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ABSTRACT

ITO electrodes modified with a meso,meso-linked porphyrin oligomer have been prepared for the first time to achieve improved light-harvesting
efficiency and a larger quantum yield for photocurrent generation as compared to the corresponding porphyrin monomer system. An increase
in the number of the porphyrins in meso,meso-linked porphyrins results in an improvement of the photoenergy conversion efficiency per mol
cm-2 in the visible light region as well as a larger quantum yield of photocurrent generation. The relative integrated values of the photocurrents
for all of the frequencies in the action spectrum per mol cm-2 in the porphyrin dimer and tetramer systems are determined to be 2.5 and 6.5,
respectively, as compared with the values of the porphyrin monomer system.

Self-assembled monolayers (SAMs) of porphyrins have been
frequently employed in artificial photosynthetic systems1-10

because they are highly promising in constructing well-
defined molecular assemblies on metal electrodes. In these
systems, however, there remain two difficult problems to
be solved: one is a strong energy-transfer (EN) quenching
of the excited states of chromophores by the metal surface,
which has precluded the achievement of a high quantum yield
for charge separation (CS) on the metal surface as attained
in photosynthesis, and the other is the poor light-harvesting
efficiency of monolayers, which results in low values of the
incident photon-to-photocurrent efficiency (IPCE). These
problems may be surmounted by preparing indium-tin oxide
(ITO) electrodes modified with meso,meso-linked porphyrin
arrays11-14 since ITO can suppress the EN quenching on the
surface15,16and meso,meso-linked porphyrin arrays11-14 can
absorb visible light more widely than a linear combination
of the corresponding porphyrin monomer because of the
exciton coupling of the porphyrins. However, there has so

far been no example in which meso,meso-porphyrin arrays
are applied to photoenergy conversion systems on electrodes.

We report herein the first preparation of ITO electrodes
modified with meso,meso-linked porphyrin oligomers (de-
noted as(H2P)2/ITO and (H2P)4/ITO) and the much im-
proved photoelectrochemical properties in comparison with
those of the ITO electrode modified with porphyrin monomer
(denoted asH2P/ITO). (See Figure 1.) The general strategy
employed for the preparation of porphyrin references and
SAMs is described in Schemes 1 and 2. Starting materials,
H2P-ref and2 were synthesized previously.14 Meso,meso-
linked porphyrin dimer ((H2P)2-ref) was synthesized by a
cross-coupling reaction.17 To improve the solubility, the
isoamyloxy (i-AmO) groups were introduced at meta posi-
tions of meso phenyl groups in the porphyrin tetramer
((H2P)4-ref). Preparations ofH2P/ITO, (H2P)2/ITO, and
(H2P)4/ITO were carried out according to our previously
reported method.15,16

Figure 2a displays absorption spectra ofH2P/ITO and
H2P-ref in THF. The Soret band ofH2P/ITO becomes
broader than that ofH2P-ref in THF, whereas no significant
change is seen in the Q bands. Theλmax value of the Soret
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band of H2P/ITO (418 nm) is red shifted by 6 nm as
compared with that ofH2P-ref in THF (412 nm). Similar
red shifts are also seen for theλmax values of(H2P)2/ITO
(424, 453 nm) relative to those of(H2P)2-ref (413, 448 nm)
in THF and for theλmax values of(H2P)4/ITO (418, 486 nm)
relative to those of(H2P)4-ref (411, 478 nm) in THF,
respectively (Figure 2b,c). This indicates that the porphyrin
environment ofH2P/ITO, (H2P)2/ITO, and (H2P)4/ITO is
perturbed significantly because of the aggregation.1The sharp
splitting of the Soret bands (∼420 nm and∼450 or∼480
nm) is characteristic of the meso,meso-linked porphyrins.11-14

More importantly, the porphyrin tetramer exhibits a larger
absorptivity in the Q band region relative to that of the
porphyrin monomer and dimer. This enables us to harvest
the light widely across the visible region, as compared with
the harvesting region for porphyrin monomers. Integration
of the area of the absorption spectra provides an estimate of
the surface coverage of the porphyrin (Γ),18,19after correcting
for the surface roughness (roughness factor) 1.3).16 TheΓ
value (mol cm-2) decreases in the order ofH2P/ITO (8.5×
10-11), (H2P)2/ITO (6.1 × 10-11), and (H2P)4/ITO (1.7 ×
10-11).20 This implies that the surface coverage of the
porphyrins is largely dependent on the steric hindrance
around the porphyrins.21

Photoelectrochemical measurements were performed in an
argon-saturated 0.1 M Na2SO4 aqueous solution containing
50 mM triethanolamine (TEA) acting as an electron sacri-
ficer, usingH2P/ITO, (H2P)2/ITO, and (H2P)4/ITO as the
working electrode, a platinum counter electrode, and an Ag/
AgCl (sat. KCl) reference electrode, respectively (hereafter
represented by ITO/H2P/TEA/Pt, ITO/(H2P)2/TEA/Pt, and
ITO/(H2P)4/TEA/Pt, respectively, where / denotes an inter-
face). An increase in the anodic photocurrent was observed
with an increase in the positive bias (from-200 to 400 mV)
to the gold electrode. The action spectra for photocurrent
generation largely agree with the absorption spectra ofH2P/
ITO, (H2P)2/ITO, and(H2P)4/ITO within the range of 380-

Figure 1. Porphyrin compounds employed in this study.

