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Abstract: Novel gold nanoparticles
modified with a mixed self-assembled
monolayer of porphyrin alkanethiol
and short-chain alkanethiol were pre-
pared (first step) to examine the size
and shape effects of surface holes
(host) on porphyrin-modified gold
nanoparticles. The porphyrin-modified
gold nanoparticles with a size of about
10 nm incorporated C60 molecules
(guest) into the large, bucket-shaped
holes, leading to the formation of a
supramolecular complex of porphyrin–
C60 composites (second step). Large
composite clusters with a size of 200–
400 nm were grown from the supra-
molecular complex of porphyrin–C60

composites in mixed solvents (third
step) and deposited electrophoretically

onto nanostructured SnO2 electrodes
(fourth step). Differences in the por-
phyrin:C60 ratio were found to affect
the structures and photoelectrochemi-
cal properties of the composite clusters
in mixed solvents as well as on the
SnO2 electrodes. The photoelectro-
chemical performance of a photoelec-
trochemical device consisting of SnO2

electrodes modified with the porphy-
rin–C60 composites was enhanced rela-
tive to a reference system with small,
wedged-shaped surface holes on the

gold nanoparticle. Time-resolved tran-
sient absorption spectroscopy with
fluorescence lifetime measurements
suggest the occurrence of ultrafast elec-
tron transfer from the porphyrin excit-
ed singlet states to C60 or the formation
of a partial charge-transfer state in the
composite clusters of supramolecular
complexes formed between porphyrin
and C60 leading to efficient photocur-
rent generation in the system. Elucida-
tion of the relationship between host–
guest interactions and photoelectro-
chemical function in the present system
will provide valuable information on
the design of molecular devices and
machines including molecular photo-
voltaics.
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the absorbance at 420 nm to monitor the place-exchange reaction of
H2PC11MPP with 16-mercaptohexadecanoic acid in toluene (S1), CT
absorption of H2PC11C15MPP and C60 in toluene (S2), CT emission of
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Introduction

Synthetic host molecules are attractive targets that provide
a basic understanding of molecular recognition. Previous ar-
tificial host molecules include cyclophanes,[1] clefts,[2] calixar-
enes,[3] porphyrins,[4] metal–ligand clusters,[5] amongst
others.[6] Although these constructs have provided funda-
mental information on molecular recognition in host–guest
complexes, it has proven to be more difficult to use such
host–guest interactions in molecular devices and machines
that exhibit photophysical, electrochemical, and photoelec-
trochemical functions.[7]

An increasing amount of research is being devoted to the
development of potentially less expensive types of organic
solar cells, including planar heterojunction,[8] dye-sensitiza-
tion,[9–11] bulk heterojunction,[12,13] and nanorod-polymer
solar cells.[14] In particular, considerable attention has been
drawn in recent years to the development of bulk hetero-
junction cells, which possess an interpenetrating network of
donor (D) and acceptor (A) molecules in the blend film, to
enhance the charge separation efficiency between the D and
A molecules. The combination of porphyrin as an electron
donor and fullerene as an electron acceptor seems to be a
promising candidate because of 1) the high light-harvesting
efficiency of porphyrin throughout the solar spectrum, 2)
supramolecular complexation between porphyrin and fuller-
ene due to p–p interactions,[15,16] and 3) the efficient produc-
tion of a long-lived, highly energetic charge-separated state
by photoinduced electron transfer (ET) due to the small re-
organization energy involved in the ET.[17,18] In this context,
we have developed a variety of photovoltaic systems based
on supramolecular complexes of porphyrin and fullerene on
nanostructured SnO2 electrodes.[17,19,20] In particular, novel
organic solar cells have been prepared by the step-by-step
self-organization of porphyrin, C60 units and gold nanoparti-
cles on nanostructured SnO2 electrodes (Route A,

Figure 1).[20] At first, porphyrin-alkanethiolate-monolayer-
protected gold nanoparticles (H2PCnMPP, where n is the
number of methylene groups in the spacer)[21] were prepared
starting from porphyrin-alkanethiol (first step).[22] These por-
phyrin-alkanethiolate-monolayer-protected gold nanoparti-
cles (MPPs) formed supramolecular complexes with C60

molecules in the wedge-shaped holes of the porphyrin MPP
(second step) and these further associated into larger com-
posite clusters in an acetonitrile/toluene mixed solvent
(third step). Finally, these highly colored composite clusters
could be assembled as three-dimensional arrays on nano-
structured SnO2 films to afford a SnO2 electrode modified
with composite clusters of porphyrin and C60 molecules by
using an electrophoretic deposition method (fourth step).[23]

The film of the composite clusters exhibited an incident
photon-to-photocurrent efficiency (IPCE) as high as 54%,
broad photocurrent action spectra (up to 1000 nm), and a
power conversion efficiency of 1.5%, which is much higher
than that of reference systems involving a simple combina-
tion of porphyrin and C60 single components.[20] Although
such step-by-step self-organization is potentially useful in
the development of organic solar cells, it is still difficult to
modulate the three-dimensional morphology of a D–A inter-
penetrating network by controlling the self-assembly proc-
esses of the donor and acceptor molecules.[24]

We report herein a novel approach to the construction of
a light–energy conversion system by the supramolecular in-
corporation of C60 molecules into tailored, large and bucket-
shaped surface holes on porphyrin MPPs in a mixed solvent,
followed by electrophoretic deposition of clusters of these
complexes onto nanostructured SnO2 electrodes (Route B,
Figure 1). An exchange reaction of porphyrin alkanethio-
lates with short-chain alkanethiols in the monolayer of the
gold nanoparticles results in the formation of “host” surface
holes on porphyrin MPP (H2PCnCxMPP, where x is the
number of methylene groups in the short-chain alkanethiol).

