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Introduction

Dye-sensitized photoelectrochemical cells have emerged as
a promising alternative for the development of next-genera-
tion solar cells.[1–5] These cells have been shown to deliver
power with efficiencies greater than 11%. The low cost and
ease of manufacturing of these cells has led to much new
effort to improve their performance. The dye-sensitized
solar cells investigated so far involve high-surface-area
mesoscopic TiO2 films modified with light-absorbing dye
molecules. Despite their random geometry and orientation,
these dye-modified TiO2 films provide the basis for achiev-

ing light-induced charge separation and transport of charge
carriers to generate the photocurrent. An important class of
organic dyes that has shown promise for the sensitization of
TiO2 is porphyrin and its derivatives.

[6–12] The energy-conver-
sion efficiency of solar cells that employ porphyrin as the
sensitizer was recently increased up to more than 5%.[11]

However, problems remain for the further improvement of
this property.
Anchoring sensitizer molecules to nanostructured semi-

conductor film is a crucial step in maximizing the energy-
conversion efficiency of dye-sensitized solar cells. The
choice of linker molecules paves the way for achieving
higher surface coverage, increased stability, minimal desorp-
tion, and even distribution of the sensitizer molecules with
minimal aggregation. Anchoring groups such as phospho-
nates or carboxylic acid derivatives form strong covalent
bonds or facilitate charge-transfer (CT) interaction with the
metal oxide surface and provide the necessary electronic
coupling to maximize the charge-injection efficiency. Multi-
ple linker groups attached to a single chromophore can
mean the introduction of additional organizational features.
For example, Galoppini and co-workers[1,13,14] have devel-
oped rigid tripodal linkers that anchor to semiconductor
nanoparticles. Tripodal linkers with three points of attach-
ment and a fourth rigid arm to carry the chromophore pro-
vided large targets for attaching the sensitizer.
Supramolecular assemblies of porphyrin and C60 have

been characterized to explore CT interactions and photoin-
duced electron-transfer processes.[15–17] The hierarchical or-
ganization of these assemblies is an important aspect for
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maximizing the efficiency of light-energy conversion in pho-
toelectrochemical cells. A quaternary-organization approach
is effective for assembling gold nanoparticle–porphyrin–C60
hybrid systems on electrode surfaces and maximizing the ef-
ficiency of light-energy conversion.[18–21] A photoinduced
electron transfer between the excited state of porphyrin and
C60 results in the formation of C60

·�, which in turn transfers
electrons to the collecting surface of the electrode to gener-
ate the photocurrent. The architecture of the ordered assem-
blies facilitates the stabilization of electron-transfer products
and thus enables maximum efficiency of light-energy conver-
sion. Such an organizational approach has yet to be ex-
plored fully in dye-sensitized solar cells.
Herein, we chose the monocarboxy- and tetracarboxy-

substituted porphyrins 5-[4-benzoic acid]-10,15,20-tris[3,5-di-
tert-butylphenyl]-21H,23H-porphyrin (Ar-H2P-COOH), 5-
[4-benzoic acid]-10,20-di[3,5-di-tert-butylphenyl]-21H,23H-
porphyrin (H-H2P-COOH), and 5,10,15,20-tetra[4-benzoic
acid]-21H,23H-porphyrin (H2P-4COOH) to bind to the
TiO2 surface and to orientate the sensitizer molecules in a
perpendicular and planar geometry (Figure 1). We selected
spherical nanoparticles as well as nanotubes of TiO2 to com-
pare the geometric effect of oxide support for attaining dif-
ferent hierarchical configurations of light-harvesting assem-
blies. The porphyrins anchored to the TiO2 nanoparticles

and nanotubes, when in contact with C60, underwent CT in-
teractions and provided a secondary organization of these
assemblies. Because of the nature of the geometrical orien-
tation of the porphyrins with respect to the TiO2 surface, we
obtained two different secondary organization structures. A
tertiary organization of the TiO2–porphyrin–C60 assemblies
on the electrode surface could further assist in the elucida-
tion of the effect of orientation on photoconversion efficien-
cy. The structural differences, such as between nanoparticles
and nanotubes, and the substituent effects of the porphyrins
for the organization of donor and acceptor moieties have a
great effect on the photoelectrochemical properties. Ways to
improve the photoelectrochemical behavior of the compo-
site films of porphyrin–fullerene clusters organized by TiO2
semiconductor materials are discussed herein.

