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TiO2 nanoparticles modified with composite nanoclusters of 9-mesityl-10-

carboxymethylacridinium ion (Mes–Acr+–COOH) and fullerene (C60) in acetonitrile–toluene

(3 : 1, v/v) were deposited as thin films on nanostructured SnO2 electrode using an electrophoretic

technique. The composite TiO2 films have broad as well as high absorbance properties, exhibiting

a photoactive response under visible light excitation using I3
2/I2 redox couple, in contrast with

the reference multilayer films composed of the single component. This indicates that the

composite cluster TiO2 film based on 9-mesityl-10-carboxymethylacridinium ion and fullerene

harvests light widely in the visible region due to organization of the supramolecular assembly. In

the case of a monolayer system of TiO2 nanocrystallites modified with Mes–Acr+–COOH,

however, no net photocurrent is observed in the photocurrent action spectrum. This indicates that

TiO2 nanoparticles act as materials to organize composite molecules rather than as those to accept

electrons. An incident photon-to-photocurrent generation efficiency (IPCE) of 37% has been

achieved at an applied bias potential of 0.2 V vs. SCE in the Mes–Acr+–COOH/C60 composite

system using TiO2 nanoparticles.

Introduction

Self-assembly is the autonomous organization of components

into patterns or structures, and its processes are common

throughout nature and technology.1 Molecular assembly

involves a variety of interactions, presenting unique character-

istics which have hardly appeared in a single molecule.1–3

Hydrogen bonding, van der Waals interaction, and hydro-

phobic effects are the major driving force to achieve such

ordered molecular assemblies.4,5 Of particular interest is the

ability of such assemblies in a protein matrix to mimic the

energy and electron-transfer processes in the photosynthetic

reaction center.6,7

In the past two decades, extensive endeavors have been

devoted to develop molecular donor–acceptor systems (triads,

tetrad, pentads, etc.), which can mimic a cascade of electron-

transfer steps in the natural photosynthetic reaction center,

leading to long-range charge separation with prolonged

lifetime of the charge-separated state into second-order

range.8–12 However, synthetic difficulties have precluded

application of such artificial photosynthetic model compounds

to the development of low-cost photovoltaic devices.13–15 In

addition, a significant amount of energy is lost during the

multi-step electron-transfer processes in both natural and

artificial long-range charge separation. Avoidance of such

wasted energy and high-cost multi-step synthesis is certainly

required for development of low-cost efficient molecular

devices. In this context, we have recently designed and

synthesized a simple dyad (9-mesityl-10-methylacridinium

ion) which exhibits extremely slow charge-recombination of

the electron-transfer state with a remarkably high energy

(2.37 eV).16 Such a simple molecular dyad capable of fast

charge separation, but extremely slow charge recombination,

has obvious advantages with regard to synthetic feasibility.

On the other hand, the requirement to develop inexpensive

renewable energy sources has stimulated new approaches for

production of efficient, low-cost organic photovoltaic

devices.17–22 In recent years particular attention has been

drawn towards the development of bulk heterojunction

organic solar cells, which possess an active layer of a

conjugated donor polymer and an acceptor fullerene.21,22

Fullerene is suitable as an electron acceptor component in such

organic solar cells, since electron-transfer reduction of C60 is

highly efficient because of the minimal changes of structure

and solvation associated with the electron-transfer reduc-

tion.11,12 In addition, we have recently reported light energy

conversion systems based on composite molecular clusters of

electron donor moieties and acceptor fullerenes by electro-

phoretic deposition methods.23 These reports clearly demon-

strate that three dimensional control between donor and

acceptor moieties in multilayer films has a great effect on light

energy conversion properties. The electrophoretic deposition

methods of dye-adsorbed TiO2 nanoparticles on electrodes has

also been reported to be useful for the preparation of organic

thin films to obtain good electron acceptor materials.24

{ Electronic supplementary information (ESI) available: detailed
information of synthesis and characterization of Acr+–COOH, CT
(charge-transfer) absorption spectrum of Mes–Acr+–COOH with C60,
photocurrent action spectra (IPCE vs. wavelength) of the OTE/TiO2/
Mes–Acr+–COO–TiO2 electrode and the OTE/TiO2/Acr+–COO–TiO2

electrode. See http://www.rsc.org/suppdata/jm/b4/b413336f/
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However, the utilization of TiO2 nanoparticles for three

dimensional control in organization of donor–acceptor com-

posite molecules has yet to be reported.

