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Abstract: A systematic series of ITO electrodes modified chemically with self-assembled monolayers (SAMs)
of porphyrins and porphyrin-fullerene dyads have been designed to provide valuable insight into the
development of artificial photosynthetic devices. First the ITO and gold electrodes modified chemically
with SAMs of porphyrins with a spacer of the same number of atoms were prepared to compare the effects
of energy transfer (EN) quenching of the porphyrin excited singlet states by the two electrodes. Less EN
quenching was observed on the ITO electrode as compared to the EN quenching on the corresponding
gold electrode, leading to remarkable enhancement of the photocurrent generation (ca. 280 times) in the
porphyrin SAMs on the ITO electrode in the presence of the triethanolamine (TEA) used as a sacrificial
electron donor. The porphyrin (H2P) was then linked with C60 which can act as an electron acceptor to
construct H2P-C60 SAMs on the ITO surface in the presence of hexyl viologen (HV2+) used as an electron
carrier in a three electrode system, denoted as ITO/H2P-C60/HV2+/Pt. The quantum yield of the photocurrent
generation of the ITO/H2P-C60/HV2+/Pt system (6.4%) is 30 times larger than that of the corresponding
system without C60: ITO/H2P-ref /HV2+/Pt (0.21%). Such enhancement of photocurrent generation in the
porphyrin-fullerene dyad system is ascribed to an efficient photoinduced ET from the porphyrin singlet
excited state to the C60 moiety as indicated by the fluorescence lifetime measurements and also by time-
resolved transient absorption studies on the ITO systems. The surface structures of H2P and H2P-C60 SAMs
on ITO (H2P/ITO and H2P-C60/ITO) have been observed successfully in molecular resolution with atomic
force microscopy for the first time.

Introduction

Molecular engineering of artificial self-assemblies at surfaces
with desired functions has recently attracted much interest as
advancement of nanotechnology. Self-assembled monolayers
(SAMs) are highly promising to construct such molecular archi-
tectures on metal and semiconductor surfaces.1 In this context,
alkanethiols on gold surfaces are the most well-studied systems
which provide densely packed, well-ordered structures on the
surface.1 Thus, functionalization on the surfaces has been
achieved by incorporating potential chromophores such as ful-
lerenes,2-4 porphyrins,5-8 and others9,10at the end of alkanethiols

or equivalents. However, the performance of SAMs as molecular
devices is extremely sensitive to the structures and properties
of functionalized SAMs, which have been difficult to control.

SAMs of photoactive chromophores on the flat gold
surface4,5,8,10-12 have merited special attention as artificial

† Osaka University.
‡ Kyoto University.
§ Hokkaido University.
| Yonsei University.
⊥ Seoul National University.

(1) (a) Ulman, A.An Introduction to Ultrathin Organic Films; Academic
Press: San Diego, 1991. (b)Molecular Electronics; Jortner, J., Ratner, M.
Eds.; Blackwell Science: Oxford, 1997. (c) Mirkin, C. A.Inorg. Chem.
2000, 39, 2258. (d) Shipway, A. N.; Katz, E.; Willner, I.ChemPhysChem
2000, 1, 18. (e) Alivisatos, A. P.; Barbara, P. F.; Castleman, A. W.; Chang,
J.; Dixon, D. A.; Klein, M. L.; McLendon, G. L.; Miller, J. S.; Ratner, M.
A.; Rossky, P. J.; Stupp, S. I.; Thompson, M. E.AdV. Mater. 1998, 10,
1297.

(2) (a) Mirkin, C. A.; Caldwell, W. B.Tetrahedron1996, 52, 5113. (b) Shi,
X.; Caldwell, W. B.; Chen, K.; Mirkin, C. A.J. Am. Chem. Soc.1994,
116, 11598. (c) Caldwell, W. B.; Chen, K.; Mirkin, C. A.; Babinec, S. J.
Langmuir1993, 9, 1945. (d) Shon, Y.-S.; Kelly, K. F.; Halas, N. J.; Lee,
T. R. Langmuir1999, 15, 5329. (e) Hatano, T.; Ikeda, A.; Akiyama, T.;
Yamada, S.; Sano, M.; Kanekiyo, Y.; Shinkai, S.J. Chem. Soc., Perkin
Trans. 22000, 5, 909.

