
Vectorial Electron Relay at ITO Electrodes Modified with Self-Assembled
Monolayers of Ferrocene–Porphyrin–Fullerene Triads and Porphyrin–
Fullerene Dyads for Molecular Photovoltaic Devices

Hiroshi Imahori,*[a] Makoto Kimura,[b] Kohei Hosomizu,[a] Tomoo Sato,[c]

Tae Kyu Ahn,[d, e] Seong Keun Kim,[e] Dongho Kim,*[d] Yoshinobu Nishimura,[c]

Iwao Yamazaki,*[f] Yasuyuki Araki,[g] Osamu Ito,*[g] and Shunichi Fukuzumi*[b]

Abstract: Systematic series of indium
tin oxide (ITO) electrodes modified co-
valently with self-assembled monolay-
ers (SAMs) of ferrocene–porphyrin–
fullerene triads and porphyrin–fuller-
ene dyads were designed to gain valu-
able insight into the development of
molecular photovoltaic devices. The
structures of SAMs on ITO have been
investigated by UV/Vis absorption
spectroscopy, atomic force microscopy,
and cyclic voltammetry. The photoelec-
trochemical and photophysical (fluores-

cence lifetime and time-resolved tran-
sient absorption) properties were also
determined. The highest quantum yield
of photocurrent generation (11%)
among donor–acceptor linked systems
which are covalently attached to the
surface of ITO electrodes was achieved
with SAMs of ferrocene–zinc porphy-

rin–fullerene linked triad on ITO elec-
trodes. The quantum yields of photo-
current generation correlate well with
the charge-separation efficiency and
the lifetime of the charge-separated
state of the porphyrin–fullerene linked
systems in solution. These results pro-
vide valuable information for the con-
struction of photonic molecular devices
and artificial photosynthetic systems on
ITO electrodes.
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Introduction

Understanding photoinduced electron transfer (ET) in
donor (D)–acceptor (A) linked systems under well-defined
conditions is essential for the rational design and develop-
ment of photovoltaic devices, photonic devices, photocataly-
sis, and artificial photosynthesis.[1] In this context coupling of
a porphyrin donor and a fullerene acceptor has emerged
rapidly in D–A linked systems, since the D–A couples ex-
hibit excellent ET properties owing to small reorganization
energies as compared to conventional aromatic D–A sys-
tems.[2,3] For example, in porphyrin–fullerene linked dyads
photoinduced ET from the porphyrin excited singlet state to
the C60 moiety occurs nearly at the top region of the Marcus
parabolic curve, whereas the charge-recombination process
is shifted deeply into the inverted region of the Marcus par-
abolic curve, which is a key strategy for efficient ET in pho-
tosynthesis. Thus, photoexcitation leads to the formation of
a long-lived charge-separated state with a high quantum
yield in solution by photoinduced ET. This methodology has
allowed us to construct a variety of porphyrin–fullerene
linked systems which exhibit efficient charge separation
(CS) and slow charge recombination (CR).[2] However, the
structures and photophysical properties of D–A linked sys-
tems in solution are in a sharp contrast with those in molec-
ular assemblies, where the intermolecular interaction and
surrounding environment significantly influence their prop-
erties. Thus, research on D–A linked systems in molecular
assemblies is of utmost importance to gain further insight
into their photophysical and photochemical applications.

Self-assembled monolayers (SAMs) are highly promising
for constructing molecular architectures on metal and semi-
conductor surfaces.[4] Self-assembled monolayers of photoac-
tive chromophores on flat gold surfaces have attracted spe-
cial attention as photonic molecular devices and artificial
photosynthetic materials.[5–17] In particular, donor–acceptor
linked molecules or mixtures of donor–acceptor components
self-assembled on gold electrodes exhibit photosynthetic ET
and energy transfer (EN), and generate a photocurrent as
macroscopic output.[7,8, 11,16,17] However, a high quantum
yield for photocurrent generation on the electrode, as at-
tained in photosynthesis, has been hampered by strong EN
quenching of the excited states of chromophores by the gold
surface.[11c] Indium tin oxide (ITO) with high optical trans-
parency and electrical conductivity seems to be a promising
alternative as an electrode which may reduce the quenching
of the excited states of chromophores on the surface. De-
spite these advantages, development of SAMs on ITO elec-
trodes has been restricted because their chemical modifica-
tion requires carefully controlled conditions which are diffi-
cult to achieve.[18] As such, the synthetic approach to SAMs
on gold electrodes is not applicable to SAMs on ITO, which
has hydroxyl groups on the surface and exhibits high rough-
ness as opposed to the atomically flat Au(111) surface. Thus,
no systematic studies on the structures and photophysical
properties of SAMs of donor–acceptor linked molecules on
ITO have hitherto been reported.[19–25]

We report herein a series of SAMs of porphyrin–fullerene
linked triads and dyads on ITO electrodes designed to study

this issue. Ferrocene–porphyrin–fullerene triads and por-
phyrin–fullerene dyads were selected as donor–acceptor
linked systems because of their pronounced CS in solution.
The investigated systems are shown in Schemes 1 and 2. The
series are SAMs of ferrocene–porphyrin (P)–C60 triads on
ITO electrodes [denoted as Fc-P-CONH-C60/ITO (P=ZnP
or H2P)], SAMs of P–C60 dyads with a diphenylamido
spacer on ITO electrodes [denoted as P-CONH-C60/ITO
(P=ZnP or H2P)], SAMs of P–C60 dyads with a phenyl
spacer on ITO electrodes [denoted as P-S1-C60/ITO (P=
ZnP or H2P)], a C60 SAM without porphyrin [denoted as
C60-ref/ITO],[26] and porphyrin SAMs without C60 [denoted
as P-ref/ITO (P=ZnP or H2P)].

[27] The photoelectrochemi-
cal and photophysical (fluorescence lifetime and time-re-
solved transient absorption) properties of the ITO systems
were examined. Their photodynamic properties are com-
pared with those of ferrocene–porphyrin–fullerene triads
[Fc-P-CONH-C60 (P=ZnP or H2P)]

[28c] and porphyrin–ful-
lerene dyads (P-CONH-C60 (P=ZnP or H2P)

[28] and P-S1-
C60 (P=ZnP or H2P)

[29]) in solution. The surface structures
were investigated by atomic force microscopy (AFM). The
photoelectrochemical properties were also compared with
those of a SAM of porphyrin–fullerene dyad in which the
chromophores are arranged in reverse direction on ITO [de-
noted as C60-NHCO-P/ITO (P=ZnP)[27]] . Thus, the present
study provides the first comprehensive data on a series of
ITO electrodes modified with SAMs of porphyrin–fullerene
dyads and ferrocene–porphyrin–fullerene triads.