We report herein a new type of organic solar cell based

on TiO2 nanoparticles modified with supramolecular self-

assembly clusters of 9-mesityl-10-carboxymethylacridinium

ion (Fig. 1) and fullerene, which are deposited as thin films

on an optically transparent electrode (OTE) of nanostructured

SnO2 (OTE/SnO2) using an electrophoretic method. 9-Mesityl-

10-methylacridinium ion (Mes–Acr+), which exhibits slow

charge-recombination of the electron-transfer state with

remarkably high energy,16 is modified with a carboxylic acid

group (Mes–Acr+–COOH in Fig. 1) and assembled on TiO2

nanoparticles (denoted as Mes–Acr+–COO–TiO2 in Fig. 1).

The photoelectrochemical performance of nanostructured

SnO2 films of TiO2 nanoparticles modified with composite

clusters of Mes–Acr+–COOH and fullerene [denoted as OTE/

SnO2/(Mes–Acr+–COO–TiO2 + C60)n] is significantly superior

to the single component films of an individual component. The

morphology and the photocurrent generation mechanism of

OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n are reported in full

detail in this paper.

Experimental

General

The chemicals used in this study were of the best grade

available, supplied by Tokyo Chemical Industries, Wako Pure

Chemical, or Sigma Aldrich Co. 1H NMR spectra were

recorded on a JNM-AL300 (JEOL) instrument at 300 MHz.

Matrix-assisted laser desorption/ionization (MALDI) time-of-

flight (TOF) mass spectra were measured on a Kratos

Compact MALDI I (Shimadzu). TiO2 nanoparticles (P25,

d 5 21 nm) were purchased from Nippon Aerogel Co.

Preparation of 9-mesityl-10-carboxymethylacridinium ion

(Mes–Acr+–COOH) has been described elsewhere,23d and the

synthetic procedure for the reference compound (Acr+–COOH

in Fig. 1) is described in the electronic supplementary

information (ESI).{

Preparation of TiO2 nanoparticles modified with the dye

moieties (Mes–Acr+–COO–TiO2 and Acr+–COO–TiO2)

Mes–Acr+–COO–TiO2 and Acr+–COO–TiO2 were prepared

by immersing warmed TiO2 nanoparticles (80–100 uC) in a

acetonitrile mixture (10 mL) containing 3.0 6 1024 mol dm23

of Mes–Acr+–COOH and Acr+–COOH for 12 h, respectively.

After adsorbing Mes–Acr+–COOH and Acr+–COOH, the

TiO2 nanoparticles were filtered, and subsequent washing

with acetonitrile and drying gave Mes–Acr+–COO–TiO2

and Acr+–COO–TiO2. The dye molecule was completely

desorbed from the TiO2 particles into solution by immersing

the TiO2 nanoparticles modified with the dye moieties in

methanol overnight. The amounts of Mes–Acr+–COOH

and Acr+–COOH adsorbed on TiO2 nanoparticles relative to

the total weight were determined as 1.5 6 1025 and 1.5 6
1025 mol g21, respectively.

Electrophoretic deposition of composite clusters on the electrode

C60 is soluble in nonpolar solvents such as toluene. In mixed

solvents (acetonitrile–toluene), however, it aggregates to form

large clusters of diameter 100–300 nm.25 The C60 cluster and

TiO2 nanoparticles were electrophoretically deposited onto

SnO2 films under applied voltage as reported previously.23–25

Nanostructured SnO2 films were cast on an optically

transparent electrode (OTE) by applying a dilute (1–2%)