Published on Web 07/03/2003

10.1021/ja034913f CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003 , 125, 9129-9139 9 9129



photosynthetic materials and photonic molecular devices. In
particular, donor-acceptor linked molecules5,13 or donor-
acceptor mixed components14 have been employed in such
systems to mimic photosynthetic electron transfer (ET) and
energy transfer (EN) on the gold electrode. However, strong
EN quenching of the excited states of chromophores by the gold
surface has precluded achievement of a high quantum yield for
charge separation (CS) on the surface as attained in photosyn-

thesis. To surmount such an EN quenching problem, indium-
tin oxide (ITO) with high optical transparency (>90%) and
electrical conductivity (∼10 Ω cm) seems to be the most
promising candidate as an electrode which may suppress the
quenching of the excited states of adsorbed dyes on the surface.
Despite these advantages, development of SAMs on the ITO
electrode has been limited in that their chemical modification
requires carefully controlled conditions which have been difficult
to achieve.15 Only a single chromophore has so far been attached
on the ITO electrode.16-21 Thus, SAMs of donor-acceptor
linked molecules on ITO have yet to be constructed to compare
the EN quenching of chromophores by the ITO electrode and
by the corresponding gold electrode.

Fullerenes have frequently been used as an acceptor in
donor-acceptor linked molecules.22,23 Fullerenes have small
reorganization energies of ET, which lead to remarkable
acceleration of photoinduced CS and of charge shift (CSH) and
retardation of charge recombination (CR) in donor-fullerene
linked molecules.23-25 Since porphyrins used as donors as well
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as sensitizers are also known to exhibit small reorganization
energies of ET,23,24 a combination of both chromophores (i.e.,
porphyrins and fullerenes) is ideal to generate a long-lived
charge-separated state with a high quantum yield on electrodes13

as well as in solutions.23,24

We report herein construction of SAMs of porphyrin-
fullerene dyads on the ITO electrode and the reference SAMs
on the gold electrode to compare the EN quenching of the
porphyrin chromophore by the ITO electrode and by the
corresponding gold electrode. The investigated systems are
shown in Figure 1. The extensive SAM series are porphyrin
SAMs on the ITO electrode (denoted asH2P/ITO),26 those on
the gold electrode with a spacer of the same number of
atoms (denoted asH2P/Au),8c SAMs of porphyrin (P)-C60

linked molecules on the ITO electrode [denoted asP-C60/ITO
(PdH2P or ZnP)],27 the corresponding reference SAMs with-
out C60 with the same spacer on the ITO electrode (denoted as
P-ref/ITO), and the reference porphyrin SAMs on the gold

electrode with a spacer of the same number of atoms8c (denoted
asH2P-ref/Au). The photovoltaic properties of the SAM series
in Figure 1 are examined by photoelectrochemical measurements
together with fluorescence lifetime measurements and also by
time-resolved transient absorption studies on the ITO sys-
tems. The surface structures ofH2P andH2P-C60 SAMs on ITO
(H2P/ITO and H2P-C60/ITO) are also clarified in molecular
resolution using atomic force microscopy. Thus, the present
study provides valuable data for realization of molecular-level
photovoltaic devices in which efficient multistep electron
transfer occurs on the electrodes as attained in photosynthesis.

