photocatalyst for H, formation from electron-donating
organic substances.?’® These vanadate species un-
dergo photochemical self-assembly in the presence of
small, negatively-charged or neutral species which
act as templates, to yield a spherical cluster encap-
sulated by smaller species.109201202 This photochemi-
cal encapsulation method allows the preparation
processes to be easily controlled and provides many
opportunities to make mixed-valence isomers which
are different from the traditional compounds ob-
tained by Muller and others.?°3-208 Prolonged pho-
tolysis of aqueous solutions containing [V4012]*~ and
MeOH at pH 9.5 in the presence of CO3?~, Cl~, N3™,
and PO,3" leads to the formation of [V15036(CO3)]"",
[V18042(CNI*3, [V18044(N3)]**~, and [V1g042(PO4)*~
which have approximate symmetries of D3n, Dag, D2n,
and Ty, respectively. The shape of the anion clusters
and the size of their central cavity (6—8 A) strongly
depend on the electrostatic interaction with tem-
plates. Most of the clusters consist of VOs square
pyramids, to which additional VOgs octahedra are
connected in [V15O36(CO3)]7_ and [V18042(PO4)]11‘.
The species [V15042(H20)]*?~, which encapsulates a
neutral water molecule, can be isolated as Kjo-
[H2V15042(H20)]-16H,0 from the photolysis of aque-
ous solutions of the [V4012]*"/MeOH/KOH system at
pH 13.5. Figure 16 shows structures of these spheri-
cal anion clusters.

The sodium cation encapsulation species
[V12832084(Na4)]15‘ is isolated as H7[V12832076(OH)8-
(Na)4]-13H,0 from the photolysis of the [V4O012]*"/
MeOH/NazBO; system.?? [V1,B3,076(0OH)s(Nas)]’~
consists of an edge-shared (VO);,0,4 ring array of
VOs square-pyramids, sandwiched between two B16020-
(OH), rings to form a cyclic doughnut-shaped frame-
work. The central cavity of the cyclic anion is
occupied by Na' cations. In H7[V12B3,076(OH)s-
(Nag)]-13H,0, eight Na atoms (with approximate
sizes of 2.62 x 2.62 x 2.98 A) have been refined at
the tetragonal corners with half occupancies due to
disorder. This has resulted in the location of four
Nat cations in an approximately tetrahedral ar-
rangement with Na---Na distances of 3.69 and 3.99
A. Figure 17 shows a representation of the structure
of [V1,B3,076(OH)g(Na)4]’~. Part of the Na* cations
are accessible to exchange with trivalent lanthanide
cations Ln®*. Other cation (Li* or K*)-encapsulated
species have been prepared by a modified procedure.
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Figure 16. Structures of spherical cluster anions produced
by photoinduced self-assembly encapsulation:
[V15035(CO3)]"~ (7), [V18042(CNI*3~ (8), [V1804a(N3)]**~ (9),
and [V13042(PO4)]11_ (10)
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Figure 17. Schematic representation of the structure of
[V12B320s4(Na,)]*5~. Eight Na atoms at the tetragonal
corners are in half-occupancies.

Alkaline-metal-cation-encapsulated clusters also have
been characterized for the polyoxotungstates
[SboW10gs(Na)]*8~,2%° [AS4W400140(K)[3~, 20 [W1g0s6-
(HF3)2(N&)]77,211 and [P5W300110(Na)]14*.145 Another
type of oxovanadium/borate cluster (enH;)s[V12B180s4-
(OH)6]'H20 (en = ethylenediamine), in which the
anion consists of a puckered B;5035(OH)s ring sand-
wiched between two triangles of six edge-shared
vanadium atoms without any feasibility of encapsu-
lation, can be hydrothermally synthesized at 170 °C
in water.2*?