colloidal solution (Alfa Chemicals), followed by annealing the

dried film at 673 K. Details about the electrode preparation

and its properties have been described elsewhere.26 These films

are highly porous and electrochemically active for the

conduction of charges across the film. The SnO2 film electrode

(OTE/SnO2) and an OTE plate were introduced in a 1 cm path

length cuvette and they were connected to positive and

negative terminals of the power supply, respectively. A known

amount (y2 mL) of C60, Mes–Acr+–COO–TiO2, or the mixed

cluster suspension in acetonitrile–toluene (3 : 1, v/v) was

transferred immediately after the ultrasonication to a 1 cm

cuvette in which two electrodes (viz., OTE/SnO2 and OTE)

were kept at a distance of y6 mm using a Teflon spacer. A

dc voltage (500 V) was applied for 2 min between these two

electrodes using a Fluke 415 power supply. The deposition of

the film could be visibly seen as the solution became colorless,

with simultaneous brown coloration of the SnO2/OTE

electrode. The SnO2/OTE electrode coated with mixed

Mes–Acr+–COO–TiO2 and C60 clusters is referred to as

OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n.

SnO2 nanocrystallite films were modified with Mes–Acr+–

COOH (denoted as OTE/SnO2/Mes–Acr+–COOH) as follows.

Fig. 1 TiO2 nanoparticles modified with 9-mesityl-10-carboxymethy-

lacridinium ion and 10-carboxymethylacridinium ion, and the refer-

ence compounds employed in this study.
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The synthesized dyad (Mes–Acr+–COOH) was adsorbed by

immersing OTE/SnO2 electrode in a 2 6 1023 mol dm23

ethanol solution overnight to prepare a OTE/SnO2/Mes–Acr+–

COOH electrode. In order to remove the adsorbed water from

the SnO2 surface, the films were heated to 80 uC before the

immersion. TiO2 nanocrystallite films modified with Mes–

Acr+–COOH (denoted as OTE/TiO2/Mes–Acr+–COOH) are

described in the ESI.{
The UV-visible spectra were recorded on a Shimadzu 3101

spectrophotometer. Images were recorded using a Hitachi

H600 transmission electron microscope. The morphology of

the mesoporous electrodes was characterized by a scanning

electron micrograph (SEM; JEOL, JSM-6700FE). The SEM

was operated with an accelerating voltage of 10 kV.

Photoelectrochemical measurements

Photoelectrochemical measurements were performed using a

standard three-compartment cell consisting of a working

electrode and Pt wire gauze counter electrode and saturated

calomel reference electrode (SCE). All photoelectrochemical

measurements were carried out in acetonitrile containing

0.5 mol dm23 NaI and 0.01 mol dm23 I2 with a Keithley

model 617 programmable electrometer. A collimated light

beam from a 150 W Xenon lamp with a 400 nm cut-off filter

was used for excitation of the composite cluster films cast on

SnO2 electrodes. A Bausch and Lomb high intensity grating

monochromator was introduced into the path of the excitation

beam for selecting wavelength. A Princeton Applied Research

(PAR) model 173 potentiostat and Model 175 universal

programmer were used for recording I–V characteristics.

Transient absorption measurements

Nanosecond laser flash photolysis experiments were performed

using a Spectra Physics model PR0230 laser system (355 nm,

10 ns pulse width, 40 mJ per pulse). The laser output was

suitably attenuated to about 20 mJ per pulse and defocused to

minimize the multiphoton process. The measurements were

performed in a rectangular quartz cell of 6 mm path length

with a right angle configuration between the direction of laser

excitation and analyzing light. The photomultiplier output was

digitized with a LeCroy LC-574A programmable digitizer. A

typical experiment consisted of a series of 5 replicate shots/

single measurements.

Results and discussion

Preparation of the composite cluster film composed of Mes–

Acr+–COO–TiO2 and C60 by electrophoretic deposition

TiO2 nanoparticles were electrophoretically deposited onto the

electrode in suspended solution.24 In contrast, C60 is soluble in

nonpolar solvents such as toluene, but less so in polar solvents

such as acetonitrile.25 By the proper choice of a mixture of

polar and nonpolar solvents, we can achieve control in the

form of aggregation of C60 nanoclusters. Unless otherwise

noted, we maintained a final solvent ratio of 3 : 1 (v/v)

acetonitrile–toluene to prepare C60 nanoclusters. Detail

information of the C60 nanoclusters is described elsewhere.25

A mixed cluster suspension of Mes–Acr+–COO–TiO2 and C60

was prepared in the total concentration range from 0.025 to

0.13 mmol dm23 (molecular ratio of Mes–Acr+ to C60 5 1 : 5)

in acetonitrile–toluene (3 : 1, v/v).