In this case, a carboxy group is
introduced onto the end of the
short-chain alkanethiol so that
the surface of the porphyrin
MPP exhibits amphiphilic prop-
erties, the aim being to suppress
undesirable porphyrin MPP ag-
gregation. Thus, we can com-
pare the size and shape effects
of the surface holes formed be-
tween the porphyrins of the
newly developed porphyrin
MPP with those of the refer-
ence porphyrin MPP, with its
small, wedged-shaped surface
holes, on the binding of C60

molecules. Elucidation of the
relationship between the host–
guest interactions and the pho-
toelectrochemical function in
this system will provide valua-Figure 1. Step-by-step self-organization of porphyrin and C60 onto nanostructured SnO2 electrodes.
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ble information for the design of molecular devices and ma-
chines including molecular photovoltaics.

Results and Discussion

Supramolecular complexation of porphyrin MPPs and C60 :
Porphyrin MPP (H2PC11MPP) was synthesized by following
the same method as described previously.[21] Porphyrin-alka-
nethiol mixed MPP (H2PC11C15MPP) was then obtained by
place-exchange reaction of the porphyrin MPP with 16-mer-
captohexadecanoic acid in toluene. The relative ratio of the
porphyrin alkanethiolates and the short-chain alkanethio-
lates on the gold nanoparticles was controlled by varying
the reaction time (see the Supporting Information, S1). Por-
phyrin MPPs, H2PC11MPP and H2PC11C15MPP, were puri-
fied by gel-permeation chromatography. As expected,
H2PC11C15MPP is soluble in both nonpolar (i.e., toluene,
CHCl3, and THF) and polar (i.e., DMF and acetone) sol-
vents, whereas H2PC11MPP is soluble in only nonpolar sol-
vents. Nonetheless, both types of porphyrin MPPs are in-
soluble in acetonitrile. This allows us to make composite
clusters of the porphyrin MPPs and C60 in a toluene/acetoni-
trile mixture (vide infra). H2PC11C15MPP was character-
ized by 1H NMR and UV/Vis spectroscopy, elemental analy-
sis, and transmission electron microscopy (TEM). The mean
diameter (2RCORE) of the gold core determined by TEM is
2.4 nm with a standard deviation s of 0.5 nm. By regarding
the gold core as a sphere with density 1Au

(58.01 atomsnm�3)[25] covered with an outermost layer of
hexagonally close-packed gold atoms (13.89 atomsnm�3)[25]

with a radius of RCORE�RAu (RAu=0.145 nm),[25] it can be
predicted that the cores of H2PC11MPP and
H2PC11C15MPP contain 420 gold atoms, of which 194 lie
on the gold surface. Given the results of the elemental anal-
ysis of H2PC11C15MPP (H, 5.27; C, 47.50; N, 3.08%), there
are 90 porphyrins and 60 short-chain alkanethiolates on the
gold surface of H2PC11C15MPP. Thus, 40% of the porphy-
rin moieties on the surface of H2PC11MPP are lost to yield
H2PC11C15MPP, which is expected to incorporate C60 mole-
cules into its large, bucket-shaped surface holes (ca. three
C60 molecules per hole) to form a supramolecular com-
plex.[26] This is in sharp contrast to the previously reported
supramolecular complexation between H2PC11MPP and
C60, in which the small, wedge-shaped cavities consisting of
two porphyrins bind one C60 molecule to form a 1:1 com-
plex.[20]

To shed light on the supramolecular complexation be-
tween H2PC11C15MPP and C60, the absorption spectrum of
a mixture of H2PC11C15MPP ([H2P]=0.13mm) and C60

([C60]=0.76mm) in toluene was compared with the sum of
the respective spectra of H2PC11C15MPP ([H2P]=0.13 mm)
and C60 ([C60]=0.76 mm) in toluene (see the Supporting In-
formation, S2). A charge-transfer (CT) absorption band
arising from the p complex formed between the porphyrin
and C60 appeared at around 650–800 nm[27,28] in the absorp-
tion spectrum of the mixture of H2PC11C15MPP and C60 in

toluene which was not seen in the sum of the respective ab-
sorption spectra of H2PC11C15MPP and C60 in toluene. No
appreciable CT band emerged in the absorption spectrum of
a mixture of H2P-ref ([H2P]=0.13mm) and C60 ([C60]=
0.76mm) in toluene, which is similar to the sum of the re-
spective absorption spectra of H2P-ref and C60 in toluene
(S2). Thus, the tailored surface holes on the porphyrin
MPPs can effectively incorporate C60 guest molecules to
form a supramolecular complex between H2PC11C15MPP
and C60 in toluene.