Results and Discussion

Preparation and Morphology of TiO2–Porphyrin–Fullerene
Assemblies

Porphyrins and C60 are soluble in nonpolar solvents such as
toluene, but much less soluble in polar solvents such as ace-
tonitrile.[22,23] By proper choice of polar to nonpolar solvent,
we achieved controlled aggregation in the form of compo-
site nanoclusters. Detailed information on composite nano-
clusters of porphyrins and C60 has been described else-
where.[22] TiO2 nanoparticles were electrophoretically depos-
ited onto the electrode in suspended solution.[24–26] Upon
subjecting the resulting cluster suspension to a high electric
direct current (dc) field (500 Vcm�1), mixed porphyrin-
modified TiO2 nanotubes or nanoparticles and fullerene
clusters (denoted (H2P-COO-TiO2Tube+C60)n and (H2P-
COO-TiO2Pa+C60)n, respectively) were deposited onto an
optically transparent electrode (OTE) of a nanostructured
SnO2 electrode (OTE/SnO2) to afford the modified elec-
trode (denoted OTE/SnO2/(H2P-COO-TiO2Tube+C60)n and
OTE/SnO2/(H2P-COO-TiO2Pa+C60)n, respectively). As the
deposition continued, we observed decoloration of the solu-
tion accompanied by coloration of the electrode connected
to the positive terminal of the dc power supply. A mixed
cluster suspension of porphyrin-modified TiO2 nanotubes
(Ar-H2P-COO-TiO2Tube, H-H2P-COO-TiO2Tube, H2P-
4COO-TiO2Tube) and nanoparticles (Ar-H2P-COO-TiO2Pa,
H-H2P-COO-TiO2Pa, H2P-4COO-TiO2Pa) and C60 were
prepared in the total concentration range of 0.025–
0.13 mmoldm�3 (molecular ratio of H2P/C60=1:5) in aceto-
nitrile/toluene (3:1 v/v). In this case, the mixed clusters were
first prepared by using different amounts of H2P on the
TiO2 nanotubes or nanoparticles and C60 to maintain their
molar ratio as 1:5. Figure 2A and B show the transmission
electron microscopy (TEM) images of H-H2P-modified TiO2
nanotubes and nanoparticles (H-H2P-COO-TiO2Tube and
H-H2P-COO-TiO2Pa), respectively. These two images show
the distinguishable structural features, that is, the tubular
and particle structures of the H2P-modified TiO2 precursors
employed prior to complexation with C60. Any aggregation

Figure 1. TiO2 nanotubes and nanoparticles modified with porphyrin dyes
and the reference compounds employed in this study.
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of H-H2P-COO-TiO2Pa and H-H2P-COO-TiO2Tube seen on
the TEM grid is likely to arise from close-packing of the
molecules. Figure 2C and D show the scanning electron mi-
croscopy (SEM) images of OTE/SnO2/(H-H2P-COO-
TiO2Tube+C60)n and OTE/SnO2/(H-H2P-COO-TiO2Pa+
C60)n, respectively. The TiO2 nanotubes and nanoparticles as-
sembled on the electrode surface as packed nanostructures.
Comparison of the SEM images with the TEM images dem-
onstrate that composite molecular clusters with TiO2 nano-
tubes or nanoparticles as deposited onto OTE/SnO2 electro-
des retain their morphology without exhibiting significant
bundling effects or particle growth.

Absorption Properties of TiO2–Porphyrin–Fullerene
Assemblies on OTE/SnO2 Films

The absorption spectra of a few representative electrodes
are shown in Figure 3 (spectra a, b, and c). The reference
spectra of pristine C60 and H-H2P-COOH in toluene are
also shown (spectra d and e). Compared to the reference
spectra, the spectra of the supramolecular assemblies on the
OTE/SnO2 electrodes show broad absorption. In particular,
the spectrum of OTE/SnO2/(H-H2P-COO-TiO2Pa+C60)n
(spectrum b) becomes much broader than that of OTE/
SnO2/(H-H2P-COO-TiO2Pa)n (spectrum a). Along with scat-
tering effects, the CT complexation between porphyrin and
fullerene[20] is expected to dominate the absorption in the
red region.
Figure 4 shows the absorption spectra of the porphyrin,