As shown earlier,23 clusters suspended in acetonitrile–

toluene mixed solvent can be assembled electrophoretically

as thin films on a conducting glass electrode surface. A similar

electrodeposition approach was adopted to prepare films of

(Mes–Acr+–COO–TiO2 + C60)n on nanostructured SnO2 films

cast on an optically conducting glass electrode. Upon

application of the DC electric field of 500 V between OTE/

SnO2 and OTE electrodes which were immersed parallel in a

mixed acetonitrile–toluene (3 : 1, v/v) solution containing

(Mes–Acr+–COO–TiO2 + C60)n clusters, we achieved deposi-

tion of mixed clusters on a nanostructured SnO2 electrode. As

the deposition continued, we could visually observe discolora-

tion of the solution and coloration of the electrode that was

connected to the positive terminal of the dc power supply.

Fig. 2a shows that the absorption spectrum of the OTE/

SnO2/(Mes–Acr+–COO–TiO2 + C60)n electrode prepared using

different precursor concentrations of Mes–Acr+–COO–TiO2

and C60 in an acetonitrile–toluene (3 : 1, v/v) mixture. Note

that the mixed clusters were first prepared using different

amounts of Mes–Acr+–COO–TiO2 and C60 to maintain their

molar ratio as 1 : 5. An increase in the absorbance of the OTE/

SnO2/(Mes–Acr+–COO–TiO2 + C60)n electrode in the visible

and near-infrared regions is clearly observed, in contrast with

those of individual component: OTE/SnO2/(Mes–Acr+–COO–

TiO2)n (Fig. 2b) and OTE/SnO2/(C60)n (Fig. 2c), which were

prepared under the same experimental conditions. In addition,

the spectrum of the OTE/SnO2/(Mes–Acr+–COO–TiO2)n film

has much broader as well as higher absorption than that of the

monolayer film, OTE/SnO2/Mes–Acr+–COOH (Fig. 2d). This

indicates that the multilayer film of Mes–Acr+–COO–TiO2

using an electrophoretic deposition method exhibits a high

absorption property in all the visible regions. This broad

absorption of OTE/SnO2/(Mes–Acr+–COO–TiO2)n may be

Fig. 2 Absorption spectra of (a) OTE/SnO2/(Mes–Acr+–COO–TiO2 +
C60)n, (b) OTE/SnO2/(Mes–Acr+–COO–TiO2)n, (c) OTE/SnO2/(C60)n,

(d) OTE/SnO2/Mes–Acr+–COOH, (e) Mes–Acr+–COOH in acetonitrile

(4.0 6 1025 M ), and (f) C60 in toluene (1.5 6 1025 M).
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ascribed to a strong interaction in the molecular assembly.27

Furthermore, broader wavelength absorption in the OTE/

SnO2/(Mes–Acr+–COO–TiO2 + C60)n film relative to those

in the OTE/SnO2/(Mes–Acr+–COO–TiO2)n and OTE/SnO2/

(C60)n films may be diagnostic of a charge-transfer (CT)

absorption band between the Mes–Acr+ moiety and fullerene

since a similar broad absorption, which is characteristic of an

intermolecular CT band,28 is also observed in solution (see the

ESI{).

Morphology of OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

Scanning electron microscopy (SEM) was used to evaluate the

morphology of the OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

film and the reference film (OTE/SnO2/(C60)n), as shown in

Fig. 3. The OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n film is

composed of closely packed clusters about 20–100 nm in size

with a networked structure. This structure may result from a

supramolecular interaction between Mes–Acr+–COO–TiO2

and C60 in the TiO2 nanoparticle matrix. On the other hand,

the OTE/SnO2/(C60)n films contain large (100–300 nm)

nanoclusters, in contrast to those in the OTE/SnO2/(Mes–

Acr+–COO–TiO2 + C60)n film. This cluster size is in good

agreement with our previous AFM images.25a Based on these

SEM images, we can conclude that TiO2 nanoparticles play an

important role in cluster formation on the films.