Results and Discussion

Preparation : The general strategy employed for the synthe-
sis of SAMs is summarized in Scheme 3. The ITO electrodes
[ca. 100 nm ITO on transparent glass slides (Evers, Inc.,
Japan)] were treated with (3-aminopropyl)trimethoxysilane
by refluxing in toluene under N2. The aminopropylsilylated
ITO electrode was then immersed in a 1 mmolL�1 toluene
solution of C60 for two days under reflux to give C60-ref/
ITO.[26] Porphyrin aldehydes 1–3[28b,29,30] were coupled to C60-
ref/ITO by refluxing in the presence of N-methylglycine for
three days in toluene to give Fc-P-CONH-C60/ITO (P=ZnP
or H2P), P-CONH-C60/ITO (P=ZnP or H2P), and P-S1-C60/
ITO (P=ZnP or H2P), respectively.

[31] The 1,3-dipolar cyclo-
addition of azomethine ylides to C60 affording fulleropyroli-
dines occurs exclusively across [6,6] bonds.[31] One would
expect different proportions of isomeric bis-adducts on the
ITO surface due to the less chemoselective Prato bis-addi-
tion. However, trans-1,2,3,4 positions relative to the [6,6]
bond undergoing the first addition may be preferable for
the second addition because of the steric hindrance around
a C60 moiety self-assembled on the ITO surface.[32,33] Por-
phyrin SAMs on ITO electrodes [P-ref/ITO (P=ZnP or
H2P)],

[27] ferrocene–porphyrin–fullerene triads [Fc-P-
CONH-C60 (P=ZnP or H2P)

[28c]], and porphyrin–fullerene
dyads [P-CONH-C60 (P=ZnP or H2P)

[28] and P-S1-C60 (P=
ZnP or H2P)

[29]] were obtained by following the same proce-
dures as described previously. Structures of all new com-
pounds were confirmed by spectroscopic analysis including
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1H NMR and MALDI-TOF mass spectra (see Experimental
Section).

Spectroscopic and electrochemical studies and surface char-
acterization : Figure 1 displays the absorption spectra of Fc-
ZnP-CONH-C60/ITO and reference Fc-ZnP-CONH-C60 in
THF. The Soret band of Fc-ZnP-CONH-C60/ITO is broader
than that of Fc-ZnP-CONH-C60 in THF. The lmax value of

the Soret band of Fc-ZnP-CONH-C60/ITO (435 nm) is red-
shifted by 9 nm relative to that of Fc-ZnP-CONH-C60 in
THF (426 nm[16d]). The peak position of the Q band of Fc-
ZnP-CONH-C60/ITO is also red-shifted relative to that of
Fc-ZnP-CONH-C60 in THF. Similar red shifts and broaden-
ing of the Soret band were observed for Fc-H2P-CONH-C60/
ITO (8 nm), ZnP-CONH-C60/ITO (6 nm), H2P-CONH-C60/
ITO (4 nm), ZnP-S1-C60/ITO (5 nm), and H2P-S1-C60/ITO
(4 nm) relative to Fc-H2P-CONH-C60, ZnP-CONH-C60,
H2P-CONH-C60, ZnP-S1-C60, and H2P-S1-C60 in THF (see
Supporting Information S1). The lmax values of the Soret
bands, listed in Table 1, indicate that the porphyrin environ-
ments on ITO are similar and perturbed moderately within
the monolayers, as compared to the reference systems in
THF, due to aggregation.[11c] Fluorescence spectra of Fc-P-
CONH-C60/ITO (P=ZnP or H2P), P-CONH-C60/ITO (P=
ZnP or H2P), and P-S1-C60/ITO (P=ZnP or H2P) were re-
corded by photoexcitation at 420 nm for free-base porphyr-
ins and 427 nm for zinc porphyrins (see Supporting Informa-
tion S2). For example, the emission maxima of Fc-ZnP-
CONH-C60/ITO (611, 657 nm) are red-shifted by 5–6 nm rel-
ative to Fc-ZnP-CONH-C60 in THF (605, 652 nm[16d]). Simi-
lar behavior is seen for Fc-H2P-CONH-C60/ITO, ZnP-
CONH-C60/ITO, H2P-CONH-C60/ITO, ZnP-S1-C60/ITO, and
H2P-S1-C60/ITO. This also suggests that the porphyrin envi-
ronments on ITO are perturbed moderately within the mon-
olayers due to aggregation.[34]

Cyclic voltammetry measurements on Fc-P-CONH-C60/
ITO, P-CONH-C60/ITO, P-S1-C60/ITO, C60-ref/ITO, Fc-P-
CONH-C60, P-CONH-C60, and P-S1-C60 (P=ZnP or H2P) in

Scheme 1. Self-assembled monolayers of ferrocene–porphyrin–fullerene triads and porphyrin–fullerene dyads on ITO.

Figure 1. UV/Vis absorption spectra of Fc-ZnP-CONH-C60/ITO (solid
line), Fc-ZnP-CONH-C60 in THF (dashed line), and action spectrum of
ITO/Fc-ZnP-CONH-C60/AsA/Pt system (solid line with filled circles);
input power: 500 mWcm�2; applied potential: +0.15 V versus Ag/AgCl
(saturated KCl); argon-saturated 0.1 molL�1 aqueous solution of Na2SO4

containing 50 mmolL�1 AsA. The spectra are normalized at the Soret
band for comparison.
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CH2Cl2 containing 0.2 molL�1 nBu4NPF6 were performed
with a sweep rate of 0.10 Vs�1 (electrode area 0.48 cm�2) to
estimate the surface coverage (Figure 2 and Table 1). For in-
stance, the cyclic voltammogram of C60-ref/ITO is character-
ized by a cathodic wave showing a well-defined current
maximum, but by a small anodic wave on the reverse scan
at 0.10 Vs�1 [�0.69 V versus Ag/AgCl (saturated KCl)] due
to the instability of the radical anion (Figure 2a). The linear
increase of the anodic current with increasing scan rate im-
plies that the fullerene is a surface-confined electroactive
molecule. The adsorbed amount G of C60 on C60-ref/ITO
were calculated from the first cathodic peak current of C60