Chemically induced dynamic electron polarization
(CIDEP) spectroscopy of the polyoxometalate/alcohol
systems reveals that the precursor in the photoredox
reaction of the polyoxometalates has O—M LMCT
triplet states which abstract a hydrogen from an
alcohol to yield a singly protonated polyoxometa-
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Figure 18. Time-resolved ESR spectra (at g = 2.001)
taken at the delay times indicated during the photolysis
of the [V4012]*"/MeOH at pH 9 at room temperature.

late and an o-hydroxyalkyl radical.'®® Figure 18
shows the CIDEP spectra at selected time delays
following laser excitation of the [V40i,]*/MeOH
system. The observed spectra at g = 2.001 show 1:2:1
triplet hyperfine structures (with an equal splitting
of Ag.n = 1.76 + 0.03 mT) due to the *CH,OH radical.
The spectra also shows total emissive CIDEP signals
within the first 2 us after the laser pulse. Neither
distortion of the ESR polarization of the *CH,OH
radical nor the effect of an external magnetic field
on the polarization can explain the triplet mecha-
nism. The lifetime of the O—M LMCT triplet states
at room temperature in aqueous solution should be
much shorter than 100 us (which is close to their
lifetime at 100 K in the solid state), as shown in Table
5. The decay rate of the polarization of the *CH,OH
radical by [V4O1,]*" in water is estimated to be
approximately (0.9 us)™!, as shown in Figure 18. A
similar result has been obtained for [M0;0,4]%~ and
[W10032]*". Since the decay of the spin polarization
of *CH,OH is close to the electron spin relaxation time
(0.6 us) of a *CH,OH radical generated by pulse
radiolysis of a N,O-saturated aqueous methanolic
solution at pH 7,222 the electron spin relaxation of
the a-hydroxyalkyl radical must be a main process
which terminates the polarization in the system.
Little contribution from the one-electron-reduced
species [V401,H]*" to the time-resolved spectrum is
observed, which indicates that the spin—lattice re-
laxation of the [V,0:,H]* is faster than that of the
a-hydroxyalkyl radical. As discussed in section V.B.
above, the energy transfer in the polyoxometalate
lattices occurs via O—M LMCT triplet states. There-
fore, the O—M LMCT triplet states participate in
both electron-transfer and energy-transfer processes
in the polyoxometalate lattices.

VII. Conclusions

The photochromic or electrochromic coloration of
polyoxometalate and related metal oxide lattices
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Figure 19. Energy scheme of photoinduced electron- and
energy-transfer processes and electrochromism for the
polyoxometalate lattices.

occurs due to the trapping of d* electrons at appropri-
ate metal sites (usually octahedral MOg sites) which
results from photoexcitation of O—M LMCT bands
or from electrochemical reduction. The trapped d*
electrons cause visible light to be absorbed at d—d
and/or intervalence charge-transfer bands. In photo-
induced coloration, the holes, which are counter
carriers, are trapped at a metastable site in the
lattice. Without this trapping mechanism, the re-
combination of the electron and hole predominates,
as exemplified by alkylammonium polyoxomolybdate
lattices. Both electron transfers and energy transfers
relevant to the relaxation of the O—M LMCT excited
states in the polyoxometalate lattices are described.
The intramolecular, d* electron transfer which occurs
in both alkylammonium polyoxomolybdate and het-
eropoly blue lattices is discussed with regards to their
crystal structures, and the intramolecular transfer
to the O—M LMCT excitation energy is discussed in
light of the photoluminescence spectroscopy results
for the polyoxometalate lattices. The O—M LMCT
triplet states are involved in both electron- and
energy-transfer processes, and their relaxation is
strongly associated with the magnitude of the elec-
tronic configuration disparities between the excited
and ground states. Figure 19 shows the energy
scheme for the photoinduced electron- and energy-
transfer processes in addition to the electrochromism
based on the electrochemical reduction and oxidation
in the polyoxometalate lattice. The photoinduced
self-assembly reaction which forms charged and
neutral species encapsulated polyoxovanadate clus-
ters is also described in terms of the photochemical
construction of supramolecules.

In order to achieve optical memory materials, it is
necessary to find photochromic polyoxometalates in
which the d* electron trapped at the lattice can be
optically, rather than thermally, converted back to
its original state with a high response time (of
microsecond order at least). Unfortunately, few
polyoxometalates exhibit both perfectly reversible
photochromism and electrochromism. However, the
solid-state photochemistry of polyoxometalates con-
stitutes a valuable base for materials science, because
it strongly contributes to the understanding of the
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molecular level photochemistry and photophysics of
nonmolecular metal oxide solids. The borders be-
tween these two fields are slowly fading, and the
general features of polyoxometalate photochemistry,
will be essential to constructing molecular devices as
well as photochemically designing nanocomposites.
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