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Heterosupramolecular assemblies based on modi®ed transparent nanostructured TiO2 (anatase) membranes are

described. Exposure of these heterosupramolecular assemblies to visible light causes them to turn blue.

Furthermore, if a negative potential is applied to the nanostructured TiO2 membrane this blue color persists for

hours. Because only those areas which have been irradiated are blue, and because the lifetime of the blue

colored state depends on the potential applied to the nanostructured TiO2 membrane, applications are foreseen

for these photoelectrochromic materials.

Introduction

By analogy with a supermolecule,1,2 a heterosupermolecule
possesses the following attributes:3±5 ®rst, the intrinsic proper-
ties of the linked condensed phase and molecular components
are not signi®cantly perturbed; and second, the properties of
the heterosupermolecule are not a simple superposition of the
properties of the linked condensed phase and molecular
components, i.e. there exists a well de®ned heterosupramole-
cular function. Also by analogy with an organized assembly of
supermolecules,6±8 an organized assembly of heterosupermo-
lecules offers the prospect of heterosupramolecular function
addressable on the nanometer scale.

With respect to devices based on supramolecular or
heterosupramolecular function addressable on the nanometer
scale, an equally important objective is modulation of the
functional state of the constituent supermolecules or hetero-
supermolecules of an assembly. To fully meet this objective
requires the ability to modulate a chemical or physical property
of at least one of the constituent condensed phase or molecular
components of the supermolecules or heterosupermolecules in
the organized assembly. By comparison with a supramolecular
assembly,9±11 mainly because modulation of the properties of
even nanometer-scale condensed phase components is an
increasingly realizable goal,12,13 effective function modulation
of is a more immediate prospect for a heterosupramolecular
assembly.

In one approach, the heterosupermolecules of an assembly
are organized so that they build their own substrate (Scheme 1),
termed an intrinsic substrate. Modulating a property of the
intrinsic substrate, of necessity, modulates the same or a related
property of the condensed phase component of each of the
heterosupermolecules in the assembly. Since the function of a
heterosupermolecule is determined by the properties of its
constituent components, effective function modulation is
expected and has been observed.14±16 Furthermore, if the
property of the intrinsic substrate can be monitored, then the
modulation state of the heterosupermolecules in the assembly
may be inferred.

An example of this approach is the assembly and organiza-
tion of heterosupermolecules consisting of covalently linked
TiO2 nanocrystal, ruthenium complex and viologen compo-
nents (Scheme 2).16

Effective function modulation, via the intrinsic substrate

formed by the TiO2 nanocrystal components, proved possible.
Speci®cally, the direction of light-induced electron transfer
within the heterosupramolecular assembly was modulated by
potentiostatically determining the quasi-Fermi level of the
intrinsic substrate and, therefore, also the quasi-Fermi level of
the TiO2 nanocrystal component of each heterosupermolecule.
At positive applied potentials, visible light excitation of the
ruthenium complex component results in electron transfer to
the TiO2 nanocrystal component (95%). At negative applied
potentials, however, visible light excitation of the ruthenium
complex component results in electron transfer to both the
TiO2 nanocrystal (48%) and viologen components (52%).

These and related studies,16±20 have led to the development
of heterosupramolecular assemblies based on transparent
nanostructured TiO2 (anatase) membranes modi®ed by che-
misorption of linked ruthenium complex and viologen
components. Exposure of these heterosupramolecular assem-
blies to visible light causes them to turn blue. Furthermore, if a
negative potential is applied to the nanostructured TiO2

membrane this blue color persists for hours. Because it is
only those areas that have been irradiated that become blue,
and because the lifetime of the blue state depends on the
potential applied to the nanostructured TiO2 membrane,
applications are foreseen for these photoelectrochromic
materials.