as 2.0M10�10 molcm�2 (83 N2molecule�1) by using the rough-
ness factor of 1.3 for ITO electrodes from atomic force mi-

croscopy (vide infra). This
value is in a good agreement
with the well-packed surface
coverage of C60 SAM on ITO
and gold electrodes [(1.9–2.0)M
10�10 molcm�2] ,[7,26] although
the modified ITO surface is not
atomically smooth due to
rather complex surface modifi-
cation with the silane-coupling
reagent and the intrinsically
rough surface (ca. 50 nm). On
the other hand, the cyclic vol-
tammogram of Fc-ZnP-CONH-
C60/ITO exhibits a reversible
oxidation wave due to the first
oxidation of the zinc porphyrin
moiety [0.88 V versus Ag/AgCl
(saturated KCl)] and the first
oxidation of the ferrocene
moiety [0.56 V versus Ag/AgCl
(saturated KCl)], as shown in
Figure 2b.[35,36] Similar oxida-
tion behavior due to the first
oxidation of the porphyrin and
ferrocene moieties is noted for
Fc-H2P-CONH-C60/ITO (Fig-
ure 2c), ZnP-CONH-C60/ITO,
H2P-CONH-C60/ITO, ZnP-S1-
C60/ITO, and H2P-S1-C60/ITO.
The first oxidation potentials of
the porphyrin moieties for Fc-
ZnP-CONH-C60 and Fc-H2P-
CONH-C60 in CH2Cl2 were re-
ported to be E0

ox=0.86 and
1.02 V versus Ag/AgCl (saturat-
ed KCl),[16d] which are virtually
the same as those of Fc-ZnP-
CONH-C60/ITO (0.88 V versus
Ag/AgCl) and Fc-H2P-CONH-
C60/ITO (1.08 V versus Ag/
AgCl).[37] Similar matching is
noted for the first oxidation po-
tentials of the ferrocene moiet-
ies for Fc-P-CONH-C60/ITO

and Fc-P-CONH-C60 in CH2Cl2 (P=ZnP or H2P). The ad-
sorbed amounts G of porphyrin on Fc-ZnP-CONH-C60/ITO
and Fc-H2P-CONH-C60/ITO were calculated from the first
anodic peak currents of the ferrocene moieties as 9.0M
10�11 molcm�2 (190 N2molecule�1) and 9.3M10�11 molcm�2

(180 N2molecule�1),[8c] respectively. The G values and redox
potentials are listed in Table 1. The relative molar ratio of
the ferrocene–porphyrin dyad and C60 moieties is about 1:2
for Fc-ZnP-CONH-C60/ITO and Fc-H2P-CONH-C60/ITO.
The occupied area per molecule of the ferrocene–porphyrin
dyad moiety would vary depending on whether they are
well-packed on the electrode surface in a parallel (ca.
800 N2molecule�1) or vertical (ca. 100 N2molecule�1) orien-
tation to the surface plane. Since the relative molar ratio of

Scheme 2. Self-assembled monolayers of porphyrin and fullerene references and porphyrin–fullerene dyads on
ITO and porphyrin–fullerene references used in this study.
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the ferrocene–porphyrin dyad to the C60 moiety is 1:2, the
ferrocene-porphyrin dyad moiety may have a vertical orien-
tation to the electrode surface rather than a parallel orienta-
tion. Such a packing structure is consistent with the UV/Vis
and fluorescence spectroscopic data, which reveal considera-
ble interactions between porphyrin moieties on ITO (vide
infra).

To obtain further information on the surface structures of
Fc-ZnP-CONH-C60/ITO, C60-ref/ITO, and ITO itself, we per-
formed tapping-mode AFM measurements in air (Nano-

Scope IIIa, Digital Instru-
ments). The ITO surface exhib-
its domain structures with a di-
ameter of 50–100 nm and a
height of about 50 nm (Fig-
ure 3a). After modification
with C60, the ITO surface re-
veals a similar image that indi-
cates uniform coverage with C60

molecules (Figure 3b). Howev-
er, the surface of ZnP-CONH-
C60/ITO exhibits additional
small domain structures with a
diameter of 20–40 nm and an
average height of 3.1 nm, which
corresponds to aggregates of
the porphyrin moiety (Fig-
ure 3c and Supporting Informa-
tion S3). The surface of Fc-
ZnP-CONH-C60/ITO also
shows additional small domain
structures with diameters of 20–
40 nm and an average height of
3.9 nm, which correspond to ag-
gregates of the ferrocene–por-
phyrin dyad moiety (Figure 3d).
These results are consistent
with the electrochemical data.

Photoelectrochemical measure-
ments : Photoelectrochemical
measurements were carried out
in an argon-saturated
0.1 molL�1 aqueous solution of
Na2SO4 containing 50 mmolL�1

ascorbic acid (AsA) as an elec-
tron sacrificer with Fc-P-
CONH-C60/ITO (P=ZnP or
H2P), P-CONH-C60/ITO (P=
ZnP or H2P), or P-S1-C60/ITO
(P=ZnP or H2P) as working
electrode, a platinum countere-
lectrode, and an Ag/AgCl (satu-
rated KCl) reference electrode
(hereafter represented by Pt/
AsA/Fc-P-CONH-C60/ITO, Pt/
AsA/P-CONH-C60/ITO, Pt/
AsA/P-S1-C60/ITO, respectively,
where a slash denotes an inter-

face). When Fc-ZnP-CONH-C60/ITO electrode was irradiat-
ed with l=430�5.0 nm light with a power density of
500 mWcm�2 at an applied potential of +0.15 V versus Ag/
AgCl (saturated KCl), a stable anodic photocurrent from
the electrolyte to the ITO electrode appeared, as shown in
Figure 4a. The photocurrent dropped instantly when the il-
lumination was cut off. There is a good linear relationship
between the photocurrent and the light intensity at each
wavelength (from 0.10 to 6.0 mWcm�2). In the absence of
AsA, the anodic photocurrent was negligible under other-

Scheme 3. General strategy employed for the synthesis of SAMs.