Light energy conversion properties

Photocurrent measurements were performed using the

OTE/SnO2/(Mes–Acr+–COO-TiO2 + C60)n electrode as a

photoanode in acetonitrile containing NaI (0.5 mol dm23)

and I2 (0.01 mol dm23), which act as redox electrolyte, and a

Pt gauge counter electrode. The photovoltage and photo-

current responses recorded following the excitation of the

OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n electrode in the

visible light region (l . 400 nm) are shown in Fig. 4A and B,

respectively. The photocurrent response is prompt, steady and

reproducible during repeated on/off cycles of the visible light

illumination. The short circuit photocurrent density (Isc) is

0.093 mA cm22, and the open circuit voltage (Voc) is 200 mV.

Blank experiments conducted with OTE/SnO2 (i.e., by exclud-

ing composite clusters (Mes–Acr+–COO–TiO2 + C60)n pro-

duced no detectable photocurrent under otherwise the same

experimental conditions. These experiments confirmed the

important role of the (Mes–Acr+–COO–TiO2 + C60)n assembly

in harvesting light energy and also in generating photocurrent

during the operation of the photoelectrochemical cell.

The charge separation on the OTE/SnO2/(Mes–Acr+–COO–

TiO2 + C60)n electrode can be further modulated by the

application of an electrochemical bias. Fig. 5 shows I–V

characteristics of the OTE/SnO2/(Mes–Acr+–COO–TiO2 +
C60)n electrode under visible light illumination. The photo-

current increases as the applied potential is scanned towards

more positive potentials. Increased charge separation and the

facile transport of charge carriers under a positive bias are

responsible for the enhanced photocurrent generation.23a At

potentials greater than +0.4 V vs. SCE, direct electrochemical

oxidation of iodide interferes with the photocurrent

measurement.

A series of photocurrent action spectra were recorded in

order to evaluate the response of (Mes–Acr+–COO–TiO2 +
C60)n clusters towards the photocurrent generation. It should

be noted that no net photocurrent is observed through the

visible region in the photocurrent action spectrum of TiO2

Fig. 3 SEM (scanning electron microscopy) images of (A) OTE/SnO2/

(Mes–Acr+–COO–TiO2 + C60)n ([Mes–Acr+] 5 0.025 mmol dm23,

[C60] 5 0.13 mmol dm23) and (B) OTE/SnO2/(C60)n ([C60] 5

0.13 mmol dm23).

Fig. 4 (A) Photovoltage and (B) photocurrent generation at OTE/

SnO2/(Mes–Acr+–COO–TiO2 + C60)n ([Mes–Acr+] 5 0.025 mmol dm23,

[C60] 5 0.13 mmol dm23) under white light illumination (l .

400 nm); electrolyte: 0.5 mol dm23 NaI and 0.01 mol dm23 I2 in

acetonitrile; input power: 6.5 mW cm22.
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nanocrystallites films modified with Mes–Acr+–COOH

(denoted as OTE/TiO2/Mes–Acr+–COOH); see the ESI.{
Since the one-electron reduction potential of acridinium ion

(Acr+/Acr?) (20.3 V vs. NHE) is less negative than the

conduction band of TiO2 (20.5 V vs. NHE), electron transfer

from Acr? to the conduction band of TiO2 is thermodynami-

cally unfavorable. Thus, TiO2 nanoparticles act as materials to

organize composite molecules rather than as those to accept

electrons. The photocurrent action spectrum of the OTE/SnO2/

(Mes–Acr+–COO–TiO2 + C60)n electrode produced by the

electrodeposition of Mes–Acr+–COO–TiO2 and C60

([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23)

is shown in Fig. 6A. The incident photon-to-photocurrent

generation efficiency (IPCE) values were calculated by

normalizing the photocurrent values for incident light energy

and intensity and using eqn. (1),23a

IPCE (%) 5 100 6 1240 6 Isc/(Win 6 l) (1)

where Isc is the short circuit photocurrent (A cm22), Win is the

incident light intensity (W cm22), and l is the wavelength

(nm).