{On sabbatical from the Centro de Quimica Fina e Biotecnologia,
Departamento de Quimica, Faculdade de Ciencias e Tecnologia,
Universidade Nova de Lisbona, Quinta de Torre, Monte de Caparica,
2825-114 Caparica, Portugal. Scheme 1
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Experimental

Preparation of molecular components

The molecular components used in the present study RP,
RPVC1 and RPVC4 are shown in Scheme 3. The preparation and
characterization of these molecular components have been
described elsewhere.17

All reagents were used as received from Aldrich. All solvents
were Analar grade and also used as received. All ligands and
molecular components were characterized by 1H NMR spectra
recorded on a JEOL JNM-GX270 FT spectrometer. Optical
absorption spectra were measured using a Hewlett-Packard
8452A diode array spectrometer. Optical emission spectra were
measured using a Perkin-Elmer 3000 ¯uorescence spectro-
meter. All elemental analysis was performed by the Chemical
Services Unit at University College Dublin.

Preparation of transparent nanostructured TiO2 membranes

Transparent nanostructured TiO2 (anatase) membranes were
prepared as described in detail elsewhere.20 The thickness of a
membrane was controlled by varying the concentration of the
aqueous TiO2 sol used. A sol containing 27 g dm23 of TiO2

gave rise, after having been ®red in air at 450 ³C for 24 h, to a
transparent nanostructured TiO2 membrane that was 58 mm
thick and which, as may be seen from Fig. 1, was uniformly
thick and free from cracking. Structural characterization of
these membranes was by scanning electron microscopy (SEM),
using a JEOL JSM 35C SEM, for samples mounted directly
onto a conducting stub using quick drying silver paint (Agar
Scienti®c Ltd.). Silver is known to form an ohmic contact to
TiO2.21

Scheme 3

Scheme 2
Fig. 1 Scanning electron micrograph of a 58 mm thick nanostructured
TiO2 membrane ®red for 24 h.
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Modi®cation of transparent nanostructured TiO2 membranes

A transparent nanostructured TiO2 membrane was immersed
in a saturated ethanolic solution containing RPVC1

(261025 mol dm23, pH 2.0) or RPVC4 (261025 mol dm23,
pH 2.0) for 24 h. These membranes were subsequently washed
thoroughly with ethanol and stored in a darkened vacuum
desiccator prior to use. The resulting heterosupramolecular
assemblies, denoted TiO2±RPVC1 and TiO2±RPVC4 respec-
tively, are shown in Scheme 4. The use of phosphonic acid
groups to link the ruthenium complex component to the
surface of the constituent nanocrystals of the nanostructured
TiO2 membrane prevents their desorption at any applied
potential for which results are reported.17

Potential dependent optical absorption spectroscopy of modi®ed
transparent nanostructured TiO2 membranes

A modi®ed nanostructured TiO2 membrane was mounted on a
platinum support using quick drying silver paint (Agar
Scienti®c Ltd.). As has been noted, silver forms an ohmic
contact to TiO2.21 A circular aperture (5 mm diameter) in the
platinum support permitted the spectrometer beam to pass.
This assembly formed the working electrode of a closed three-
electrode single compartment cell constructed from a
1 cm61 cm quartz ¯uorimeter cuvette. The counter electrode
was a ¯at platinum plate. The reference potential was provided
by a Ag/AgCl(sat) mini-electrode. The electrolyte was LiClO4

(0.2 mol dm23) in a MeCN±EtOH mixture (3 : 1, v/v). In all
experiments, triethanolamine (TEOA) was added as a sacri®-
cial donor (0.05 mol dm23). The electrolyte solution was
degassed by bubbling with Ar for 20 min prior to measurement.
Potential control was provided by a Solartron SI 1287

Electrochemical Interface. The cell described above was
incorporated into the sample compartment of a Hewlett-
Packard 8452A Diode Array Spectrophotometer.

Visible-light irradiation of modi®ed transparent nanostructured
TiO2 membranes

The working electrode of the electrochemical cell, incorporated
into the sample compartment of a Hewlett-Packard 8452A
Diode Array Spectrophotometer, was irradiated for 3 s using
the blue±green (488/514 nm) output of a Coherent Ar-ion laser
(Innova 70-5) at 1000 mW cm22 (corrected for re¯ection).