Table 1. Spectral data, redox potentials, and surface coverage.

System Absorbance[a] lmax [nm][b] Redox potential [V][c] G [10�11molcm�2][d]

Fc/Fc+ P/PC+

Fc-ZnP-CONH-C60/ITO 0.035 435 0.56 0.88 9.0
Fc-H2P-CONH-C60/ITO 0.037 428 0.57 1.08 9.3
ZnP-CONH-C60/ITO 0.024 432 0.91 4.8
H2P-CONH-C60/ITO 0.028 424 1.08 5.3
ZnP-S1-C60/ITO 0.012 431 0.91 4.6
H2P-S1-C60/ITO 0.015 424 1.06 5.1
ZnP-ref/ITO 0.030[e] 434 0.81 7.0
H2P-ref/ITO 0.030[e] 426[e] 1.05[e] 14[e]

Fc-ZnP-CONH-C60 426[f,g] 0.52[f] 0.86[f]

Fc-H2P-CONH-C60 420[f,g] 0.56[f] 1.02[f]

ZnP-CONH-C60 426[f,g] 0.86[f]

H2P-CONH-C60 420[f,g] 1.04[f]

ZnP-S1-C60 426[g] 0.87
H2P-S1-C60 420[g] 1.04

[a] Absorbance at the Soret band. [b] lmax at the Soret band. [c] Measured in CH2Cl2 containing 0.2 molL�1

nBu4NPF6 with a sweep rate of 0.1 Vs�1 and Ag/AgCl (saturated KCl) as reference. [d] Obtained from the
area of the anodic peak due to the first porphyrin oxidation by cyclic voltammetry. [e] From ref. [27]. [f] From
ref. [16d]. [g] Measured in THF.
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wise the same experimental conditions. Further addition of
AsA (>50 mmolL�1) to the electrolyte solution did not in-
crease the photocurrent significantly (see Supporting Infor-
mation S4).[38] The anodic photocurrent increases monotoni-
cally with increasing positive bias to the ITO electrode
[from �0.10 to +0.20 V versus Ag/AgCl (saturated KCl)],
whereas the dark current remains constant, as shown in Fig-
ure 4b. The agreement of the action spectrum (filled circles
in Figure 1) with the absorption spectrum of Fc-ZnP-
CONH-C60/ITO in 380–600 nm (solid line in Figure 1) dem-
onstrates clearly that porphyrins are the photoactive species
responsible for photocurrent generation and that the photo-
current flows from the electrolyte to the ITO electrode via
the excited state of the porphyrin SAM.

Similar photoelectrochemical behavior was observed for
the corresponding porphyrin–fullerene SAMs on the ITO
electrode, denoted as Pt/AsA/Fc-H2P-CONH-C60/ITO, Pt/
AsA/ZnP-CONH-C60/ITO, Pt/AsA/H2P-CONH-C60/ITO, Pt/
AsA/ZnP-S1-C60/ITO, and Pt/AsA/H2P-S1-C60/ITO (see
Supporting Information S5). The quantum yields of photo-
current generation were compared for Pt/AsA/Fc-P-CONH-
C60/ITO, Pt/AsA/P-CONH-C60/ITO, and Pt/AsA/P-S1-C60/
ITO at an applied potential of +0.15 V versus Ag/AgCl (sa-
turated KCl), for which the dark current is negligible. The
quantum yields f based on the number of photons absorbed
by the chromophores were calculated from the input power
(l=419�5.3 nm for free-base porphyrins and l=430�
5.0 nm for zinc porphyrins, light intensity of 500 mWcm�2),
the photocurrent density, and the absorbance on the electro-
des. The f values decrease in the order of Pt/AsA/Fc-ZnP-
CONH-C60/ITO (11%), Pt/AsA/ZnP-CONH-C60/ITO
(8.0%), Pt/AsA/H2P-CONH-C60/ITO (5.1%), Pt/AsA/Fc-

Figure 2. Cyclic voltammograms of a) C60-ref/ITO, b) Fc-ZnP-CONH-C60/
ITO, and c) Fc-H2P-CONH-C60/ITO in CH2Cl2 containing 0.2 molL�1

nBu4NPF6 at a sweep rate of 0.10 Vs�1; electrode area: 0.48 cm2; counter-
electrode: Pt wire; reference electrode: Ag/AgCl (saturated KCl).

Figure 3. Tapping-mode atomic force micrographs of a) ITO (Z range:
50 nm), b) C60-ref/ITO (Z range: 50 nm), and c) ZnP-CONH-C60/ITO (Z
range: 50 nm), d) Fc-ZnP-CONH-C60/ITO (Z range: 50 nm) in air. The
color scale represents the height topography, with bright and dark repre-
senting the highest and lowest features, respectively.

Figure 4. a) Photoelectrochemical response of Pt/AsA/Fc-ZnP-CONH-
C60/ITO; applied potential: +0.15 V versus Ag/AgCl (saturated KCl).
b) Photocurrent versus applied potential curves for Pt/AsA/Fc-ZnP-
CONH-C60/ITO (solid line with filled circles). The dark current is shown
as a dashed line with filled circles. l=430�5.0 nm (500 mWcm�2); argon-
saturated 0.1 molL�1 aqueous solution of Na2SO4 containing 50 mmolL�1

AsA.
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H2P-CONH-C60/ITO (4.5%), Pt/AsA/H2P-S1-C60/ITO
(3.4%), and Pt/AsA/ZnP-S1-C60/ITO (1.7%), as summar-
ized in Table 2. The f value of Pt/AsA/Fc-ZnP-CONH-C60/
ITO system (11%) is the highest ever reported for photo-
current generation by using donor–acceptor linked mole-

cules covalently tethered to an ITO surface.[27] The IPCE
values of the present systems were also determined
(Table 2). Despite the improved f value, the IPCE value of
Pt/AsA/Fc-ZnP-CONH-C60/ITO system (0.7%) is still small
because of the poor light-collecting property inherent to the
monolayer system.