Scheme 1. Synthesis of Reference Compounds in This Study

Scheme 2. Preparation of Porphyrin SAMs in This Study
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700 nm (Figure 2).22 Such an agreement shows clearly that
the porphyrin is the photoactive species responsible for the
photocurrent generation. The action spectra are in good
agreement with the excitation spectra on ITO. These results
reveal that the anodic photocurrent flows from the electrolyte
to the ITO electrode via the excited state of the porphyrin
SAM.

The quantum yields (φ) of photocurrent generation were
determined for the ITO/H2P/TEA/Pt, ITO/(H2P)2/TEA/Pt,
and ITO/(H2P)4/TEA/Pt systems at an applied potential of

+0.40 V versus Ag/AgCl (sat. KCl) using the input power
(λ ) 419.5 ( 5.3 nm light of 500 µW cm-2), the
photocurrent density, and the absorbance on the electrodes
(ITO/H2P/TEA/Pt system: i ) 150 nA cm-2, A ) 0.022;
ITO/(H2P)2/TEA/Pt system:i ) 140 nA cm-2, A ) 0.014;
ITO/(H2P)4/TEA/Pt system:i ) 87 nA cm-2, A ) 0.007).23

Theφ values of ITO/H2P/TEA/Pt, ITO/(H2P)2/TEA/Pt, and
ITO/(H2P)4/TEA/Pt systems are 1.7( 0.3%, 2.6( 0.4%,
and 3.2( 0.4%, respectively. This trend demonstrates that
an increase in the number of porphyrins in the porphyrin
oligomers improves the photocurrent generation efficiency.
To evaluate the total incident light-to-current generation
efficiency, the integrated values of the photocurrents for all
of the frequencies in the action spectra per mol cm-2 of the
ITO/(H2P)2/TEA/Pt and ITO/(H2P)4/TEA/Pt systems are also
determined to be 2.5 and 6.5 relative to that of the ITO/
H2P/TEA/Pt system under the same experimental condi-
tions.24 This reveals that the photoenergy conversion effi-
ciency and the light-harvesting properties of ITO/(H2P)2/
TEA/Pt and ITO/(H2P)4/TEA/Pt systems are significantly
improved as compared with those of the ITO/H2P/TEA/Pt
system.

Taking into account the above results together with the
well-established photodynamics of porphyrin-linked systems
on electrodes,25 the mechanism of photocurrent generation
in ITO/(H2P)n/TEA/Pt system (n ) 1, 2, and 4) is sum-
marized as follows. An electron transfer (ET) takes place
from TEA (+0.61 V vs Ag/AgCl (sat. KCl))15 to the singlet
excited state1H2P* (+0.77 V vs Ag/AgCl (sat. KCl)) or
1(H2P)2* (+0.79 V vs Ag/AgCl (sat. KCl) or1(H2P)4* (+0.84
V vs Ag/AgCl (sat. KCl)), yielding the porphyrin radical
anion (H2P•- or (H2P)2•- or (H2P)4•-)26 and the TEA radical
cation (TEA•+). The occurrence of photoinduced electron
transfer from TEA to1H2P* was confirmed by the laser-
flash photolysis experiments. (See Supporting Information
S2.27) The resulting TEA•+ is rearranged to its reducing form
by H-atom abstraction from another TEA.28 Such an ir-
reversible transformation of TEA•+ prevents the back electron
transfer fromH2P•- to TEA•+, resulting in efficient anodic
photocurrent generation.

In conclusion, we have successfully constructed novel
photoelectrochemical systems including ITO electrodes
modified with meso,meso-linked porphyrin oligomers in
which the relative integrated values of photocurrents for all
of the frequencies in the action spectra per mol cm-2 as well
as the quantum yields of photocurrent generation are
improved as compared with those of the corresponding
porphyrin monomer. Further improvements in the photo-
electrochemistry may be made possible by increasing the
number of porphyrins in the present systems.
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Figure 2. Absorption spectra of (a)H2P/ITO andH2P-ref in THF
and (b)(H2P)2/ITO and(H2P)2-ref in THF and (c)(H2P)4/ITO and
(H2P)4-ref in THF. The spectra are normalized at the Soret band
for comparison. Action spectra of (a) ITO/H2P/TEA/Pt system and
(b) ITO/(H2P)2/TEA/Pt system and (c) ITO/(H2P)4/TEA/Pt system;
input power: 500µW cm-2; applied potential:+0.40 V vs Ag/
AgCl (sat.KCl); an argon-saturated 0.1 M Na2SO4 aqueous solution
containing 50 mM TEA. Excitation spectra of (a)H2P/ITO and
(b) (H2P)2/ITO and (c)(H2P)4/ITO.
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Supporting Information Available: AFM image of
(H2P)4/ITO, transient absorption spectra observed in pho-
toinduced electron transfer from TEA to1H2P*, and UV-
vis spectrum ofH2P•-. This material is available free of
charge via the Internet at http://pubs.acs.org.
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