The maximum IPCE value of OTE/SnO2/Mes–Acr+–COOH

(spectrum a in Fig. 6A) is only 2% (445 nm), whereas the IPCE

value of OTE/SnO2/(Mes–Acr+–COO–TiO2)n (spectrum b)

reaches 5% (480 nm). In addition, the IPCE values of

the OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n electrode

(spectrum c) are much higher than the sum (spectrum e) of

two individual IPCE values of OTE/SnO2/(Mes–Acr+–COO–

TiO2)n (spectrum b) and OTE/SnO2/(C60)n (spectrum d) in the

visible region. This indicates that the supramolecular com-

plexes formed between Mes–Acr+ and C60 with TiO2 nano-

particles contribute significantly to the efficient photocurrent

generation.23

In order to further clarify the effect of the supramolecular

complex with TiO2 nanoparticles on the photocurrent genera-

tion, we compared the photocurrent action spectrum of the

OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n electrode with

those of OTE/SnO2/(C60)n and OTE/SnO2/(Mes–Acr+–COO–

TiO2)n electrodes in a standard three-compartment cell under a

bias of 0.2 V vs. SCE (Fig. 6B).23 The photocurrent action

spectrum of the OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

electrode shows a maximum IPCE value of 37% at an applied

potential of 0.2 V vs. SCE (spectrum a in Fig. 6B). Under the

same experimental conditions we observe much smaller IPCE

values for the single component systems, viz., OTE/SnO2/

(C60)n and OTE/SnO2/(Mes–Acr+–COO–TiO2)n (spectra b and

c in Fig. 6B, respectively). The IPCE value obtained with the

Fig. 5 I–V characteristics of OTE/SnO2/(Mes–Acr+–COO–TiO2 +
C60)n ([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23) under

white light illumination (l . 400 nm); electrolyte: 0.5 mol dm23 NaI

and 0.01 mol dm23 and I2 in acetonitrile; input power: 6.5 mW cm22.

Fig. 6 (A) Photocurrent action spectra (IPCE vs. wavelength) of (a) OTE/SnO2/Mes–Acr+–COOH, (b) OTE/SnO2/(Mes–Acr+–COO–TiO2)n

([Mes–Acr+] 5 0.025 mmol dm23), (c) OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n ([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23), (d)

OTE/SnO2/(C60)n ([C60] 5 0.13 mmol dm23), and (e) the sum of the IPCE response of OTE/SnO2/(Mes–Acr+–COO–TiO2)n (b) and OTE/SnO2/

(C60)n (d) with no applied bias potential. (B) Photocurrent action spectra (IPCE vs. wavelength) of (a) OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23), (b) OTE/SnO2/(Mes–Acr+–COO–TiO2)n ([Mes–Acr+] 5 0.025 mmol dm23), (c) OTE/

SnO2/(C60)n ([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23), (d) the sum of the IPCE response of OTE/SnO2/(Mes–Acr+–COO–TiO2)n

(b) and OTE/SnO2/(C60)n (c) at an applied bias potential of 0.2 V vs. SCE. (C) Photocurrent action spectra (IPCE vs. wavelength) of (a) OTE/SnO2/

(Acr+–COO–TiO2 + C60)n ([Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23), with no applied bias potential and (b) OTE/SnO2/(Acr+–COO–

TiO2 + C60)n ([Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23) at an applied bias potential of 0.2 V vs. SCE. Electrolyte: 0.5 mol dm23 NaI

and 0.01 mol dm23 and I2 in acetonitrile.
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mixed cluster system (37%), viz. OTE/SnO2/(Mes–Acr+–COO–

TiO2 + C60)n is larger than the sum of two individual IPCE

values (y11%). Such enhancement in the photocurrent

generation of the composite cluster systems of Mes–Acr+–

COO–TiO2 and C60 compared with the single component

systems may result from interplay between Mes–Acr+–COO–

TiO2 and C60 in the supramolecular complex.