Fluorescence lifetime and transient absorption measure-
ments : Remarkable differences in the quantum yields of
photocurrent generation may stem from differences in the
photophysical properties of Fc-P-CONH-C60/ITO, P-
CONH-C60/ITO, and P-S1-C60/ITO (P=ZnP or H2P). Thus,
we performed time-correlated, single-photon counting fluo-
rescence measurements on Fc-P-CONH-C60/ITO, P-CONH-
C60/ITO, and P-S1-C60/ITO (P=ZnP or H2P) to compare the
fluorescence lifetimes with those reported for P-ref/ITO, Fc-
P-CONH-C60, P-CONH-C60, and P-S1-C60 (P=ZnP or H2P)
in solution with photoexcitation at 435 nm. In each case the
fluorescence decays of the excited singlet states of zinc por-
phyrin and free-base porphyrin (1P*) were monitored at 605
and 655 nm, respectively. The decay curves can be well
fitted by double exponentials, as shown in Figure 5, and the
fluorescence lifetimes t are summarized in Table 2. The
weighted average fluorescence lifetimes of Fc-ZnP-CONH-
C60/ITO (0.10 ns), ZnP-CONH-C60/ITO (0.082 ns), Fc-H2P-
CONH-C60/ITO (0.58 ns), and H2P-CONH-C60/ITO

(0.49 ns) are shorter than those of ZnP-ref/ITO (0.13 ns)
and H2P-ref/ITO (3.1 ns), respectively (see Supporting In-
formation S6).[39,40] The weighted average fluorescence life-
time of H2P-S1-C60/ITO (0.32 ns) is also shorter than that of
H2P-ref/ITO.[40] This can be ascribed to the strong quenching

of the porphyrin singlet excited
states by the attached C60

moiety via intramolecular ET
on the ITO surface. Note that
the fluorescence lifetimes of the
major components for Fc-P-
CONH-C60/ITO, P-CONH-C60/
ITO, and P-S1-C60/ITO (P=
ZnP or H2P) are much shorter
than those in THF, that is, ET
rate constants in SAMs are
larger than those in solution.[41]

The femtosecond time-re-
solved transient absorption
spectrum of Fc-ZnP-CONH-
C60/ITO with photoexcitation at
400 nm was recorded to confirm
photoinduced ET from the por-
phyrin excited singlet state to
the C60 moiety on ITO. The
decay of transient absorbance
at 430 nm from the porphyrin
excited singlet state is clearly
observed (Figure 6). Unfortu-
nately, however, the rise in ab-
sorbance due to the porphyrin
radical cation could not be de-
tected clearly because of the

low signal-to-noise ratio. The temporal profile in Figure 6
can be fitted by a double exponential decay [50 ps (81%),

Table 2. Fluorescence lifetimes, quantum yields of charge separation and photocurrent generation, IPCE
values, and lifetimes of charge-separated states.

System Fluorescence lifetime t [ns][a] Quantum yield f [%] Lifetime t

(relative amplitude/%) (IPCE/%) [ns]

Fc-ZnP-CONH-C60/ITO 0.053 (69), 0.21 (31) 11[f] (0.70[g])
Fc-H2P-CONH-C60/ITO 0.30 (65), 1.1 (35) 4.5[f] (0.45[g])
ZnP-CONH-C60/ITO 0.053 (92), 0.42 (8) 8.0[f] (0.31[g])
H2P-CONH-C60/ITO 0.31 (80), 1.2 (20) 5.1[f] (0.070[g])
ZnP-S1-C60/ITO 0.086 (79), 1.3 (21) 1.7[f] (0.026[g])
H2P-S1-C60/ITO 0.16 (83), 1.1 (17) 3.4[f] (0.033[g])
ZnP-ref/ITO 0.089 (77), 0.31 (23)[b] 0.38[b,f]

H2P-ref/ITO 1.2 (43), 4.6 (57)[b] 0.21[b,f]

Fc-ZnP-CONH-C60 0.095 (100)[c,d] 99[c,d] 7500[c,d]

Fc-H2P-CONH-C60 0.66 (100)[d] 25[c,d] 8300[c,d]

ZnP-CONH-C60 0.10 (100)[c,d] 99[c,d] 770[c,d]

H2P-CONH-C60 1.3 (100)[d] 88[d] 45[c,d]

ZnP-S1-C60 0.002 (100)[d,e] 18[d] 300[d]

H2P-S1-C60 0.027 (100)[d,e] 100[d,e] 0.91[d,e]

[a] Obtained by a single-photon counting technique for samples excited at 435 nm and monitored at 655 nm
for free-base porphyrins and 605 nm for zinc porphyrins. [b] From ref. [27]. [c] From ref. [28c]. [d] In benzoni-
trile. [e] From ref. [29]. [f] Obtained in the standard three-electrode system. The quantum yields of photocur-
rent generation were obtained by the following equation: f= (i/e)/[I(1�10�A)], where I=Wl/hc, i is the photo-
current density, e the elementary charge, I the number of photons per unit area and unit time, l the wave-
length of light irradiation, A the absorbance of the adsorbed dyes at l, W the light power irradiated at l, c the
velocity of light, and h the Planck constant. [g] IPCE/%=100M1240M i/(Wl), where W the incident light inten-
sity [W] and l the excitation wavelength [nm]. Argon-saturated 0.1 molL�1 aqueous solution of Na2SO4 con-
taining 50 mmolL�1 AsA; excitation with light at l=419�5.3 nm for free-base porphyrins and l=430�
5.0 nm for zinc porphyrins with 500 mWcm�2 at a bias of +0.15 V versus Ag/AgCl (saturated KCl).

Figure 5. Fluorescence decay curves of a) Fc-ZnP-CONH-C60/ITO and
b) ZnP-ref/ITO observed at 605 nm by the single-photon counting
method. The excitation wavelength was 435 nm.
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205 ps (19%)], which is in a
good agreement with the fluo-
rescence lifetimes of Fc-ZnP-
CONH-C60/ITO [53 ps (69%),
210 ps (31%)]. These results in-
dicate the occurrence of photo-
induced ET from the porphyrin
excited singlet state to the C60

moiety on ITO.[42] Similar good
matching between the fluores-
cence lifetimes [53 ps (92%),
420 ps (8%)] and the decay
rate constants of transient ab-
sorbance at 430 nm [53 ps
(46%), 300 ps (54%)] was
found for ZnP-CONH-C60/ITO
(see Supporting Information
S7).