A steady-state fluorescence spectrum was recorded for a
mixture of H2PC11C15MPP and C60 in toluene ([H2P]=
0.17mm, [C60]=1.00mm, lex=420 nm). CT emission due to p

complexation between the porphyrins and C60 molecules is
seen at around 800 nm[27,28] for the mixture of
H2PC11C15MPP and C60 in toluene, which was not observed
in the fluorescence spectrum of H2PC11C15MPP in the ab-
sence of C60 in toluene (see the Supporting Information,
S3). This demonstrates that H2PC11C15MPP and C60 form
tightly packed supramolecular complexes in toluene to ex-
hibit CT emission.

The apparent association constants (Kapp) for the forma-
tion of supramolecular complexes between porphyrin MPPs
and C60 molecules [Eq. (1) in which a is the degree of asso-
ciation between H2P and C60

[20b]] in toluene and in a mixed
solvent (acetonitrile/toluene, 1:2) were determined by analy-
sis of the fluorescence quenching of porphyrin MPPs by C60

to estimate the degree of incorporation of C60 into the por-
phyrin MPPs.[20b] The results of the fluorescence quenching
experiments are shown in Figure 2. Under the experimental
conditions, the fluorescence quenching of the reference
system, H2P-ref, by C60 was negligible.

[29] On the other hand,
in the case of H2PC11C15MPP and H2PC11MPP in both tol-
uene and in the mixed solvent, the fluorescence from the
porphyrin moiety decreased with increasing C60 concentra-
tion. In addition, a concomitant increase in the weak CT
emission appeared at around 800 nm only in nonpolar tolu-
ene (Figure 2a), whereas no appreciable CT emission at
800 nm was seen in the polar mixed solvent (Figure 2b).
This behavior can be rationalized by the fact that the inten-
sity of the CT emission decreases with increasing solvent po-
larity.[27]
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H2P þ C60

Kapp
��! �� ðH2P � � � C60Þ

ð1�aÞ½H2P	 ½C60	�a½H2P	 a½H2P	
ð1Þ

By using Equation (1), a linear dependence of 1/
[�0

f�ff(obsd)] on [C60]
�1 was obtained [Eq. (2), where

ff(obsd) is the observed fluorescence quantum yield of H2P
in solution and �0

f and �0f are the fluorescence quantum
yields of uncomplexed and complexed molecules of H2P
([C60]@ [H2P])].

[20b]

1
�0
f��fðobsdÞ

¼ 1
�0
f��0f

þ 1
Kappð�0

f��0fÞ½C60	
ð2Þ

The Kapp values of H2PC11C15MPP and H2PC11MPP, as
determined from the double reciprocal plots [Eq. (2)], are
2.6M104 and 2.6M104m�1 in toluene and 1.2M105 and 1.6M
105m�1 in the mixed solvent (acetonitrile/toluene, 1:2), re-
spectively (see Figure S4 in the Supporting Information).
The Kapp values in the mixed solvent are larger by one order
of magnitude than those in toluene. Strong lyophobic inter-
actions between the porphyrin and C60 molecules are re-
sponsible for the high complexation between the porphyrin
MPPs and the C60 molecules in the mixed solvent. The Kapp

values of H2PC11MPP and H2PC11C15MPP are virtually
the same in toluene and in the mixed solvent. This suggests
that the initial, direct complexation between the porphyrin
and C60 molecules in the surface holes affects the apparent

association behavior, resulting in similar Kapp values in both
systems.

Preparation and characterization of composite clusters of
porphyrin MPPs and C60 : Porphyrin MPPs form supra-
molecular complexes with C60 molecules in toluene and in a
mixed solvent (acetonitrile/toluene, 1:2). At high porphyrin
and C60 concentrations ([H2P]=0.17mm, [C60]=0–1.00mm)
in the mixed solvent, the resultant supramolecular com-
plexes associate together with additional C60 molecules to
form larger composite clusters (vide infra).[19,20] The clusters
are then attached to nanostructured SnO2 electrodes by
using an electrophoretic deposition method (200 V for
1 min), as reported previously.[19,20] For instance, the forma-
tion of H2PC11C15MPP and C60 composite clusters [denoted
as (H2PC11C15MPP+C60)m] was achieved by injecting ace-
tonitrile into a mixture of H2PC11C15MPP and C60 in tolu-
ene (final ratio of acetonitrile/toluene=1:2, v/v). The con-
centration of porphyrin units (per monomer) in these com-
posite clusters was the same in all the experiments {[H2P]=
0.17mm in acetonitrile/toluene (1:2)}, whereas the concen-

Figure 2. Steady-state fluorescence spectra of a) H2PC11C15MPP in tolu-
ene and b) H2PC11C15MPP in toluene/acetonitrile (2:1, v/v) at various
concentrations of C60 ([H2P]=5mm, [C60]=0–0.10mm, lex=435 nm).

Figure 3. a) Absorption spectrum of (H2PC11C15MPP+C60)m ([H2P]=
0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) in acetonitrile/toluene (1:2,
v/v) (solid line) and a linear combination of the absorption spectra of
H2PC11C15MPP and C60 ([H2P]=3.4mm, [C60]=20.0mm ; [H2P]:[C60]=
1:6) in toluene (dotted line). The linear combination was normalized at
the Soret band for comparison. b) Absorption spectrum of
(H2PC11C15MPP+C60)m ([H2P]=0.17 mm, [C60]=0.51 mm ; [H2P]:[C60]=
1:3) in acetonitrile/toluene (1:2, v/v) (solid line) and a linear combination
of the absorption spectra of H2PC11C15MPP and C60 ([H2P]=3.4mm,
[C60]=10.0mm ; [H2P]:[C60]=1:3) in toluene (dotted line). The linear com-
bination was normalized at the Soret band for comparison.
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tration of C60 was varied {[C60]=0–1.00mm in acetonitrile/
toluene (1:2)}. This procedure allowed us to achieve com-
plex formation between H2PC11C15MPP and C60 as well as
the formation of clusters at the same time. Clusters of
H2PC11MPP and C60 [denoted as (H2PC11MPP+C60)m]
were also prepared in the same way as a control experi-
ment.