C60, and their mixture, for the examination of the CT ab-
sorption between porphyrin and C60. The CT absorption is
obtained by subtracting the spectra of both H-H2P-COOMe
(5-[4-methoxyphenyl]-10,20-di[3,5-di-tert-butylphenyl]-21H,-
ACHTUNGTRENNUNG23H-porphyrin) (spectrum b) and C60 (spectrum c) from that

of H-H2P-COOMe and C60 (spectrum a). The broad absorp-
tion in the visible and near-IR regions is characteristic of
the p complex formed between porphyrins and ful-
lerenes.[20,27,28] CT-type interactions in the p complex be-
tween porphyrin and fullerene molecules may be responsi-
ble for the long-wavelength absorption of the composite
clusters in Figure 3, in which the spectra of the TiO2–por-
phyrin–fullerene composites (Figure 3, spectra b and c) are
much broader than those of TiO2–porphyrin alone (Figure 3,
spectrum a). Similar CT interactions leading to such an ex-
tended absorption have been observed for porphyrin–C60
dyads linked at close proximity.[29] Thus, we can control the
three-dimensional array of porphyrins and C60 molecules by
TiO2 semiconductor nanomaterials, and the absorption aris-
ing from the CT interaction extends the light-harvesting ca-
pability in the entire visible and near-IR region.

Figure 2. (A) TEM image of H-H2P-COO-TiO2Tube, (B) TEM image of
H-H2P-COO-TiO2Pa, (C) SEM image of OTE/SnO2/(H-H2P-COO-
TiO2Tube+C60)n ([H2P]=0.025 mm, [C60]=0.13 mm), (D) SEM image of
OTE/SnO2/(H-H2P-COO-TiO2Pa+C60)n ([H2P]=0.025 mm, [C60]=
0.13 mm).

Figure 3. Absorption spectra of a) OTE/SnO2/(H-H2P-COO-TiO2Pa)n
([H2P]=0.025 mm), b) OTE/SnO2/(H-H2P-COO-TiO2Pa+C60)n ([H2P]=
0.025 mm, [C60]=0.13 mm), c) OTE/SnO2/(H-H2P-COO-TiO2Tube+C60)n
([H2P]=0.025 mm, [C60]=0.13 mm), d) H-H2P-COOH in toluene (5 mm),
and e) C60 in toluene (15 mm).

Figure 4. Absorption spectra of a) mixed 1.0 mm H-H2P-COOMe (5-[4-
methoxyphenyl]-10,20-di[3,5-di-tert-butylphenyl]-21H,23H-porphyrin)
and 5.0 mm C60, b) 1.0 mm H-H2P-COOMe, and c) 5.0 mm C60 in o-di-
chlorobenzene. d) CT absorption of 1.0 mm H-H2P-COOMe and 5.0 mm
C60, obtained by subtracting the absorption of b) and c) from a).
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Taking into consideration the above results, we suggest
that supramolecular assemblies between porphyrins and ful-
lerenes using TiO2 nanotubes and nanoparticles are formed
as shown in Figure 5. The question now is what effect the
porphyrin–fullerene assemblies using TiO2 nanotubes or
nanoparticles have on the photoelectrochemical properties.

Photoelectrochemical Properties of OTE/SnO2 Films with
TiO2–Porphyrin–Fullerene Assemblies

The monocarboxylic acid substituted porphyrins were at-
tached to the TiO2 surface by a single carboxylic acid linker
(Figure 1), thus stretching out the porphyrin moiety perpen-
dicular to the TiO2 surface. The complexation of C60 mole-
cules between the two porphyrin moieties provides addition-
al organization on the particle surface (Figure 5). Higher-
level hierarchical assemblies have been found to be effective
in producing photocurrent when they are anchored onto the
electrode of a photoelectrochemical cell.[20] Herein we em-
ployed the I3

�/I� redox couple to regenerate the sensitizer.
Photocurrent measurements were performed in a standard
three-compartment cell as the working electrode along with
a Pt wire gauze counterelectrode and a saturated calomel
reference electrode (SCE). Figure 6A shows the photocur-
rent response of OTE/SnO2/(H-H2P-COO-TiO2Tube+C60)n
under illumination of white light. The photocurrent response
was prompt, steady, and reproducible during repeated on/off
cycles of visible-light illumination (more than five times). A
photocurrent density (Isc) of 1.4 mAcm