Results

Transparent nanostructured TiO2 membranes

As stated, an aqueous sol of concentration 27 g dm23 of TiO2

gave rise to a transparent nanostructured TiO2 membrane that
was 58 mm thick. As may be seen from Fig. 1, this membrane
was uniformly thick and free from cracking.

Following modi®cation by chemisorption of RP

(261025 mol dm23 ethanolic solution, pH 2.0, 24 h), it was
possible to estimate the surface roughness as 5000 for this
membrane.22

Modi®cation of transparent nanostructured TiO2 membranes

Fig. 2 shows the optical absorption spectrum of a transparent
nanostructured TiO2 membrane prior to and following its
modi®cation by chemisorption of RPVC4. Modi®cation by
chemisorption of RPVC1 gives quantitatively similar results.

The following bands are observed between 350 and
800 nm:23 a weak band at ca. 360 nm assigned to a metal
centered (MC) d±d transition; a strong broad band at 460 nm
assigned to a spin-allowed metal to ligand charge transfer
(1MLCT) d±p* transition and a long wavelength tail extending
to about 600 nm assigned to a spin-forbidden (3MLCT) d±p*
transition. No bands that may be assigned to the V component
are observed.

The band which dominates the visible absorption spectrum is
the spin-allowed MLCT transition of the RP component at
460 nm. The largely triplet excited state,23 in which an electron
is localized on one of the bipyridine ligands,24 is formed by
intersystem crossing in v300 fs.25 It should be noted that the
above electron, although initially localized on one of the three
bipyridine ligands, hops between these ligands on the ps time-
scale.26 If the RP component is not linked to a TiO2 nanocrystal
or a V component, this 3MLCT state undergoes radiative decay
with a lifetime of the order of a few 100 ns, depending on the
conditions, and gives rise to an emission spectrum with a
maximum at 660 nm.24 If, however, the RP component is linked

Scheme 4

Fig. 2 Optical absorption spectra in air of a 58 mm thick nanostruc-
tured TiO2 membrane ®red for 24 h prior to and following adsorption
of RPVC4 from a saturated ethanolic solution (261025 mol dm23,
pH 2.0) during 24 h.
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to a TiO2 nanocrystal and a V component, as is the case in
TiO2±RPVC1 and TiO2±RPVC4, the electron is transferred to
the TiO2 nanocrystal when localized on the bipyridine ligand
linked to the nanocrystal,27 and to the V component when
localized on the bipyridine linked to the viologen. In neither
case is emission observed.24,28,29

For a ruthenium complex chemisorbed at the surface of a
nanostructured TiO2 ®lm and similar to that in TiO2±RPVC1

and TiO2±RPVC4, electron transfer to a nanocrystal by the
complex in the 1MLCT state is on the fs time-scale.30 The
reported values, generally upper limits, lie in the range of 25 to
150 fs.

For a supermolecule closely related to RPVC1, a rate constant
of 1.3861011 s21 for electron transfer from the electronically
excited RP component to the V component, corresponding to a
lifetime of 7 ps, and a rate constant of 8.3861010 s21 for back
electron transfer from the reduced V component to the oxidized
RP component, corresponding to a lifetime of 12 ps, have been
measured by Mallouk and coworkers.28

For a supermolecule closely related to RPVC4, a rate constant
of 6.556108 s21 for electron transfer from the electronically
excited RP component to the V component, corresponding to a
lifetime of 1500 ps, and a rate constant of 3.246109 s21 for
back electron transfer from the reduced V component to the
oxidized RP component, corresponding to a lifetime of 300 ps,
have also been measured by Mallouk and coworkers.28 A
similar rate constant of 6.26108 s21 for electron transfer from
the electronically excited RP component to the V component
has been measured by Balzani and coworkers.31

Potential dependent optical absorption spectroscopy of modi®ed
transparent nanostructured TiO2 membranes

Fig. 3 shows the potential dependent optical absorption at
606 nm of a transparent nanostructured TiO2 membrane prior
to and following modi®cation by chemisorption of RPVC4.
Also shown as inserts are the optical absorption spectra of this
membrane measured at the indicated applied potentials.