The absorption spectra of (H2PC11C15MPP+C60)m and
(H2PC11MPP+C60)m in acetonitrile/toluene (1:2) were
much broader than those in toluene (Figure 3).[30] The Soret
band in the acetonitrile/toluene mixture was red-shifted rel-
ative to that in toluene, whereas the positions of the Q-
bands were almost the same. These results indicate the for-
mation of clusters in the mixed solvent.[19,20] The broad long-
wavelength absorption in the 700–800 nm region is diagnos-
tic of the charge-transfer absorption band that arises as a
result of the p complex formed between the porphyrin and
C60 (vide supra).[27,28] More importantly, the red-shift of the
Soret band of (H2PC11C15MPP+C60)m with a ratio of
[H2P]:[C60]=1:6 (Figure 3a) is much larger than that of
(H2PC11C15MPP+C60)m with a ratio of [H2P]:[C60]=1:3
(Figure 3b). This shows that the interaction between the por-
phyrin and the C60 molecules increases as the relative ratio
of C60 versus porphyrin increases.

The clusters of (H2PC11C15MPP+C60)m ([H2P]:[C60]=
1:6), (H2PC11C15MPP)m, and (C60)m were characterized
using the dynamic light scattering (DLS) method. In tolu-
ene, the average diameter of H2PC11MPP is reported to be
~10 nm, which is consistent with the value determined by
molecular modeling.[20] On the other hand, in a mixture of
acetonitrile/toluene (1:2), the size distributions of associated
clusters of (H2PC11C15MPP+C60)m, (H2PC11C15MPP)m,
and (C60)m were found to be narrow with mean diameters
(DM) of 190 nm for (H2PC11C15MPP+C60)m, 180 nm for
(H2PC11C15MPP)m, and 350 nm for (C60)m (Figure 4). More

importantly, the size distribution of clusters of
(H2PC11C15MPP+C60)m increased with increasing incuba-
tion time (t=2 min, DM=190 nm; t=5 min, DM=300 nm;
t=8 min, DM=310 nm), whereas those of
(H2PC11C15MPP)m and (C60)m remained virtually the same.
These results suggest that in the mixed solvent C60 molecules
are incorporated into the tailored host space between the
porphyrin moieties in the porphyrin-modified gold nanopar-
ticles to form highly organized aggregates.

The TEM image of (H2PC11C15MPP+C60)m (Figure 5a)
obtained from drop-casted films of the clusters
([H2P]:[C60]=1:6) on a carbon grid reveals the exclusive for-
mation of rod-like clusters with a well-controlled size (1–
2 mm in the long axis and 0.1–0.2 mm in the short axis). In
sharp contrast, the TEM images of the clusters of
(H2PC11C15MPP)m (Figure 5c) and (C60)m (Figure 5d) show
ill-defined sizes and shapes. In particular, the TEM image of

Figure 4. Particle size distribution of (H2PC11C15MPP)m (dotted line),
(H2PC11C15MPP+C60)m ([H2P]:[C60]=1:6, solid line), and (C60)m
(dashed line) in an acetonitrile/toluene (1:2) mixture at 2 min after injec-
tion of acetonitrile into the toluene solutions.

Figure 5. TEM images of a) (H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6), b) (H2PC11C15MPP+C60)m ([H2P]=0.17mm,
[C60]=0.51mm ; [H2P]:[C60]=1:3), c) (H2PC11C15MPP)m ([H2P]=0.17mm), and d) (C60)m ([C60]=1.00mm). The samples were prepared from the cluster
solution in acetonitrile/toluene (1:2), which were evaporated on carbon grids.
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clusters of (C60)m reveals both rods of different sizes (1–
5 mm in the long axis and 0.1–0.5 mm in the short axis) and
small random-shaped structures (0.1–0.5 mm). In addition,
variation of the [H2P]:[C60] ratio was found to affect the
cluster size and shape (Figure 5a and 5b). The TEM images
of (H2PC11C15MPP+C60)m show that a ratio of
[H2P]:[C60]=1:6 leads to the formation of well-defined clus-
ters compared with the case of [H2P]:[C60]=1:3. This trend
is consistent with the size of the large and bucket-shaped
surface holes, which are expected to incorporate up to about
three C60 molecules. A ratio of [H2P]:[C60]=1:6 results in
the formation of well-defined clusters in which the
H2PC11C15MPP filled with C60 molecules further associate
with the excess C60 molecules to yield composite nanoclus-
ters consisting of alternating arrays of porphyrin and C60

covered with C60 molecules (vide infra). These results clearly
demonstrate that the shape and the size of the surface holes
on the H2PC11C15MPP structure play an important role in
controlling the formation of molecular clusters with C60 mol-
ecules.