Results and Discussion

Synthesis.The general strategy employed for synthesizing
the SAMs is summarized in the Supporting Information (see
Supporting Information S7 and S8). Porphyrin SAMs on gold
electrodes (H2P/Au andH2P-ref/Au) were obtained by follow-
ing the same procedures as described previously.8c Porphyrin
references (H2P-ref, ZnP-ref,28 and H2P29) and porphyrin-
fullerene dyads (H2P-C60 andZnP-C60)30 were also synthesized
(Figure 2). Structures of all new compounds were confirmed
by spectroscopic analysis including1H NMR and FAB mass
spectra (see the Supporting Information).

Porphyrin SAMs on ITO and Gold Electrodes. Figure 3
displays absorption spectra ofH2P/ITO and porphyrin reference
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Figure 1. Self-assembled monolayers of porphyrins and porphyrin-fullerene dyads on ITO and gold electrodes.
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H2P-ref in THF. The Soret band ofH2P/ITO becomes broader
than that ofH2P-ref in THF, whereas no appreciable change
is seen in the Q-bands. Theλmax value of the Soret band of
H2P/ITO (425 nm) is red shifted by 5 nm as compared to that
of H2P-ref in THF (420 nm). Similar red shift (5 nm) was noted
for the λmax value of H2P/Au (425 nm)8c relative to that of
referenceH2P in THF (420 nm).31 This indicates that the
porphyrin environments ofH2P/ITO and H2P/Au are similar
and perturbed moderately within the monolayers, as compared
to the references in THF, due to the aggregation.8c

The cyclic voltammetry measurements ofH2P/ITO and
H2P-ref in CH2Cl2 containing 0.2 Mn-Bu4NPF6 were performed
with a sweep rate of 0.10 V s-1 (electrode area, 0.48 cm-2) to
estimate the surface coverage (Figure 4). The cyclic voltam-
mogram ofH2P/ITO is characterized by two successive anodic
waves showing a well-defined current maximum but a much
smaller coupled cathodic wave on the reversed scan at 0.10 V
s-1 due to the instability of the radical cation. The anodic current
increased linearly with increasing scan rate, implying that the
porphyrin is a surface-confined electroactive molecule. TheE0

ox

values [1.05, 1.34 V vs Ag/AgCl (sat. KCl)] were determined
as the average of the anodic and cathodic peak potentials. The
oxidation potentials ofH2P-ref in CH2Cl2 were also determined
asE0

ox ) +1.04,+1.41 V versus Ag/AgCl (sat. KCl), which
are similar to those ofH2P/ITO.32 The adsorbed amounts (Γ)
of H2P on H2P/ITO and onH2P/Au were calculated from the

first anodic peak currents of the porphyrin as 1.9× 10-10 mol
cm-2 (92 Å2 molecule-1) and 1.0× 10-10 mol cm-2 (170 Å2

molecule-1),8c respectively, using a roughness factor of 1.3 for
the ITO electrode from atomic force microscopy (AFM) mea-
surements (Vide infra) and 1.1 for gold electrode (see Experi-
mental Section).33 The Γ values thus determined are listed in
Table 1.

To obtain further information on the surface structures of
H2P/ITO, H2P-C60/ITO, and ITO itself, we performed AFM
measurements in air and in water with tapping mode (Nano-
Scope IIIa, Digital Instruments). The ITO surface exhibits
domain structures with a diameter of 10-100 nm and a height
of ∼50 nm (see Supporting Information S9). After modification
of ITO with H2P, the ITO surface is covered uniformly with
H2P molecules, as shown in Figure 5a. This is consistent with
the electrochemical results. It is interesting to note that when
the surface ofH2P/ITO is measured in water, the aggregated
structure ofH2P molecules is observed with a diameter of
20-30 nm (Figure 5b).