For the unmodi®ed transparent nanostructured TiO2

membrane, the absorbance measured at 606 nm increases at
applied potentials more negative than ca. 20.70 V. This
absorbance increase is assigned, based on the spectrum
measured at 20.90 V, principally to electrons trapped in
surface TiIV states.32 Signi®cantly, on reversing the potential
sweep there is only a small decrease in the absorbance
measured at 606 nm on the time-scale of the reported
experiment.

In the case of TiO2±RPVC4 the absorbance measured at
606 nm increases at applied potentials more negative than ca.
20.65 V. This increase in absorbance is assigned, based on the
spectrum measured at 20.90 V, principally to the radical cation
of V component.33 The absorbance measured at 606 nm
decreases at applied potentials more negative than ca. 20.77
owing to conversion of the radical cation of the V component
to the corresponding neutral diradical.33 On reversing the
potential sweep, there is an initial increase in absorbance at
606 nm as the neutral diradical of the V component is
reoxidized to the singly reduced form. At still more positive
potentials, however, there is only a small decrease in the
absorbance measured at 606 nm on the time-scale of the
reported experiment. Qualitatively and quantitatively similar
®ndings were obtained for TiO2±RPVC1.

Using the known absorption coef®cient of the RP component
in TiO2±RPVC1 and TiO2±RPVC4,17 it is possible to calculate
the concentration of V components adsorbed at the surface of a
nanostructured TiO2 membrane.34 Having done this, it is also
possible to calculate the fraction of V components that are
reduced at a given applied potential in TiO2±RPVC1 or TiO2±
RPVC4. These ®ndings are summarized in Table 1.

Irradiation dependent optical absorption spectroscopy of
modi®ed transparent nanostructured TiO2 membranes

Fig. 4 shows the optical absorption spectra of a nanostructured
TiO2 membrane modi®ed by chemisorbed RPVC4 prior to and
following irradiation at the indicated applied potentials with
the blue±green output of an argon-ion laser.

It may be concluded from the spectra measured prior to
irradiation at 0.00 and 20.60 V that there are no electrons
trapped in surface TiIV states or reduced V components in
TiO2±RPVC4. Following irradiation, however, there is a small
but reproducibly measurable increase in the concentration of
both. It may also be concluded from the spectrum measured at
20.65 V, again prior to irradiation, that there are electrons
trapped in surface TiIV states and that a fraction of the V
components in TiO2±RPVC4 are reduced. Following irradia-
tion, there is a large increase in the fraction of the V
components in TiO2±RPVC4 that are reduced (Table 1).
Finally, it is clear from the spectrum measured at 20.70 V
that all the V components in TiO2±RPVC4 that have the
required geometry with respect to the constituent nanocrystals
of the nanostructured membrane have been reduced. As a
result, irradiation does not result in a further increase in the
concentration of reduced V components (Table 1).

As may be seen from Fig. 5 and Table 2, it is not only the
fraction of V components in TiO2±RPVC4 that are reduced
following irradiation that depends on the applied potential, but
also the lifetime of the radical cations formed. Speci®cally, the
rate of decay of the reduced V at an applied potential of 0.00 V

Fig. 3 Potential dependent optical absorption at 606 nm of a 58 mm
thick nanostructured TiO2 membrane ®red for 24 h (a) prior to and (b)
following adsorption of RPVC4 from a saturated ethanolic solution
(261025 mol dm23, pH 2.0) during 24 h. The inserted optical absorp-
tion spectra were measured simultaneously at the indicated applied
potentials.
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depends on the applied potentials at which the reduced V
component was generated.