To undertake photoelectrochemical measurements, nano-
structured SnO2 electrodes (denoted as ITO/SnO2) were
modified. By subjecting the resultant cluster suspension to a
high electric d.c. field (200 V for 1 min), the
(H2PC11C15MPP+C60)m and reference clusters
[(H2PC11MPP+C60)m] were deposited onto the ITO/SnO2

electrodes to form modified electrodes denoted as ITO/
SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m, respectively. The absorptivity of ITO/
SnO2/(H2PC11C15MPP+C60)m (Figure 6a) was higher than
that of ITO/SnO2/(H2PC11C15MPP)m (Figure 6b), and as
high as that of ITO/SnO2/(H2PC11MPP+C60)m.

[30] These re-
sults show that ITO/SnO2/(H2PC11C15MPP+C60)m absorbs
most of the incident light in the visible and near-infrared re-
gions. The remarkable broadening of the Soret band in the
absorption spectrum of ITO/SnO2/(H2PC11C15MPP+C60)m

indicates the effective complexation of the porphyrin and
C60 molecules.[27,28]

The AFM image of ITO/SnO2/(H2PC11C15MPP+C60)m
reveals the aggregation of a cluster with a size of 200–
300 nm (Figure 7a). The cluster size derived from the AFM
image is comparable to that determined by the DLS experi-

Figure 6. Absorption spectra of a) ITO/SnO2/(H2PC11C15MPP+C60)m
([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) and b) ITO/SnO2/
(H2PC11C15MPP)m ([H2P]=0.17mm).

Figure 7. Tapping-mode atomic force micrographs of a) ITO/SnO2/(H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=1:6) and b)
ITO/SnO2/(H2PC11C15MPP)m ([H2P]=0.17mm) in air. The color scale represents the height topography with bright and dark representing the highest
and lowest features, respectively.
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ments for composite clusters in acetonitrile/toluene (1:2,
v/v) (solid line in Figure 4). On the other hand, the ITO/
SnO2/(H2PC11C15MPP)m film exhibits a network structure
of viscous, indistinct clusters (Figure 7b). These morphologi-
cal trends are in good agreement with those obtained from
TEM measurements. Note here that because of a high depo-
sition rate, the clusters fail to grow in the form of microcrys-
tallites. Only the slow solvent-evaporation technique em-
ployed during the preparation of the TEM grid allows the
growth of composite clusters as well-defined microcrystal-
lites. This explains why the rod-like clusters observed in the
images of TEM were not found in the AFM images (vide
supra).

Comparison of photoelectrochemical properties : Photoelec-
trochemical measurements were performed with a standard
three-electrode system consisting of a working electrode, a
platinum wire electrode, and a Ag/AgNO3 reference elec-
trode in a mixture of 0.5m LiI and 0.01m I2 in air-saturated
acetonitrile. First, we examined the effect of the concentra-
tion of C60 on the photoelectrochemical properties of the
ITO/SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m devices at the same applied potential
of +0.06 V versus SCE. Under these conditions, an anodic
photocurrent passed from the electrolyte solution to the
SnO2 electrode through the cluster films.[19,20,23] The IPCE
value of the ITO/SnO2/(H2PC11C15MPP+C60)m device in-
creased with increasing C60 concentration (0–1.0mm in ace-
tonitrile/toluene) at a constant concentration of H2P
(0.17mm) (Figure 8A) and reached a maximum value of
42% at 475 nm ([H2P]:[C60]=1:6). Furthermore, the sample
with the highest IPCE value was characterized by a broad
photoelectrochemical response spectrum in the visible
region (Figure 8A, curve d).[31, 32] This indicates that electron
transfer from the excited singlet state of porphyrin to C60 or
the formation of a partial CT state within the supramolec-
ular complex formed between the porphyrin and the C60

moieties takes place leading to efficient photocurrent gener-
ation.[17,18,27,28] In contrast, the IPCE value of the ITO/SnO2/
(H2PC11MPP+C60)m device increased initially with increas-
ing C60 concentration (0–1.0mm in acetonitrile/toluene)
reaching a maximum of 16% at 440 nm ([H2P]:[C60]=1:3)
and then decreased dramatically under the same experimen-
tal conditions (Figure 8B). The photocurrent action spectra
largely matched the absorption spectra of the SnO2 electro-
des.[31] It should be emphasized here that the IPCE value
(42%) of the ITO/SnO2/(H2PC11C15MPP+C60)m device
with large, bucket-shaped holes is larger by a factor of three
than that (16%) of the ITO/SnO2/(H2PC11MPP+C60)m
device with small, wedge-shaped surface holes on
H2PC11MPP. This clearly demonstrates that the shape and
size of the host holes on the three-dimensional porphyrin
MPP have a large impact on the photoelectrochemical prop-
erties. With an excess of C60 relative to porphyrin in both
the ITO/SnO2/(H2PC11C15MPP+C60)m and ITO/SnO2/
(H2PC11MPP+C60)m devices, an electron produced by pho-
toinduced charge separation between the porphyrin and C60

may be relayed through the excess C60 molecules to reach
the conduction band (CB) of the SnO2 electrode by an elec-
tron-hopping mechanism (vide infra). Thus, depending on
the size and the shape of the surface holes on the porphyrin
MPPs, the optimal photoelectrochemical conditions in terms
of the porphyrin:C60 ratio would be different in both devi-
ces.