Comparison of photoelectrochemical and photodynamic
properties : Based on the above results together with the
well-established photodynamics of porphyrin–fullerene
linked systems on electrodes[16,17,27] and those of Fc-P-
CONH-C60, P-CONH-C60, and P-S1-C60 in solution,[28] the
mechanisms of photocurrent generation in Pt/AsA/Fc-P-
CONH-C60/ITO, Pt/AsA/P-CONH-C60/ITO, and Pt/AsA/P-
S1-C60/ITO systems are summarized in Schemes 4 and 5.
First, the mechanism of photocurrent generation of the dyad
systems is presented for better understanding of the more
complex triad systems. Intramolecular ET takes place from
1P* [H2P: �0.82 V; ZnP: �1.14 V versus Ag/AgCl (saturated
KCl)] to C60, followed by intermolecular ET from AsA [+
0.29 V versus Ag/AgCl (saturated KCl)] to porphyrin radical
cation [H2P: +1.08 V; ZnP: +0.91 V versus Ag/AgCl (satu-
rated KCl)], yielding C60 radical anion (C60C�) and AsA radi-
cal cation (AsAC+ ; Scheme 4). Photogenerated C60C�

[�0.69 V versus Ag/AgCl (saturated KCl)] gives an electron
to the ITO electrode, leading to anodic photocurrent gener-
ation. The quantum yields of CS of ZnP-CONH-C60

(99%)[28c] and H2P-CONH-C60 (88%) in benzonitrile are

much higher than that of ZnP-S1-C60 (18%) on the basis of
results obtained by picosecond[29,43] and nanosecond transi-
ent absorption measurements (Figure 7 and Table 2). In the
latter case, a stronger interaction between porphyrin and

Figure 6. Time profile of Fc-ZnP-CONH-C60/ITO at 430 nm after photo-
excitation at 400 nm.

Scheme 4. Mechanism of photocurrent generation in dyad systems.

Scheme 5. Mechanism of photocurrent generation in triad systems.

Figure 7. Time profiles of a) ZnP-CONH-C60 and b) ZnP-S1-C60 in ben-
zonitrile at 1000 nm after photoexcitation at 530 nm.

G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5111 – 51225118

FULL PAPER H. Imahori, D. Kim, I. Yamazaki, O. Ito, S Fukuzumi et al.

www.chemeurj.org


fullerene for the charge-separated state of ZnP-S1-C60 re-
sults in the smaller quantum yield of CS, probably because
of the rapid decay of the exciplex, formed initially by photo-
exitation, to the ground state rather than to the charge-sepa-
rated state.[29,43,44] The initial absorption spike at 1000 nm
observed in Figure 7 may correspond to the formation and
decay of the exciplex state. The subsequent slow rise in ab-
sorbance at 1000 nm is ascribed to ET from the porphyrin
moiety to the excited triplet state (3C*60) and from the excit-
ed triplet state (3ZnP*) to C60 to produce C60C� (lmax=

1000 nm), or conversion of the exciplex state to the CS
state, followed by decay due to back-ET to the ground state.
In the case of ZnP-CONH-C60, weak interaction between
porphyrin and fullerene for the CS state would result in a
high quantum yield of CS, owing to the relatively rapid con-
version of the exciplex state to the CS state rather than
direct decay of the exciplex state to the ground state.[29,43,44]

A large degree of delocalization within the three-dimension-
al framework of porphyrin and fullerene would stabilize the
less polar exciplex state relative to the conventional donor–-
acceptor linked systems to generate the exciplex state, even
when the donor and the acceptor are linked by a relatively
long spacer. The lifetimes of charge-separated states of
ZnP-CONH-C60 (770 ns)[28] become longer than that of H2P-
CONH-C60 (45 ns).[28] This clearly demonstrates that the
long-lived charge-separated state and the charge-separation
efficiency are important controlling factors for achieving
high quantum yields of photocurrent generation in donor–
acceptor linked systems which are covalently attached to
ITO surface. It is intriguing to compare the present photo-
electrochemical systems with Pt/HV2+/C60-NHCO-P/ITO
systems (P=ZnP or H2P, HV2+ =hexylviologen),[27] in which
the same porphyrin–fullerene dyads (i.e., ZnP-CONH-C60)
are covalently linked to the ITO surface in reverse order.
The quantum yield of Pt/HV2+/C60-NHCO-P/ITO is 3.9%,
which is smaller than that of Pt/AsA/ZnP-CONH-C60/ITO
(8.0%). This may result from the fact that the spacer be-
tween the ITO electrode and the porphyrin moiety in Pt/
HV2+/C60-NHCO-P/ITO is longer than that between the
ITO electrode and the C60 moiety in Pt/AsA/ZnP-CONH-
C60/ITO. In other words, a long spacer between the porphyr-
in moiety and the ITO electrode makes the ET rate constant
small and results in poor photocurrent generation.

Taking into accounts the mechanism of photocurrent gen-
eration in porphyrin–fullerene dyad systems, the mechanism
of photocurrent generation in ferrocene-porphyrin-fullerene
triad systems shown in Scheme 5 is proposed. Intramolecu-
lar ET from 1P* [H2P: �0.79 V; ZnP: �1.16 V versus Ag/
AgCl (saturated KCl)] to C60 is followed by intramolecular
ET from ferrocene to porphyrin radical cation [H2P: 1.08 V;
ZnP: 0.88 V versus Ag/AgCl (saturated KCl)], to generate
ferricenium ion (Fc+) and the C60 radical anion (C60C�). In-
termolecular ET from AsA [+0.29 V versus Ag/AgCl (satu-
rated KCl)] to Fc+ ion [Fc-ZnP-CONH-C60/ITO: 0.56 V;
Fc-H2P-CONH-C60/ITO: 0.57 V versus Ag/AgCl (saturated
KCl)] yields neutral ferrocene and AsA radical cation
(AsAC+). Photogenerated C60C� [�0.69 V versus Ag/AgCl
(saturated KCl)] gives an electron to the ITO electrode,
leading to the anodic photocurrent generation. The quantum

yields of CS of Fc-ZnP-CONH-C60 (99%),[28c] ZnP-CONH-
C60 (99%),[28c] and H2P-CONH-C60 (88%) in benzonitrile
are much higher than that of Fc-H2P-CONH-C60 (25%)[28c]

on the basis of previous results. However, the lifetimes of
the charge-separated states in benzonitrile are in the order
of H2P-CONH-C60 (45 ns)[28c]<ZnP-CONH-C60

(770 ns)[28c]<Fc-ZnP-CONH-C60 (7.7 ms)[28c]�Fc-H2P-
CONH-C60 (8.3 ms).[28c] These results also reveal that long-
lived charge-separated states and high charge-separation ef-
ficiency are responsible for realizing high quantum yields of
photocurrent generation in donor–acceptor linked systems
on ITO surface.