Anodic Photocurrent Generation in H2P/ITO and
H2P/Au. Photoelectrochemical measurements were carried out
in an argon-saturated 0.1 M Na2SO4 aqueous solution containing
50 mM triethanolamine (TEA) acting as an electron sacrificer
usingH2P/ITO or H2P/Au as the working electrode, a platinum
counter electrode, and an Ag/AgCl (sat. KCl) reference electrode
(hereafter represented by ITO/H2P/TEA/Pt and Au/H2P/TEA/
Pt systems, respectively, where / denotes an interface). A stable
anodic photocurrent from the electrolyte to the ITO electrode
appeared immediately upon irradiation of the ITO electrode with
λ ) 419.5 ( 5.3 nm light with a power density of 100µW
cm-2 at an applied potential of+0.60 V vesrus Ag/AgCl (sat.

(31) The red shift and broadening ofH2P/Au were reported to be due to the
partially stacked side-by-side porphyrin aggregation in the SAM;8c see:
Khairutdinov, R. F.; Serpone, N.J. Phys. Chem. B1999, 103, 761.

(32) Synthetic porphyrin dimers in close proximity generally exhibit a negative
shift of the oxidation potential due to the interaction between the
porphyrins.8c On the other hand, the decreased dielectric constant in the
nonpolar monolayer as compared to that of bulk solution results in the
positive shift of the oxidation potential of the porphyrin. Such compensation
may be responsible for a small difference in the oxidation potential of the
porphyrin in the monolayer and in the solution.8c, 14b

(33) When recalculated using the roughness factor 1.3 by AFM measurement,
theΓ value of porphyrin SAM on ITO obtained in ref 26 is changed to 1.9
× 10-10 mol cm-2.

Figure 2. Reference compounds used in this study.

Figure 3. UV-visible absorption spectra ofH2P/ITO (solid line) and
H2P-ref in THF (dotted line). The spectra are normalized at the Soret
band for comparison. (Inset) Action spectrum of ITO/H2P/TEA/Pt system;
input power, 100µW 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.

Figure 4. Cyclic voltammograms of (a)H2P/ITO and (b) H2P-ref in
CH2Cl2 containing 0.2 Mn-Bu4NPF6 with a sweep rate of 0.10 V s-1;
electrode area, 0.48 cm2; counter electrode, Pt wire; reference electrode,
Ag/AgCl (sat. KCl).
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KCl) as shown in Figure 6a. The photocurrent fell down
instantly when the illumination was cut off. There is a good
linear relationship between the photocurrent intensity and the
light intensity at each wavelength (from 0.10 to 6.0 mW cm-2).
In the absence of TEA, the anodic photocurrent was negligible
under otherwise the same experimental conditions. Further
addition of TEA (>50 mM) into the electrolyte solution did
not increase the photocurrent.34 The anodic photocurrent
increases monotonically with increasing positive bias to the ITO
electrode [from-0.20 to +0.40 V vs Ag/AgCl (sat. KCl)],
whereas the dark current remains constant, as shown in Figure
6b. The agreement of the action spectrum with the absorption
spectrum ofH2P/ITO in 380-700 nm (Figure 3) demonstrates
clearly that the porphyrin is the photoactive species responsible
for the photocurrent generation. These results demonstrate that
photocurrent 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 SAMs on the gold electrode, denoted
as an Au/H2P/TEA/Pt system. The quantum yields of photo-
current generation were compared between the Au/H2P/TEA/
Pt and ITO/H2P/TEA/Pt systems at an applied potential of
+0.40 V versus Ag/AgCl (sat. KCl) where dark current is
negligible. The quantum yields (φ) based on the number of
photons absorbed byH2P onH2P/ITO and that onH2P/Au were
calculated using the input power (λ ) 419.5( 5.3 nm light of

1 mW cm-2), the photocurrent density, and the absorbance on
the electrodes (ITO/H2P/TEA/Pt system: i) 740 nA cm-2, A
) 0.029. Au/H2P/TEA/Pt system:i ) 2.8 nA cm-2, A ) 0.030).
The φ value (3.4( 0.6%) of the ITO/H2P/TEA/Pt system is
ca. 280 times larger than theφ value (0.012( 0.003%) of the
Au/H2P/TEA/Pt system (Table 1).