As may be seen from the normalized data in Fig. 5, the
radical cations generated at 20.70 and 20.65 V persist on the
time scale of hours, while those generated at 20.60 and
20.00 V persist on the time scale of minutes.

Similar ®ndings to those reported above were obtained for
TiO2±RPVC1. These ®ndings are also summarized in Tables 1
and 2.

Irradiation dependent optical absorption spectroscopy of
molecular components in solution

The optical absorption spectra of RPVC1 and RPVC4 have been
measured prior to and following irradiation of a solution
(1.761024 mol dm23) of these complexes in MeCN±EtOH
(3 : 1, v/v) containing added LiClO4 (0.2 mol dm23) and TEOA
(0.05 mol dm23) with the blue±green output of an argon-ion
laser (1000 mW cm22). Despite the fact that the absorbance at
460 nm of these solutions (2.5) matched those of TiO2±RPVC1

and TiO2±RPVC4 (Fig. 2), no measurable change in the optical
absorption spectrum of either was observed. This ®nding,
however, was not unexpected since the rate constants for back
electron transfer from the reduced V component to the oxidized
RP component in RPVC1 and RPVC4 are 8.3861010 s21 and
3.246109 s21 respectively,28,31 while the estimated diffusion
limited effective ®rst-order rate constant for electron transfer by
the sacri®cial donor TEOA to the oxidized RP component is ca.
56107 s21.35 In short, electron transfer by the reduced V

component to the oxidized RP component in either RPVC1 or
RPVC4 is more than two orders of magnitude faster than
electron transfer by the sacri®cial donor TEOA to the oxidized
RP component. As a result, the quantum ef®ciency for reduction
of the V component in either RPVC1 or RPVC4 is v1022 and no
signi®cant change in the absorption spectrum is measured.

Discussion

In order to account for the above observations the ®ndings of
studies in which the potential dependent optical absorption
spectroscopy of transparent nanostructured TiO2 ®lms sup-
ported on conducting glass have been measured in a range of
protic and aprotic solvents are considered.17,32,36 These studies
have established that, under the conditions for which these
®nding are reported, the potential of the conduction band edge
(Vcb) at the semiconductor±liquid electrolyte interface (SLI) is
21.20 V. Consistent with the measured onset for bandgap
absorption at 380 nm in Fig. 2, the potential of the valence
band edge (Vvb) at the SLI is z2.06 V. Furthermore, it is
known that there are two populations of intraband states in
nanostructured TiO2 ®lms.21 The ®rst of these lies about 0.5 eV
below the conduction band edge at 20.70 V and is assigned to
surface TiIV states. The second of these lies about 1.63 eV
below the conduction band edge and is assigned to surface
peroxy species. From the above, and from the known half-wave
potentials of the RP and V components,37 the energy level
diagram in Scheme 5 may be constructed.

Table 1 Percentage of V component in TiO2±RPVC4 and TiO2±RPVC1 reduced at the indicated applied potential prior to and following irradiation
for 3 s using the blue±green output of an Ar-ion laser (1000 W cm22)

Applied potential/V

0.00 20.60 20.65 20.70 20.80

TiO2±RPVC4 (58 mm)
Before irradiation 0 0 4 37 37
After irradiation (%) 4 5 31 37 37
TiO2±RPVC1 (58 mm)
Before irradiation 0 0 0 40 40
After irradiation 13 13 19 40 40

Fig. 4 Potential dependent optical absorption spectra of a 58 mm thick nanostructured TiO2 membrane ®red for 24 h and modi®ed by adsorption
of RPVC4 from a saturated ethanolic solution (261025 mol dm23, pH 2.0) during 24 h. The plotted spectra were recorded at the indicated applied
potentials prior to and following irradiation for 3 s using the blue±green output of an Ar-ion laser (1000 mW cm22).
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It has been established that the increase in absorbance at
applied potentials more negative than 20.65 V is due to
formation of the radical cation of the V component in either
TiO2±RPVC1 or TiO2±RPVC4 (Fig. 3). It has also been
established that there is a population of surface TiIV states at
20.70 V and that the half-wave potential for the ®rst reduction
of the V component is 20.41 V (Scheme 5). On this basis it is
concluded that reduction of the V component is mediated by
surface TiIV states.38