�2 was reproducibly
obtained during these measurements. Blank experiments
conducted with OTE/SnO2 (i.e. , by excluding composite
clusters (porphyrin-modified TiO2+C60)n) produced no de-

tectable photocurrent under similar experimental conditions.
These experiments confirmed the role of (porphyrin-modi-
fied TiO2+C60)n assemblies in harvesting light energy and
generating photocurrent during the operation of a photo-
electrochemical cell. The I–V characteristics for one such as-
sembly, H-H2P bound to TiO2 nanotubes and nanoparticles,
are presented in Figure 6B to compare the Isc values of
three types of H-H2P-COO-TiO2-modified films. The photo-
current increased as the applied potential was scanned to-
wards more-positive potentials. Increased charge separation
and the facile transport of charge carriers under positive
bias are responsible for enhanced photocurrent generation.
At potentials greater than +0.4 V vs. SCE, direct electro-
chemical oxidation of iodide interfered with the photocur-
rent measurement. The observed current was a maximum
when the applied anodic bias facilitated the charge separa-
tion and charge transport within the film. The H-H2P–C60 as-
semblies bound to nanotubes exhibited superior perfor-
mance in delivering higher photocurrent.[30]

To examine further the detailed photoelectrochemical
properties, we also measured the incident photon-to-photo-
current efficiency (IPCE). The IPCE values were calculated
by normalizing the photocurrent values for incident light
energy and intensity with [Eq. (1)]:[22]

IPCE ð%Þ ¼ 100� 1240� Isc=ðI inc � lÞ ð1Þ

Figure 5. Diagrammatic summary of the organization between porphyrin
and fullerene moieties using TiO2 nanotubes (A) and nanoparticles (B).

Figure 6. (A) Short-circuit photocurrent response of OTE/SnO2/(H-H2P-
COO-TiO2Tube+C60)n at an applied bias potential of 0.2 V vs. SCE;
input power: 27.8 mWcm�2 under white-light illumination (l>400 nm).
(B) Current–voltage (I–V) characteristics (with SCE reference electrode)
of a) OTE/SnO2/(H-H2P-COO-TiO2Tube +C60)n, b) OTE/SnO2/(H-H2P-
COO-TiO2Pa+C60)n, and c) OTE/SnO2/(H-H2P-COO-TiO2Pa)n under il-
lumination of white light (l>400 nm). The solid and dotted lines corre-
spond to the photocurrent and dark current, respectively. [H2P]=
0.025 mm, [C60]=0.13 mm ; electrolyte: 0.5m NaI and 0.01m I2 in acetoni-
trile; input power: 27.8 mWcm�2.
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where Isc is the short-circuit photocurrent (Acm
�2), Iinc is the

incident light intensity (Wcm�2), and l is the wavelength
(nm). Figure 7A and B show the IPCE spectra for H-H2P
and Ar-H2P moieties anchored to TiO2 nanoparticles or
nanotubes. The IPCE response was rather broad with maxi-
mum performance in the 400–500-nm regions and overall re-
sponse stretching up to 700 nm. The CT absorption between
porphyrins and fullerenes mainly contributed to the photo-
current generation response (see above). The difference be-
tween the IPCE and absorption spectra in the long-wave-
length region may have resulted from the scattering effect.
The supramolecular assemblies anchored to the TiO2 nano-
tubes produced a significantly higher IPCE than those with

TiO2 nanoparticles. The H-H2P–C60 assemblies anchored to
the TiO2 nanotubes exhibited a maximum efficiency of
about 60%. The Ar-H2P–C60 assemblies showed a similar
trend but with relatively low IPCE.
The interaction of C60 with the porphyrin moieties to

form supramolecular assemblies for photoinduced charge
separation is an important factor in attaining higher IPCEs
in addition to the resulting hole and electron transport in
the thin film. The insertion of C60 between two porphyrin
rings of the porphyrin assembly on the TiO2 surface be-
comes less favorable when meso positions are fully substitut-
ed in the Ar-H2P-COO-TiO2Tube system. The results de-
scribed herein illustrate the importance of a favorable ge-
ometry obtained with H-H2P and C60 assemblies. This argu-
ment is further supported by the fact that the IPCE values
become significantly lower if we exclude C60 (Figure 7A and
B, spectrum c). Furthermore, comparison of the IPCE
values in the presence and absence of TiO2 shows that the
molecular organizations between donor and acceptor moiet-
ies with TiO2 semiconductor nanomaterials are efficient for
light-energy conversion (see Supporting Information S1).
The multipoint anchoring possibility of the tetracarboxylic