It is noteworthy that the highest internal quantum yield
(11%) of photocurrent generation for the ITO electrodes is
much lower than the efficiencies (20–25%) for gold electro-
des with similar ferrocene–porphyrin–fullerene triads chemi-
cally attached to the surface.[16d,e] First, the structures of
SAMs of the ferrocene–porphyrin–fullerene triads on the
rough ITO surface is more complex than that on the atomi-
cally flat gold surface. In addition, a silane coupling reagent
with three functional methoxyl groups usually polymerizes
three-dimensionally with formation of complex structures.
Such polymerization would make the surface modification
with the triads complex. This may explain the low efficiency
of photocurrent generation in the ITO electrode system.
Thus, the internal quantum yield of photocurrent generation
would be improved when donor–acceptor linked molecules
exhibiting a high CS efficiency with a long lifetime are well-
organized on the semiconductor electrode surface, which
suppresses the energy-wasting EN quenching of the excited
state of the sensitizers by the electrode surface.

Conclusion

We have successfully constructed systematic series of photo-
electrochemical devices consisting of self-assembled mono-
layers of porphyrin–fullerene triads and dyads on ITO elec-
trodes. The highest quantum yield of photocurrent genera-
tion (up to 11%) among donor–acceptor linked systems co-
valently attached to the surface of ITO electrodes was ach-
ieved with SAMs of ferrocene–zinc porphyrin–fullerene
linked molecules on ITO electrodes. The mechanism of pho-
tocurrent generation was clarified by fluorescence lifetime
measurements together with time-resolved transient absorp-
tion studies on the ITO systems. The quantum yields of pho-
tocurrent generation are well correlated with the charge-
separation efficiency as well as the lifetime of the charge-
separated state for ferrocene–porphyrin–fullerene triads and
porphyrin–fullerene dyads in solution. These results provide
valuable information for the construction of photonic molec-
ular devices and artificial photosynthetic systems on ITO
electrodes.

Experimental Section

General : Melting points were recorded on a Yanagimoto micro-melting
apparatus and are not corrected. 1H NMR spectra were measured on a
JEOL EX-270. Matrix-assisted laser desorption/ionization (MALDI)
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time of flight (TOF) mass spectra were measured on a Kratos Compact
MALDI I (Shimadzu). UV/Vis spectra were obtained on a Shimadzu
UV-3100 spectrometer. AFM measurements were performed in air in
tapping mode using a NanoScope IIIa (Veeco metrology group/Digital
Instruments). The roughness factor of the ITO surface (R=1.3) was de-
termined by AFM measurements. All solvents and chemicals were of re-
agent grade, purchased commercially, and used without further purifica-
tion unless otherwise noted. Tetrabutylammonium hexafluorophosphate
used as a supporting electrolyte for the electrochemical measurements
was obtained from Tokyo Kasei Organic Chemicals and recrystallized
from methanol. Dry toluene and dry methylene chloride were heated to
reflux and distilled from CaH2. Thin-layer chromatography and flash
column chromatography were performed with Alt. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck) and Fujisilica BW300, respectively. ITO elec-
trodes (190–200 nm ITO on transparent glass slides) were obtained com-
mercially from Evers, Inc. (Japan).

1a : A saturated solution of zinc acetate dihydrate in methanol (8 mL)
was added to a solution of 1b[28c] (64 mg, 50 mmol) in chloroform (50 mL)
and refluxed for 5 h. After cooling, the reaction mixture was washed suc-
cessively with a saturated aqueous solution of sodium bicarbonate and
water, dried over anhydrous sodium sulfate, and then the solvent was re-
moved under reduced pressure. 1a was obtained as a deep purple solid
from chloroform/methanol (64 mg, 47 mmol, 95% yield): m.p.>300 8C;
1H NMR (CDCl3): d=1.53 (s, 36H), 4.10 (s, 5H), 4.35 (s, 2H), 4.69 (s,
2H), 7.58 (d, J=7 Hz, 2H), 7.75 (d, J=7 Hz, 2H), 7.82 (s, 2H), 8.02 (s,
4H), 8.09 (d, J=2 Hz, 4H), 8.13 (s, 1H), 8.28 (d, J=7 Hz, 2H), 8.29 (d,
J=7 Hz, 2H), 8.33 (s, 1H), 8.38 (d, J=7 Hz, 2H), 8.40 (d, J=7 Hz, 2H),
8.91 (d, J=5 Hz, 2H), 8.94 (d, J=5 Hz, 2H), 9.04 (d, J=5 Hz, 2H),
10.02 ppm (s, 1H); MALDI-TOF MS (positive mode): m/z : 1352
[M+H+].

2a : This compound was synthesized from 2b[28b] by the same method as
described for 1a. (83% yield): m.p.>300 8C; 1H NMR (CDCl3): d=1.52
(s, 54H), 7.79 (t, J=8 Hz, 2H), 8.00 (s, 4H), 8.08 (d, J=2 Hz, 2H), 8.09
(d, J=2 Hz, 4H), 8.26 (d, J=8 Hz, 2H), 8.33 (br s, 1H), 8.41 (d, J=8 Hz,
2H), 8.90 (d, J=5 Hz, 2H), 9.02 (s, 4H), 9.04 (d, J=5 Hz, 2H),
10.01 ppm (s, 1H); MALDI-TOF MS (positive mode): m/z : 1161
[M+H+].