As was noted, only 37 and 40% of the V components in
TiO2±RPVC4 and TiO2±RPVC1 respectively are reduced
(Table 1). This suggests that only a fraction of these V
components have the required orientation with respect to the
constituent nanocrystals of the membrane substrate to be
reduced. The fact that a larger fraction of the V components in
TiO2±RPVC4 are reduced, compared to TiO2±RPVC1, further
supports this assertion.16,17,20

It has been established that the decrease in absorbance at
600 nm between 20.77 and 20.90 V is due to formation of
neutral dication of the V component in TiO2±RPVC1 and TiO2±
RPVC4 (Fig. 3). It has also been established that there is a
population of surface TiIV states at 20.70 V and that the half-
wave potential for the second reduction of the V component is
20.81 V (Scheme 5). On this basis it is concluded that second
reduction of the V component is also mediated by surface TiIV

states.38

On reversing the applied potential, the surface TiIV states are
emptied and this results in the neutral diradical of the V
component in TiO2±RPVC1 and TiO2±RPVC4 being reoxidized
to the highly colored radical cation (Fig. 3). Clearly, the
concentration of surface TiIV states at potentials more positive
than 20.41 V, the half-wave potential for the ®rst reduction of
the V component, is negligible (Scheme 5). As a consequence,
reoxidation of the radical cation to the dication is a slow
process and the absorbance assigned to this species persists for
some hours even at 0.00 V (Fig. 3).

Blue±green irradiation of TiO2±RPVC1 or TiO2±RPVC4

results in the formation of radical cations of the V component
that are long-lived (Fig. 4 and 5). The following, however, is
noted: ®rst, that the fraction of the V components which are
reduced and the extent to which they are long-lived is dependent
on the potential applied to the transparent nanostructured TiO2

membrane; and second, that irradiation of either RPVC1 or
RPVC4 under similar conditions in solution does not result in the
formation of radical cations of the V component that are long-
lived. On this basis it is concluded that formation of radical
cations of the V component that are long-lived is as a result of
electron transfer mediated by the surface TiIV states of the
transparent nanostructured TiO2 membrane, and is not as a
result of electron transfer from the electronically excited R
component to the V component. Those radical cations which are

formed by electron transfer from the electronically excited R
complex to the V component are short lived as regeneration of
the oxidized R component by TEOA does not compete with
back electron transfer from the reduced V component.

The following mechanism is proposed to account for long-
lived light-induced charge separation: Absorption of a visible
photon by the RP component in either TiO2±RPVC1 or TiO2±
RPVC4 results in electron transfer to a conduction band state of
the TiO2 nanocrystal component with 95% ef®ciency. The
injected electrons are subsequently trapped at surface TiIV

states and the rate of back electron transfer slowed.27,30 As a
consequence, the oxidized RP component is principally
regenerated by electron transfer from the sacri®cial donor
TEOA.24,27 Continuous irradiation leads to an increase in the
concentration of electrons trapped at surface TiIV states and a
corresponding increase in the magnitude of the shift of the
quasi-Fermi level of the TiO2 nanocrystal component to
negative potentials. Eventually, the quasi-Fermi level of the
TiO2 nanocrystal component is shifted to suf®ciently negative
potentials to reduce the V component in either TiO2±RPVC1 or
TiO2±RPVC4. It should be noted that since the radical cation of
the V component is formed only where TiO2±RPVC1 or TiO2±
RPVC4 are irradiated, the shift of the quasi-Fermi level to more
negative potentials is apparently localized. This mechanism is
summarized in Scheme 6.