acid substituted porphyrin (H2P-4COOH) provides a large
target on the TiO2 surface and renders a planar geometry
for the porphyrin moiety.[31] Complexation of H2P-4COOH
with C60 and its hierarchical organization on the electrode
surface resulted in a configuration that is more different
than that obtained with a single carboxylic acid linker be-
cause of multipoint anchors to the TiO2 surface. Interesting-
ly, the IPCE spectra of the H2P-4COOH systems obtained
for nanoparticles and nanotubes (Figure 7C) show compara-
ble behavior with maximum IPCE of around 30%. In the
planar geometry, the porphyrin molecules are closer to the
TiO2 surface, and the difference in the support structure has
little effect on the maximum IPCE. The maximum photores-
ponse around 440 nm is broader for the tubes than the parti-
cles, which suggests stronger CT interactions on the tubular
TiO2 surface. The higher IPCE of the porphyrin-modified
TiO2 films (i.e., in the absence of C60) suggests that deacti-
vation by the charge-injection process is quite effective
when the porphyrin moieties lie parallel to the TiO2 surface,
and the CT interaction in the excited porphyrin and C60 may
be a contributing factor in the overall decrease in IPCE.

Mechanism of Photocurrent Generation

Characterization of the charge-injection events from the ex-
cited state of porphyrin into the TiO2 nanoparticles have
been presented in earlier studies.[6–10] The photocurrent aris-
ing from different derivatives of porphyrins in mesoporous
TiO2 films show sufficiently high IPCE values. Because of
the random orientation of the sensitizer molecules on the
particulate surface, it is difficult to assess the importance of
geometrical orientation on the TiO2 surface. By making use
of the single and multi carboxylic acid functionality of por-
phyrins, we systematically assembled the supramolecular as-
semblies of TiO2–porphyrin–C60 first and then deposited

Figure 7. (A) Photocurrent action spectra of a) OTE/SnO2/(H-H2P-COO-
TiO2Tube+C60)n, b) OTE/SnO2/(H-H2P-COO-TiO2Pa+C60)n, and
c) OTE/SnO2/(H-H2P-COO-TiO2Pa)n at an applied bias potential of
0.2 V vs. SCE. (B) Photocurrent action spectra of a) OTE/SnO2/(Ar-H2P-
COO-TiO2Tube+C60)n, b) OTE/SnO2/(Ar-H2P-COO-TiO2Pa+C60)n, and
c) OTE/SnO2/(Ar-H2P-COO-TiO2Pa+C60)n at an applied bias potential
of 0.2 V vs. SCE. (C) Photocurrent action spectra of a) OTE/SnO2/(H2P-
4COO-TiO2Tube+C60)n, b) OTE/SnO2/(H2P-4COO-TiO2Pa+C60)n, and
c) OTE/SnO2/(H2P-4COO-TiO2Pa)n at an applied bias potential of 0.2 V
vs. SCE. [H2P]=0.025 mm, [C60]=0.13 mm.
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them onto the electrodes (Figure 5). The planar and perpen-
dicular orientations of porphyrins on the TiO2 surface facili-
tate two different configurations for achieving supramolec-
ular assemblies.
The IPCE values for different supramolecular organiza-

tions (Figure 7) show the importance of the orientation of
assemblies of TiO2–porphyrin–C60 on the electrode surface.
An added feature in the present system is the introduction
of C60 to complex with porphyrins to aid in the organization
of molecules as supramolecular assemblies. Furthermore,
C60 is capable of playing the role of an electron relay and fa-
cilitating charge transport across the film.[32] In all three ex-
amples presented in Figure 7, we observed a significantly
higher IPCE when C60 is present along with porphyrin. The
possibility exists for porphyrin to undergo CT interaction
with C60 and generate the C60

·� ion. If this is a dominant pro-
cess, it is necessary for C60

·� to transfer electrons to TiO2 to
generate the photocurrent in a photogalvanic mode.[23,33]

However, the conduction band of TiO2 is about 0.5 V versus
a normal hydrogen electrode (NHE), which is more nega-
tive than the reduction potential of the C60/C60

·� couple
(�0.2 V vs. NHE); this electron-transfer process is thus en-
ergetically unfavorable. Earlier studies[23,32] carried out with
C60-modified SnO2 and TiO2 electrodes have established
that C60