Such a remarkable difference in the quantum yields of
photocurrent generation may stem from the difference in the
photophysical properties between theH2P/ITO and H2P/Au
systems. Thus, we performed time-correlated, single-photon
counting fluorescence measurements onH2P/ITO andH2P/Au
as well asH2P-ref and H2P in solutions with the excitation
wavelength at 435 nm. In each case, the decay of the
fluorescence intensity due to the porphyrin excited singlet state
(1P*) was monitored at 655 nm. The decay curve could be well
fitted as a single exponential except for the case ofH2P/ITO,
and the fluorescence lifetimes (τ) are summarized in Table 1.
Theτ values ofH2P/ITO [τ ) 1.0 ns (74%), 3.7 ns (26%)] are
significantly longer than the value ofH2P/Au (τ ) 15 ps)8c but
shorter than those ofH2P-ref (τ ) 9.9 ns)13d andH2P (τ ) 9.8
ns)8c in THF. We have previously reported that the energy
transfer (EN) quenching of the porphyrin singlet excited state
(1H2P*) by the gold surface is responsible for the extremely short

(34) TEA may form a complex with the porphyrin SAM on ITO electrode, when
the rate of photoinduced electron transfer from TEA to the excited state of
porphyrin SAM becomes independent of TEA concentration.

Table 1. Surface Coverage, Fluorescence Lifetime, and Quantum
Yield of Photocurrent Generation

quantum yield, φc/ %

system

surface
coverage,
Γa/×10-10

mol cm-2

fluorescence
lifetime,b τ
(relative

amplitude)/ ns TEAd HV2+ e

H2P/ITO 1.9 1.0 (74%),
3.7 (26%)

3.4( 0.6 0.43( 0.02i

H2P/Auf 1.0f 0.015f 0.012( 0.003 0.19( 0.10i

H2P 9.8f,g

H2P-C60/ITO 2.0 0.088 (91%),
0.43 (9%)

6.4( 2.3

H2P-C60 1.4 (88%),
2.7 (12%)g,h

H2P-ref/ITO 1.4 1.2 (47%),
4.6 (57%)

0.21( 0.03

H2P-ref 9.9g,h

ZnP-C60/ITO 1.4 0.027 (98%),
0.23 (2%)

3.9( 1.1

ZnP-C60 0.075g,h

ZnP-ref/ITO 0.7 0.089 (77%),
0.31 (23%)

0.36( 0.06

ZnP-ref 2.1g,h

H2P-ref/Au 0.040f

a Obtained from the area of the anodic peak due to the first porphyrin
oxidation using cyclic voltammetry.b Obtained using a single photon
counting technique when excited at 435 nm and monitored at 655 nm for
freebase porphyrins and 605 nm for zinc porphyrins.c Obtained in the
standard three electrode systems. The quantum yields of the photocurrent
generation were obtained by the following equation:φ ) (i/e)/[I(1 - 10-A)],
whereI ) (Wλ)/(hc), i is the photocurrent density,e is the elementary charge,
I is number of photons per unit area and unit time,λ is the wavelength of
light irradiation,A is absorbance of the adsorbed dyes atλ nm, W is light
power irradiated atλ nm,c is the light velocity, andh is the Planck constant.
d Argon-saturated 0.1 M Na2SO4 aqueous solution containing 50 mM TEA;
excitation with light atλ ) 419.5( 5.3 nm with 1 mW cm-2 at bias of
+0.40 V vs Ag/AgCl (saturated KCl).e Oxygen-saturated 0.1 M Na2SO4
aqueous solution containing 5 mM HV2+; excitation withλ ) 430.0( 5.0
nm light with 500µW cm-2 at bias of-0.20 V vs Ag/AgCl (saturated
KCl). f From ref 8c.g In THF. h From ref 13d.i 5 mM MV2+ was used
instead of HV2+ with excitation wavelength ofλ ) 419.5( 5.3 nm.