We have also compared photocurrent action spectra of the

OTE/SnO2/(Acr+–COO–TiO2 + C60)n electrode (Fig. 6C), in

which the acridinium moiety (Acr+) contains no donor moiety,

with that of the OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

electrode. The maximum IPCE value of the OTE/SnO2/(Acr+–

COO–TiO2 + C60)n electrode in standard two (no bias) and

three (0.2 V vs. SCE) compartment cells (vide supra) reached 7

and 14%, respectively. These IPCE values are significantly

smaller than those of the OTE/SnO2/(Mes–Acr+–COO–TiO2 +
C60)n electrodes (respective values: 13% and 37%). This

indicates that photoinduced electron transfer from the donor

moiety (Mes) to the acceptor moiety (Acr+) occurs, followed by

electron transfer from the resulting acridinyl radical moiety

(Acr?) to C60 in the supramolecular complex, leading to

enhanced photocurrent generation.

Electron transfer in the supramolecular complex

In order to confirm the occurrence of photoinduced electron

transfer from the Mes moiety to the Acr+ moiety and

subsequent electron transfer from the resulting acridinyl

radical moiety (Acr?) to C60 in the supramolecular complex,

we examined formation of C60 radical anion in the nanosecond

laser flash photolysis measurements of deoxygenated toluene–

acetonitrile (1 : 1, v/v) solution of 9-mesityl-10-methylacridi-

nium ion without carboxylic acid (Mes–Acr+)16 in the presence

of C60. The time-resolved transient absorption spectra are

shown in Fig. 7A, which clearly exhibits a broad absorption

band at about 1050 nm. This is diagnostic of formation of C60

radical anion upon photoirradiation.29–31 Thus, electron

transfer indeed occurs from the acridinyl radical moiety

(Acr?) to C60, following photoinduced electron transfer from

the Mes moiety to the singlet excited state of Acr+ moiety of

Mes–Acr+ to produce the electron-transfer state, Mes?+–Acr?,

which is known to have an extremely long lifetime.16 The

absorption time profile of the composite cluster (Mes–Acr+

dyad and C60) in deoxygenated toluene–acetonitrile (1 : 1)

recorded at 1050 nm is shown in Fig. 7B.31 The observed

second-order decay kinetics (inset of Fig. 7B) corresponds to

back electron transfer from C60
?2 to the Mes?+ moiety of

Mes?+–Acr+, affording the second-order rate constant of the

back electron transfer (kbet 5 2.9 6 109 dm3 mol21 s21).

Photocurrent generation mechanism

Mechanisms of the photocurrent generation of OTE/SnO2/

(C60)n, OTE/SnO2/(Mes–Acr+–COO–TiO2)n, and OTE/SnO2/

(Mes–Acr+–COO–TiO2 + C60)n electrodes are summarized in

Schemes 1, 2 and 3, respectively. In the case of the OTE/SnO2/

(C60)n electrode (Scheme 1), photoinduced electron transfer

between iodide ion and the excited state of C60 clusters is the

first step in photocurrent generation.23a,25b,32 The reduced C60

then injects electrons into SnO2 nanocrystallites. Such a

mechanism involving generation of electroactive species (C60

anion in the present case) is commonly operative in photo-

galvanic-type solar cells.23,25 In the case of the OTE/SnO2/

(Mes–Acr+–COO–TiO2)n electrode (Scheme 2), however, the

photocurrent generation is initiated by photoinduced electron

transfer in Mes–Acr+ to produce Mes?+–Acr?. The reduced

acridinium ion (Acr?; Eu(Acr+/Acr?) 5 20.3 V vs. NHE)16

Fig. 7 (A) Transient absorption spectra of Mes–Acr+ (7.5 6
1026 mol dm23) with C60 (7.5 6 1026 mol dm23) in a deoxygenated

toluene–acetonitrile (1 : 1) mixture at 298 K taken at (a) 20 ms, (b) 50 ms

and (c) 100 ms after laser pulse excitation at 355 nm. (B) Decay profile

of absorbance at 1050 nm. Inset: second-order plot.