·� can transfer electrons only to SnO2 and not to
TiO2 (Figure 8). The fact that we were able to see significant

IPCE values with porphyrin–C60-modified TiO2 films
(Figure 7) shows that interaction between excited porphyrin
and TiO2 plays a dominant role in photocurrent generation.
As established earlier,[10] the primary event following the

excitation of porphyrin is the injection of electrons directly
into the TiO2 nanotubes or nanoparticles, which are then
transported to the electrode surface to generate the photo-
current. In the absence of C60, one would expect the regen-
eration of the sensitizer to occur by charge transfer from the
I� species present in the electrolyte. However, in the pres-
ence of C60 and iodide ions, C60

·� can quickly accumulate in
the film and mediate the regeneration process.[34]

As shown earlier,[23,32] when C60 is excited with red-wave-
length photons, it undergoes electron transfer with I� to pro-
duce C60

·�. The C60/C60
·� couple plays the role of an electron

shuttle and facilitates quick regeneration of the sensitizer.
The higher IPCE values observed with the inclusion of C60
supports its beneficial role in attaining favorable supra-
molecular assemblies on the electrode surface.

Power-Conversion Efficiency of OTE/SnO2/
(H-H2P-COO-TiO2Tube+C60)n Electrode

We also determined the power-conversion efficiency (h) of
the photoelectrochemical cell by varying the load resistance
(Figure 9). A drop in the photovoltage and an increase in

the photocurrent were observed with a decrease in the load
resistance. Power-conversion efficiency (h) is calculated by
[Eq. (2)]:[22]

h ¼ FF� Isc � Voc=W in ð2Þ

where the fill factor (FF) is defined as FF= (IV)max/IscVoc, Voc
is the open circuit photovoltage, and Win is the input power.

The OTE/SnO2/(H-H2P-COO-TiO2Tube+C60)n system
has a much larger FF of 0.44, a Voc value of 230 mV, and an
Isc value of 0.16 mAcm

�2, and an overall h of 0.51% at a
Win value of 3.4 mWcm

�2. Furthermore, the h value of or-
ganized OTE/SnO2/(H-H2P-COO-TiO2Tube+C60)n with
TiO2 nanoparticles is more than 10 times larger than that of
a nonorganized composite cluster system of porphyrin and
fullerene without TiO2 nanoparticles, which was reported
previously (�0.03%).[22]

Conclusions

We have constructed shape- and functionality-controlled
photochemical solar cells by using hierarchical organization
of porphyrin derivatives–C60 assemblies. By employing TiO2
nanotubes and nanoparticles, we succeeded in varying the

Figure 8. Mechanism of photocurrent generation in the TiO2–porphyrin–
C60 assembly system.

Figure 9. Power characteristics of OTE/SnO2/(H-H2P-COO-TiO2Tube+
C60)n ([H2P]=0.025 mm, [C60]=0.13 mm) under white-light illumination
(l>400 nm); electrolyte: 0.5m NaI and 0.01m I2 in acetonitrile; input
power: 3.4 mWcm�2.
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three-dimensional organization of the supramolecular as-
semblies. The drastic differences in the efficiency of light-
energy conversion demonstrate the importance of the geo-
metrical orientation of the porphyrins with respect to the
TiO2 surface and the resulting supramolecular organization
of the porphyrin and C60 moieties. The maximum IPCE of
60% obtained with TiO2 nanotubes is indicative of the fact
that nanotubes are better suited for anchoring porphyrin
moieties and promoting electron transport within the meso-
scopic semiconductor film.

Experimental Section

General

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 recorded on a Kratos Compact MALDI I
(Shimadzu) spectrometer. TiO2 nanoparticles (P25, d=21 nm) were pur-
chased from Nippon Aerogel Co.

Preparation of Porphyrin-Modified TiO2 Nanomaterials

The TiO2 nanoparticles and nanotubes prepared by literature meth-
ods[35,36] were functionalized with three different carboxylic acid deriva-
tives of porphyrins as illustrated in Figure 5. The preparation of Ar-H2P-
COOH and H-H2P-COOH have been described elsewhere.