Figure 5. Tapping mode atomic force micrography ofH2P/ITO (a) in air
(Z range: 2 nm) and (b) in water (40 nm) and of (c)H2P-C60/ITO in air
(0.4 nm). The color scale represents the height topography, with bright and
dark representing the highest and lowest features, respectively.
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lifetime of the porphyrin on the gold surface.8c Thus, the data
in Table 1 clearly indicate that the EN quenching efficiency of
1P* on the ITO electrode is much suppressed as compared to
that on the gold surface.

Based on the energetics of the photoactive and radical ion
species involved in the ITO/H2P/TEA/Pt system, the mechanism
of photocurrent generation inH2P/ITO is shown in Scheme 1.
First, an ET takes place from TEA [+0.61 V vs Ag/AgCl (sat.
KCl)] 11d to the singlet excited state1H2P* [+0.62 V vs
Ag/AgCl (sat. KCl)]8c rather than the excited triplet state3H2P*

[+0.12 V vs Ag/AgCl (sat. KCl)],8c yielding the porphyrin
radical anion (H2P•-) and TEA radical cation (TEA•+). TEA•+

thus formed is known to undergo irreversible decomposition
via hydrogen abstracting rearrangement from another TEA,35

which suppresses charge recombination (CR) from H2P•- to
TEA•+. Photogenerated H2P•- [-1.28 V vs Ag/AgCl (sat. KCl)]
gives an electron to the ITO electrode, resulting in the anodic
photocurrent generation. In such a case, the rate-determining
step for the photocurrent generation may be the photoinduced
electron transfer from TEA to1H2P*, when the quantum yield
for photocurrent generation is significantly dependent on the
excited-state lifetime. In fact, theφ value inH2P/ITO is much
larger than that inH2P/Au because of the suppression of
undesirable EN quenching of1H2P* by the ITO electrode as
compared to theH2P/Au system. The relative ratio (110) of
the weighted average lifetimes ofH2P/ITO (τ ) 1.7 ns) versus
H2P/Au (τ ) 15 ps) is indeed consistent with the corresponding
ratio (280) of the quantum yields of the two systems.

Cathodic Photocurrent Generation in H2P/ITO and
H2P/Au. Since it is desirable to construct a photoelectrochemical
cell without a sacrificial electron donor such as TEA, we have
also examined cathodic photocurrent generation inH2P/ITO and
H2P/Au in the presence of oxygen and methyl viologen (MV2+)
acting as an electron mediator (acceptor) in the electrolyte
solution (hereafter represented by ITO/H2P/MV2+/Pt and
Au/H2P/MV2+/Pt systems, respectively, where / denotes an
interface). The optimized experimental conditions (an oxygen-
saturated 0.1 M Na2SO4 aqueous solution containing 5 mM
methyl viologen) have been well established for a series of
porphyrin SAM on the gold electrode,8c,13d,14bin which cathodic
photocurrent generation was observed under illumination (λ )
419.5( 5.3 nm light of 100µW cm-2) at an applied potential
of -0.20 V versus Ag/AgCl (sat. KCl). The quantum yield of
photocurrent generation in the ITO/H2P/MV2+/Pt system (0.43
( 0.02%) is larger than that in the Au/H2P/MV2+/Pt system
(0.19 ( 0.10%). In this case as well, the ITO electrode is
superior to the Au electrode. As compared to the 280 times
improvement of theφ value of the anodic photocurrent gen-
eration in the ITO/H2P/TEA/Pt system relative to the Au/H2P/
TEA/Pt system (Vide supra), however, theφ value of the ITO/
H2P/MV2+/Pt system is only 2 times larger than the value of
the Au/H2P/MV2+/Pt system despite the large difference of
fluorescence lifetimes betweenH2P/ITO andH2P/Au.