Ultrafast photodynamics of composite clusters of porphyrin
and C60 in toluene and in acetonitrile/toluene : The fluores-
cence lifetimes of the supramolecular complexes formed be-
tween porphyrin MPPs and C60 in toluene and the compo-
site clusters of the porphyrin MPPs and C60 in acetonitrile/
toluene (1:2) were measured using the up-conversion tech-
nique at the emission wavelength of 655 nm (due to the por-
phyrin moiety) with excitation at 410 nm, as shown in
Figure 9. The decay curves of the fluorescence intensity
could be fitted as single or double exponentials. The decay
profile for H2PC11C15MPP in toluene is mono-exponential
with a time constant of 90 ps (Figure 9a), which could be at-
tributed to the energy-transfer quenching of the porphyrin
excited singlet state by the gold nanoparticle.[21] The addi-
tion of C60 to H2PC11C15MPP in toluene led to intensive

Figure 8. The photocurrent action spectra (IPCE vs. wavelength) of A)
ITO/SnO2/(H2PC11C15MPP+C60)m and B) ITO/SnO2/(H2PC11MPP+
C60)m in toluene/acetonitrile (2:1). Potential: +0.06 V versus SCE; elec-
trolyte: 0.5m LiI and 0.01m I2. A) [H2P]=0.17mm, a) [C60]=0mm (~), b)
[C60]=0.17mm ([H2P]:[C60]=1:1, !), c) [C60]=0.51mm ([H2P]:[C60]=1:3,
&), and d) [C60]=1.00mm ([H2P]:[C60]=1:6, *). B) [H2P]=0.17mm, a)
[C60]=0.17mm ([H2P]:[C60]=1:1, !), b) [C60]=0.34mm ([H2P]:[C60]=1:2,
^), c) [C60]=0.51mm ([H2P]:[C60]=1:3, &), and d) [C60]=1.00mm

([H2P]:[C60]=1:6, *).
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fluorescence quenching of the porphyrin excited singlet
state by C60 due to the ultrafast CT interaction in the supra-
molecular complex formed between the porphyrin and C60

(vide infra).[27,28] The resultant two decay components [31
(85%) and 206 ps (15%)] may be ascribed to the un-
quenched porphyrin excited singlet state in different envi-
ronments. In the mixed solvent, two decay components with
time constants of <100 fs (82%) and 2.4 ps (18%) for
(H2PC11C15MPP)m may result from ultrafast energy migra-
tion between the porphyrins in the clusters and the decay
processes correlate with vibration relaxation, internal con-
version, and self-quenching (Figure 9b).[21,33] Note that the
fluorescence intensity of (H2PC11C15MPP+C60)m
([H2P]:[C60]=1:6) in the mixed solvent is much lower than
that of (H2PC11C15MPP)m in the same solvent. Similar ul-
trafast quenching was observed for (H2PC11MPP+C60)m in
the mixed solvent as well as for H2PC11MPP and C60 in tol-
uene relative to the reference systems without C60.

[21] These
results clearly show extremely fast porphyrin fluorescence
quenching by C60, either by ultrafast electron transfer
(<100 fs) from the singlet excited states of the porphyrins
to the C60 molecules or by the formation of a partial CT
state between the porphyrin and C60 molecules in the supra-

molecular complex. Since such an ultrafast process is
beyond the instrumentQs time resolution of approximately
100 fs, the components of the fluorescence lifetimes of
(H2PC11C15MPP+C60)m in the mixed solvent and of
H2PC11C15MPP and C60 in toluene may be due to minor
deactivation pathways of the porphyrin excited singlet
state.[34]

The ultrafast relaxation of the porphyrin singlet excited
state by interaction with C60 in the composite cluster in the
mixed solvent and on the ITO/SnO2 electrode was further
examined by femtosecond time-resolved transient absorp-
tion spectroscopy. Figure 10a and 10b show the transient ab-
sorption component spectra of (H2PC11C15MPP+C60)m
and (H2PC11C15MPP)m in the mixed solvent, respectively.
An intense bleaching due to the porphyrin excited singlet
state of (H2PC11C15MPP)m was observed at around 650 nm
following laser pulse excitation (lex=515 nm), which ensur-
ed the direct formation of the porphyrin excited singlet state
(Figure 10b). The three decay components obtained by
global analysis may also be assigned to ultrafast energy mi-
gration between the porphyrins in the clusters and the decay
processes correlate with vibration relaxation, internal con-
version, and self-quenching.[21,33] In contrast, broad struc-
tureless transient absorption component spectra were ob-
tained for (H2PC11C15MPP+C60)m in the mixed solvent
(Figure 10a). By taking into account the ultrafast porphyrin

Figure 9. Fluorescence decay curves at 655 nm (lex=410 nm) for a)
H2PC11C15MPP [*, t1=90 ps (100%)] and H2PC11C15MPP and C60 [*,
t1=31 ps (85%), t2=206 ps (15%)] ([H2P]=0.17mm, [C60]=1.00mm ;
[H2P]:[C60]=1:6) in toluene and b) (H2PC11C15MPP)m [*, t1<100 fs
(82%), t2=2.4 ps (18%)] and (H2PC11C15MPP+C60)m (*, t1<100 fs
(80%), t2=472 ps (20%)] ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=
1:6) in toluene/acetonitrile=2:1 (v/v).