Cyclic voltammetry : All electrochemical studies were performed on a Bi-
oanalytical Systems, Inc. CV-50W voltammetric analyzer using a standard
three-electrode cell with a modified ITO working electrode (electrode
area 0.48 cm2), a platinum wire counterelectrode, and an Ag/AgCl (satu-
rated KCl) reference electrode in CH2Cl2 containing 0.2 molL�1

nBu4NPF6 as supporting electrolyte with a sweep rate of 0.10 Vs�1. The
adsorbed amounts of compounds were determined from the charge of
the anodic peak of the porphyrin first oxidation or the cathodic peak of
the C60 first reduction.

Photoelectrochemical measurements : Photoelectrochemical measure-
ments were performed in a one-compartment Pyrex UV cell (5 mL). The
cell was illuminated with monochromatic excitation light through inter-
ference filters (MIF-S, Vacuum Optics Corporation of Japan) by a 180 W
UV lamp (Sumida LS-140 V) or through a monochromator (Ritsu MC-
10N) by a 500 W xenon lamp (Ushio XB-50101AA-A) on an SAM of
area 0.48 cm2. The photocurrent was measured in a three-electrode ar-
rangement (Bioanalytical Systems, Inc. CV-50W) with a modified ITO
working electrode (electrode area, 0.48 cm2), a platinum wire countere-
lectrode (distance between electrodes 0.3 mm), and a Ag/AgCl (saturated
KCl) reference electrode. The light intensity was monitored by an optical
power meter (Anritsu ML9002A) and corrected. Internal quantum yields
and IPCE values were calculated based on the number of photons absor-
bed by the chromophore and those incident photons on the ITO electro-
des at each wavelength from the input power, the photocurrent density,
and the absorbance determined from the absorption spectrum on the
ITO electrode.

Fluorescence lifetime measurements : Fluorescence decays were meas-
ured by using femtosecond pulse laser excitation and a single-photon
counting system for fluorescence decay measurements.[45] The laser
system was a mode-locked Ti:sapphire laser (Coherent, Mira 900)
pumped by an argon ion laser (Coherent, Innova 300). The repetition
rate of laser pulses was 2.9 MHz with a pulse picker (Coherent, model
9200). The third harmonic generated by an ultrafast harmonic system

(Inrad, model 5050) was used as excitation source. The excitation wave-
length was set at 435 nm, and temporal profiles of fluorescence decay
and rise were recorded with a microchannel plate photomultiplier (Ha-
mamatsu R3809U). Full-width at half-maximum (fwhm) of the instru-
ment response function was 36 ps when the time interval of the multi-
channel analyzer (CANBERRA, model 3501) was 2.6 ps in the channel
number. Criteria for the best fit were the values of c2 and the Dubrin–
Watson parameters, obtained by nonlinear regression.

Femtosecond transient absorption measurements : The dual-beam femto-
second time-resolved transient absorption spectrometer consisted of a
self-mode-locked femtosecond Ti:sapphire laser (Coherent, MIRA), a
Ti:sapphire regenerative amplifier (Clark MXR, CPA-1000) pumped by a
Q-switched Nd:YAG laser (ORC-1000), a pulse stretcher/compressor, an
optical parametric generation and optical parametric amplification
(OPG-OPA) system, and an optical detection system.[46] A femtosecond
Ti:sapphire oscillator pumped by a cw Nd:YVO4 laser (Coherent, Verdi)
produced a train of 60 fs mode-locked pulses with an averaged power of
600 mW at 800 nm. The seed pulses from the oscillator were stretched
(ca. 250 ps) and sent to a Ti:sapphire regenerative amplifier pumped by a
Q-switched Nd:YAG laser operating at 1 kHz. The femtosecond seed
pulses and Nd:YAG laser pulses were synchronized by adjusting an elec-
tronic delay between the Ti:sapphire oscillator and Nd:YAG laser. Then,
the amplified pulse train inside the Ti:sapphire regenerative amplifier
cavity was cavity-dumped by the Q-switching technique, and about
30000-fold amplification at 1 kHz was obtained. After recompression,
the amplified pulses were color-tuned by OPG-OPA. The resulting laser
pulses had a pulse width of about 150 fs and an average power of
5–30 mW at 1 kHz repetition rate in the range 550–700 nm. The pump
beam was focused to a 1 mm diameter spot, and laser fluence was adjust-
ed less than about 1.0 mJcm�2 by using a variable neutral-density filter.
The fundamental beam remaining in the OPG-OPA system was focused
onto a flowing water cell to generate a white-light continuum, which was
again split into two parts, one part of which was overlapped with the
pump beam at the sample to probe the transient, while the other was
passed through the sample without overlapping the pump beam. The
time delay between pump and probe beams was controlled by making
the pump beam travel along a variable optical delay. The white-light con-
tinuum beams after the sample were sent to a 15 cm focal length spectro-
graph (Acton Research) through each optical fiber and then detected by
dual 512-channel photodiode arrays (Princeton Instruments). The intensi-
ty of the white light of each 512-channel photodiode array was processed
to calculate the absorption difference spectrum at the desired time delay
between pump and probe pulses. To obtain the time-resolved transient
absorption difference signal at the specific wavelength, the monitoring
wavelength was selected by using an interference filter. By chopping the
pump pulses at 43 Hz, the modulated probe pulses and reference pulses
were detected by two separate photodiodes. The output current was am-
plified with a homemade fast preamplifier, and then the resultant voltage
signals of the probe pulses were gated and processed by a boxcar averag-
er. The resultant modulated signal was measured by a lock-in amplifier
and then fed into a PC for further signal processing.

Nanosecond transient absorption measurements : Nanosecond transient
absorption measurements were carried with the SHG (530 nm) of an
Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-130, fwhm 6 ns) as ex-
citation source. For transient absorption spectra in the near-IR region
(600–1600 nm), monitoring light from a pulsed Xe-lamp was detected
with a Ge avalanche photodiode (Hamamatsu Photonics, B2834). Photo-
induced events in nano- and microsecond time regimes were estimated
by using a continuous Xe lamp (150 W) and an InGaAs PIN photodiode
(Hamamatsu Photonics, G5125-10) as probe light and detector, respec-
tively. Details of the transient absorption measurements are described
elsewhere.[28c] All the samples (10�4 to 10�5 molL�1) in a quartz cell (1M
1 cm) were deaerated by bubbling argon through the solution for 15 min.
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