Scheme 1 Photocurrent generation diagram of the OTE/SnO2/(C60)n

electrode.
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injects electrons into the conduction band of SnO2 (Eu 5 0 V

vs. NHE),23a whereas the oxidized mesityl moiety (Mes?+;

Eu(Mes/Mes?+) 5 2.0 V vs. NHE)16 undergoes the electron-

transfer reduction with iodide ion (Eu(I3
2/I2 ) 5 0.5 V vs.

NHE)23a in the electrolyte solution.

In the case of the OTE/SnO2/(Mes–Acr+–COO–TiO2 + C60)n

electrode (Scheme 3), the long lifetime of the electron-transfer

state (Mes?+–Acr?) ensures efficient electron-transfer from Acr?

to C60 (C60/C60
?2 5 20.2 V vs. NHE)23a to produce C60

radical anion (vide supra). The reduced C60 clusters inject

electrons into the conduction band of SnO2, whereas the

oxidized mesityl moiety (Mes?+) undergoes the electron-

transfer reduction with iodide ion in the electrolyte. The effect

of C60 on the enhanced photocurrent generation cannot be

ascribed to the thermodynamics of electron injection process.

The enhanced IPCE value at the absorption band due to the

Acr+ moiety by the presence of C60 results from fast self-

exchange electron transfer between C60
?2 and C60,29,33 which

leads to efficient photocurrent generation, since the singlet

excited state of the Acr+ moiety is mostly quenched by the

Mes moiety, followed by electron transfer from the resulting

Acr? moiety to C60. Enhanced IPCE values of the OTE/SnO2/

(Mes–Acr+–COO–TiO2 + C60)n electrode (spectrum c in

Fig. 6A) compared to the sum of two IPCE values of the

corresponding single component systems (spectrum e in

Fig. 6A) in the long wavelength region over 500 nm may

result from charge-transfer (CT) interaction between the Mes

(donor) moiety of Mes–Acr+–COOH and C60 clusters (see

ESI{).

Power conversion efficiency

We have also determined the power conversion efficiency (g) of

the photoelectrochemical cell by varying the load resistance

(Fig. 8). Power conversion efficiency, g, can be calculated from

eqn. (2),23a

g 5 ff 6 Isc 6 Voc/Win (2)

where the fill factor (ff) is defined as ff 5 Pmax/(Voc 6 Isc),

Pmax is the maximum power output of the cell, Voc is open

circuit photovoltage, and Isc is the short circuit photocurrent.

A decrease in the photovoltage accompanied by an increase in

the photocurrent was observed by decreasing the load

resistance (Fig. 8). The ff value of the (Mes–Acr+–COO–

TiO2 + C60)n electrode was determined as 0.38. Net power

conversion efficiency obtained for the same cell was 0.11% at

an input power of 6.5 mW cm22.34

Conclusion

We have successfully constructed a supramolecular photo-

voltaic composed of composite molecular nanocluster assem-

blies of fullerene and a simple molecular dyad (Mes–Acr+–

COOH) with an extremely long lifetime and a high energy of

the electron-transfer state, which is efficiently organized using

TiO2 nanoparticles. A remarkable improvement in the photo-

electrochemical properties of the composite of Mes–Acr+–

COOH and C60 nanoclusters has been achieved, compared

with the corresponding single component systems (OTE/SnO2/

(C60)n and OTE/SnO2/(Mes–Acr+–COO–TiO2)n), due to the

effective organization of the supramolecular complex on TiO2

Fig. 8 Power characteristics of OTE/SnO2/(Mes–Acr+–COO–TiO2 +
C60)n ([Mes–Acr+] 5 0.025 mmol dm23, [C60] 5 0.13 mmol dm23)

under white light illumination (l . 400 nm); electrolyte: 0.5 mol dm23

NaI and 0.01 mol dm23 and I2 in acetonitrile; input power:

6.5 mW cm22.

Scheme 2 Photocurrent generation diagram of the OTE/SnO2/(Mes–

Acr+–COO–TiO2)n electrode.

Scheme 3 Photocurrent generation diagram of the OTE/SnO2/(Mes–

Acr+–COO–TiO2 + C60)n electrode.
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nanoparticles, the extremely long lifetime of the electron-

transfer state of Mes–Acr+–COOH, and efficient electron

transfer from Acr? to C60.
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