Figure 10. Transient absorption decay component spectra of a)
(H2PC11C15MPP+C60)m ([H2P]=0.17mm, [C60]=1.00mm ; [H2P]:[C60]=
1:6) and b) (H2PC11C15MPP)m ([H2P]=0.17mm) in toluene/acetonitrile
[2:1 (v/v)] obtained by a global three-component fit of the data. The exci-
tation wavelength was 515 nm (the first Q-band of porphyrin). The fitted
time constants are displayed on the plots.
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fluorescence quenching by C60 (<100 fs), the porphyrin ex-
cited singlet state is quenched by C60 to yield the charge-sep-
arated or the partial CT state of the porphyrin and C60 mol-
ecules. In accordance with this interpretation, the broad
transient absorption band in the 700–750 nm region could
be assigned to the free-base porphyrin radical cation or the
partial CT state,[27,28] whereas no reliable transient absorp-
tion spectrum confirming the formation of the C60 radical
anion was obtained in the 900–1100 nm region[27,28] because
of a poor signal-to-noise ratio. Thus, the rapid decay of the
bands at 700–750 nm from 0.83 to 20 ps may be attributable
to the decay of the free-base porphyrin radical cation or the
CT state. The decay components (0.83, 20, and 817 ps) of
the transient absorption of (H2PC11C15MPP+C60)m in the
mixed solvent may also be rationalized by the deactivation
of the partial CT state in different environments or by
minor processes after ultrafast charge separation and charge
recombination with a time constant of <100 fs.[34]

Photocurrent generation mechanism : Based on the results
of the photodynamic and photoelectrochemical properties
of the present system, we have proposed a photocurrent
generation mechanism, as shown in Figure 11. Photocurrent
generation in the present system is initiated by photoin-
duced charge separation from the porphyrin excited singlet
state (1H2P

*/H2PC+ =�0.7 V versus NHE)[20] to C60 (C60/
C60C�=�0.2 V versus NHE)[20] or by the formation of a par-
tial CT state in the supramolecular complex of porphyrin
and C60 rather than by direct electron injection into the con-
duction band (CB) of the SnO2 (0 V versus NHE)[20]

system.[9–11] The reduced C60 or the partial CT state then in-
jects an electron directly into the SnO2 nanocrystallites or
the electron is relayed by electron hopping between the C60

molecules. On the other hand, the oxidized porphyrin (H2P/
H2PC+ =1.2 V versus NHE)[20] undergoes electron-transfer
reduction with the iodide (I�/I3

�=0.5 V versus NHE)[20] in
the electrolyte system. The small reorganization energy of
porphyrin and C60

[17,18] would facilitate the injection of an
electron from the porphyrin excited singlet state into the
conduction band of SnO2 and the rapid donation of an elec-
tron from the iodide to the porphyrin radical cation, mini-
mizing the unfavorable charge recombination between the

porphyrin and C60 molecules. The highest IPCE value
(42%) in the ITO/SnO2/(H2PC11C15MPP+C60)m device
was obtained with a large excess of C60 over porphyrin
([H2P]:[C60]=1:6), which rationalizes the possible number of
C60 molecules (~3) that can be incorporated into the large,
bucket-shaped surface holes on H2PC11C15MPP. This is in
sharp contrast to the photoelectrochemical properties of the
ITO/SnO2/(H2PC11MPP+C60)m device in which the highest
IPCE (16%) value was achieved with a moderate excess of
C60 relative to porphyrin ([H2P]:[C60]=1:3), which explains
the possible number of C60 molecules (~1) incorporated into
the small, wedge-shaped surface holes on H2PC11MPP. An
electron produced by photoinduced charge separation be-
tween porphyrin and C60 may be relayed through the excess
C60 molecules to reach the conduction band (CB) of the
SnO2 electrode by the electron-hopping mechanism.

Conclusions

In summary, we have successfully disclosed the size and
shape effects of surface holes on porphyrin MPP (host)–C60

(guest) interactions and their impact on the structure and
photoelectrochemical properties of nanostructured SnO2

electrodes modified with molecular clusters of porphyrin
MPP and C60 composites. The H2PC11C15MPP system with
large and bucket-shaped holes on the porphyrin MPP has an
efficient photoelectrochemical response in the UV/Vis re-
gions compared with the reference H2PC11MPP system with
small and wedge-shaped holes on the porphyrin MPP. The
design of such “host” structures on porphyrin MPPs pro-
vides a variety of ways to further develop more efficient
light–energy conversion systems by modulating the surface
structure.

Experimental Section

General methods : Melting points were recorded on a Yanagimoto micro-
melting point apparatus and are not corrected. 1H NMR spectra were re-
corded with a JEOL EX-270 (270 MHz) or a JEOL JMN-AL300
(300 MHz) spectrometer. Elemental analyses were performed at the Mi-
croanalytical Laboratory of Kyoto University.