[37,38] H2P-
4COOH was purchased from Sigma Aldrich Co. TiO2 nanotubes and
nanoparticles modified with porphyrin moieties (Ar-H2P-COO-TiO2Tube,
H-H2P-COO-TiO2Tube, H2P-4COO-TiO2Tube, Ar-H2P-COO-TiO2Pa, H-
H2P-COO-TiO2Pa, and H2P-4COO-TiO2Pa) were prepared by immersing
warmed TiO2 nanotubes or nanoparticles (80–100 8C) in acetonitrile
(10 mL) containing 3.0K10�4m of Ar-H2P-COOH, H-H2P-COOH, or
H2P-4COOH, respectively, for 12 h. After adsorbing Ar-H2P-COOH, H-
H2P-COOH, or H2P-4COOH, the TiO2 nanotubes or nanoparticles were
filtered, and subsequent washing with acetonitrile and drying afforded
Ar-H2P-COO-TiO2Tube or Ar-H2P-COO-TiO2Pa, H-H2P-COO-
TiO2Tube or H2P-COO-TiO2Pa, and H2P-4COO-TiO2Tube or H2P-
4COO-TiO2Pa, respectively. The dye molecules were completely desor-
bed from the TiO2 nanotubes or nanoparticles into solution by immersing
the dye-modified TiO2 nanotubes or nanoparticles in methanol overnight.
The amounts of Ar-H2P-COOH, H-H2P-COOH, and H2P-4COOH ad-
sorbed onto the TiO2 nanotubes or nanoparticles relative to the total
weight were determined as 3.00K10�5 or 2.98K10�5, 3.00K10�5 or 2.98K
10�5, and 3.00K10�5 or 2.97K10�5 molg�1, respectively. As the average
surface areas of the TiO2 nanoparticles and nanotubes were approximate-
ly the same as those reported in a previous study,[36] we considered the
distance between two porphyrins to be the same in both cases
ACHTUNGTRENNUNG(�17.5 L). This value is quite suitable for the accommodation of C60 be-
tween two porphyrins according to our previous result.[20]

Fabrication of Composite Films

C60 is soluble in nonpolar solvents such as toluene. In mixed solvents
(acetonitrile/toluene), however, they aggregate to form large clusters
with diameters of around 100 nm.[22] The C60 clusters and TiO2 nanotubes
and nanoparticles were electrophoretically deposited onto SnO2 films
under an applied potential as reported previously.[22] Nanostructured
SnO2 films were cast on an OTE by using a dilute (1–2%) colloidal solu-
tion (Alfa Chemicals). The dried film was then annealed at 673 K. De-
tails of the preparation of the electrode and its properties have been de-
scribed elsewhere.[39] These films are highly porous and electrochemically
active; charges can be conducted across the films. The SnO2 film elec-
trode (OTE/SnO2) and an OTE plate were introduced in a cuvette of 1-
cm path length and were connected to the positive and negative termi-
nals of the power supply, respectively. A known amount (�2 mL) of C60,

porphyrin-modified TiO2 nanoparticles (Ar-H2P-COO-TiO2, H-H2P-
COO-TiO2, and H2P-4COO-TiO2), or the mixed cluster suspension in
acetonitrile/toluene (3:1 v/v) was transferred immediately after ultrasoni-
cation to a 1-cm cuvette in which the two electrodes (OTE/SnO2 and
OTE) were kept at a distance of about 6 mm by using a teflon spacer. A
dc electric field (�500 Vcm�1) was applied between the two electrodes
for 2 min with a Fluke 415 power supply. The deposition of the film was
visibe as the solution became colorless with simultaneous brown colora-
tion of the SnO2/OTE electrode. Within 2–3 min, the organized supra-
molecular assemblies of (porphyrin-modified TiO2+C60)n were driven to
the OTE surface to form a dark film.

Measurement of Photoelectrochemical Properties

Photoelectrochemical measurements were performed by using a standard
three-compartment cell consisting of a working electrode, a Pt wire
gauze counterelectrode, and an SCE. All photoelectrochemical measure-
ments were carried out in acetonitrile containing NaI (0.5 moldm�3) and
I2 (0.01 moldm

�3) with a Keithley Model 617 programmable electrome-
ter. 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 the SnO2 electrodes. A Bausch and Lomb high-intensity grating mon-
ochromator was introduced into the path of the excitation beam for
wavelength selection. A Princeton Applied Research (PAR) Model 173
potentiostat and Model 175 universal programmer were used for record-
ing I–V characteristics.
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