Consistent with the proposed mechanism is the observation
that irradiation of either TiO2±RPVC1 or TiO2±RPVC4 at
applied potentials positive of the potential of the surface TiIV

states (0.00 V), results in a small shift in the quasi-Fermi level to
more negative potentials and in a small increase in the fraction
of V components that are reduced (Fig. 4, Table 1). At more
negative applied potentials (20.65 V), these surface TiIV states
are ®lled and irradiation results in a large shift in the quasi-
Fermi level to more negative potentials and in a large fraction

Fig. 5 Decay at 0.00 V of normalized absorbance at 606 nm assigned to
reduced V component in TiO2±RPVC4 following irradiation at the
indicated applied potential for 3 s using the blue±green output of an Ar-
ion laser (1000 mW cm22).

Table 2 First order rate constant for reoxidation of the reduced V
component in TiO2±RPVC4 and TiO2±RPVC1 at 0.00 V following
irradiation for 3 s using the blue±green output of an Ar-ion laser
(1000 mW cm22) at the indicated applied potential

Applied potential/V

0.00 20.60 20.65 20.70 20.80

TiO2±RPVC4 (58 mm)
104 k/s21 4.7 49 1.3 0.5 Ð
TiO2±RPVC1 (58 mm)
104 k/s21 4.5 Ð 2.8 4.1 Ð

Scheme 5
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of the V components in both TiO2±RPVC1 and TiO2±RPVC4

being reduced. At still more negative applied potentials
(20.70 V) all V components with the requisite geometry in
either TiO2±RPVC1 or TiO2±RPVC4 have been reduced and
optically pumping the quasi-Fermi potential to more negative
potentials does not result in an increase in the fraction of V
components that are reduced. It should be noted that in the
potential sweep data reported in Fig. 3, all the V components
are reduced at applied potentials more negative than 20.77 V,
this difference is accounted for by the fact that trap mediated
electron transfer is slow.

Also consistent with the proposed mechanism is the
observation that for both TiO2±RPVC1 and TiO2±RPVC4 the
rate of reoxidation of the V component is slowest for radical
cations generated at negative applied potentials as a conse-
quence of the surface TiIV states being ®lled (Fig. 5,
Table 2).5,29 As has been noted the rate of reoxidation of the
V component in TiO2±RPVC1 is slower than the rate of
reoxidation of the V component in TiO2±RPVC4 at a given
applied potential. It is tentatively suggested that this is
accounted for by the reduced mobility of the V component

in TiO2±RPVC1 compared with that of the same component in
TiO2±RPVC4.

Finally, the differences between the ®ndings reported here
for TiO2±RPVC4 and TiO2±RPVC1 and those reported for the
closely related heterosupramolecular assemblies described in
ref. 17 are accounted for as follows: the heterosupramolecular
assemblies in ref. 17 are based on nanostructured TiO2 ®lms
supported on conducting glass and modi®ed by chemisorbed
RPVC4 and TiO2±RPVC1. Furthermore, these heterosupramo-
lecular assemblies are immersed in aqueous electrolytes at
pH 2.0. As a consequence of the above, the density of trap
states is signi®cantly lower (characterizing of supported ®lms
due to better thermal contact during ®ring20) and Vcb is at
signi®cantly more positive potential and is important in
mediating electron transfer to and from the V component.

Conclusions

Heterosupermolecules have been assembled by covalently
linking a TiO2 nanocrystal, a ruthenium complex and a

Scheme 6
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viologen. The covalent organization of these heterosupermo-
lecules yields the heterosupramolecular assemblies TiO2±
RPVC4 and TiO2±RPVC4. Their associated heterosupramole-
cular function, long-lived light-induced charge separation
leading to formation of the reduced form of V component,
may be modulated potentiostatically.

In practice, exposure of these heterosupramolecular assem-
blies to visible light causes them to turn blue. Furthermore, if a
negative potential is applied to the nanostructured TiO2

membrane this blue color persists for hours. Because it is
only those areas that have been irradiated that are blue, and
because the lifetime of the blue coloration depends on the
potential applied to the nanostructured TiO2 membrane,
applications are foreseen for these photoelectrochromic
materials.39
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