Materials : All solvents and chemicals were of reagent grade quality, ob-
tained commercially, and used without further purification unless other-
wise noted (vide infra). HAuCl4 (99.999%) and tetraoctylammonium
bromide (98%) were purchased from Aldrich. Tetrabutylammonium hex-
afluorophosphate (nBu4NPF6), used as a supporting electrolyte for the
electrochemical measurements, was obtained from Tokyo Kasei Organic
Chemicals. THF was purchased from Wako Pure Chemical Ind., Ltd. and
purified by successive distillation over sodium benzophenone ketyl
before use. Thin-layer chromatography (TLC) and flash column chroma-
tography were performed with 25 DC-Alufolien Aluminiumoxid 60 F254

Neutral (Merck) and silica gel 60N (Kanto Chemicals), respectively.

Synthesis : Porphyrin MPP (H2PC11MPP) was synthesized by following
the same method as described previously.[21] Porphyrin-alkanethiol mixed
MPP (H2PC11C15MPP) was then obtained by place-exchange reaction
of porphyrin MPP with 16-mercaptohexadecanoic acid in toluene (S1).

Porphyrin MPP (H2PC11C15MPP): 16-Mercaptohexadecanoic acid
(10.8 mg, 0.037 mmol) was added to a solution of H2PC11MPP (50.4 mg)

Figure 11. Plausible photocurrent generation mechanism for the ITO/
SnO2/(H2PC11C15MPP+C60)m device.
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in toluene (25 mL). After stirring the reaction mixture for 9 h at room
temperature under argon in the dark, the solvent was evaporated to dry-
ness. The residue was purified by gel-permeation chromatography (Bio-
beads S-X1 200–400 mesh, toluene). Reprecipitation with hexane-2-prop-
anol afforded H2PC11C15MPP as a black purple solid (31.0 mg). Ele-
mental analysis calcd (%) for (C80H100N5OS)90(C16H31O2S)60Au420: C
47.53, H 5.32, N 3.06; found: C 47.50, H 5.27, N 3.08.
Preparation of clusters and their deposition onto ITO/SnO2 electrodes :
H2PC11C15MPP, H2PC11MPP, and C60 are readily soluble in nonpolar
solvents such as toluene. In mixed solvents, however, they aggregate and
form larger clusters. Nanostructured SnO2 films were cast on an optically
transparent indium-tin oxide (ITO) electrode by applying a dilute
(1.5%) colloidal solution of SnO2 (Chemat) and annealing the dried film
at 673 K. These films are highly porous and are electrochemically active,
being able to conduct charges across the film. The SnO2 film electrode
(ITO/SnO2) and an ITO plate were introduced into a 1 cm pathlength
cuvette and were connected to positive and negative terminals of the
power supply, respectively. A known amount (~1.5 mL) of the cluster so-
lution in acetonitrile/toluene (1:2, v/v) was transferred to the cuvette in
which the two electrodes (viz. , ITO/SnO2 and ITO) were kept at a dis-
tance of about 6 mm by using Teflon spacer. A d.c. voltage (200 V) was
applied between these two electrodes for 1 min using a ATTO AE-8750
power supply. Deposition of a film of clusters onto the ITO/SnO2 elec-
trode can be visibly seen as the solution becomes colorless with simulta-
neous coloration of the ITO/SnO2 electrode.

Characterization : The UV/VIS spectra of solutions and films were re-
corded with a Perkin-Elmer Lambda 900UV/visNIR spectrophotometer.
Steady-state fluorescence spectra were acquired with a SPEX Fluoro-
MAX-3 spectrometer and measured with a Fluorolog 3 spectrofluorime-
ter (ISA Inc.) equipped with a cooled IR-sensitive photomultiplier
(R2658). Dynamic light scattering studies were carried out using an
Horiba LB-550 instrument. Transmission electron micrographs (TEM) of
the clusters were recorded by applying a drop of the sample onto a
carbon-coated copper grid. Images were recorded using a JEOL JEM-
200CX transmission electron microscope. AFM measurements were car-
ried out by using a Digital Nanoscope III in the tapping mode.

Photoelectrochemical measurements : The photoelectrochemical meas-
urements were performed in a one-compartment Pyrex UV cell (5 mL)
with a standard three-electrode system consisting of a working electrode,
a platinum wire counter-electrode, and a Ag/AgNO3 reference electrode
in 0.5m LiI and 0.01m I2 in acetonitrile as the electrolyte. Photocurrents
were measured with an ALS 630A electrochemical analyzer. A mono-
chromatic light generated by shining a 500 W xenon lamp (Ushio XB-
50101AA-A) through a monochromator (Ritsu MC-10N) was used for
the excitation of the thin films cast on the SnO2 electrodes. The IPCE
values were calculated by normalizing the photocurrent values for inci-
dent light energy and intensity and by using the expression IPCE (%)=
100M1240M I/(Win Ml), where I is the photocurrent, Win is the incident
light intensity, and l is the excitation wavelength.

Spectral measurements : A pump-probe method was used to measure
transient absorption spectra in the sub-picosecond to nanosecond time
range. The measurements were carried out using the instrument de-
scribed previously[28] with the addition of an optical parametric amplifier
(CDP 2017, CDP Inc., Russia) to generate excitation pulses at 515 nm.
The transient spectra were recorded with a CCD detector coupled to a
monochromator in the visible and near-IR ranges. A typical time resolu-
tion of the instrument was 200–300 fs (FWHM). Emission decays were
measured using an up-conversion method as described elsewhere.[28] An
excitation wavelength of 420 nm was used with a time resolution of
200 fs (FWHM).
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