The mechanism of cathodic photocurrent generation in ITO/
H2P/MV2+/Pt system is shown in Scheme 2, which is different
from the mechanism of anodic photocurrent generation in
Scheme 1. When the potentials of the porphyrin singlet excited
state [1H2P*/H2P•+ ) -0.85 V vs Ag/AgCl (sat. KCl)]8c and
the triplet state [3H2P*/H2P•+ ) -0.35 V vs Ag/AgCl (sat. KCl)]
are taken into account,8c photoirradiation of the modified ITO
electrode results in intermolecular ET from1H2P* (not 3H2P*)

(35) (a) Chan, S.-F.; Chou, M.; Creutz, C.; Matsubara, T.; Sutin, N.J. Am.
Chem. Soc.1981, 103, 369. (b) Downard, A. J.; Surridge, N. A.; Gould,
S.; Meyer, T. J.; Deronzier, A.; Moutet, J.-C.J. Phys. Chem.1990, 94,
6754. (c) Matsuoka, S.; Yamamoto, K.; Ogata, T.; Kusaba, M.; Nakashima,
N.; Fujita, E.; Yanagida, S.J. Am. Chem. Soc.1993, 115, 601. (d) Aoki,
A.; Abe, Y.; Miyashita, T.Langmuir1999, 15, 1463.

Figure 6. (a) Photoelectrochemical response of an ITO/H2P/TEA/Pt cell;
applied potential,+0.60 V vs Ag/AgCl (sat. KCl). (b) Photocurrent vs
applied potential curves for an ITO/H2P/TEA/Pt system (solid line with
closed circles). The dark currents are shown as a dotted line with closed
circles. The data are the averages of six samples.λ ) 419.5( 5.3 nm (100
µW cm-2); an argon-saturated 0.1 M Na2SO4 aqueous solution containing
50 mM TEA.

Scheme 1

Scheme 2
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to MV2+ [E0
red ) -0.62 V vs Ag/AgCl (sat. KCl)]8c or O2 [E0

red

) -0.48 V vs Ag/AgCl (sat. KCl)].8c The reduced electron
carrier (MV•+ or O2

•-) diffuses to release an electron to the
platinum counter electrode, whereas the resultant porphyrin
radical cation [H2P/H2P•+ ) 1.05 V vs Ag/AgCl (sat. KCl)]
captures an electron from the ITO electrode, generating the
cathodic current flow (Scheme 2). The electron transfer from
the ITO electrode to H2P•+ may be rather slow as compared to
the gold electrode.36 Thus, CR would occur efficiently from
MV •+ or O2

•- to H2P•+ to decrease the quantum yields of
cathodic photocurrent generation in the ITO/H2P/MV2+/Pt
system.35d The relatively slow electron transfer from the ITO
electrode to H2P•+ may be responsible for the less remarkable
enhancement of theφ value of the cathodic photocurrent
generation of the ITO/H2P/MV2+/Pt system versus the Au/H2P/
MV2+/Pt system (only two times) as compared with the 280
times enhancement of theφ value in the anodic photocurrent
generation of the ITO/H2P/TEA/Pt system versus the Au/H2P/
TEA/Pt system. In the case of the anodic photocurrent generation
in the ITO/H2P/TEA/Pt system, the CR from H2P•- to TEA•+

was suppressed by the facile irreversible decomposition of
TEA•+ (Scheme 1). Similar difference in the photocurrent
behavior between TEA and MV2+ was reported in LB films of
Ru(bpy)32+ copolymer on ITO in the presence of TEA or
MV2+.35d

Porphyrin -Fullerene SAMs on ITO and Gold Electrodes.
As described above, the ITO electrode is superior to the gold
electrode because of the less EN quenching of1H2P* as
compared to the gold electrode. This superiority of the ITO
electrode is partially canceled by the relatively slow electron
transfer from the ITO electrode to H2P•+ as compared to the
gold electrode, which results in a decrease in the anodic
photocurrent generation due to the competing CR process.
However, the CR process from MV•+ or O2

•- to H2P•+ in ITO/
H2P/MV2+/Pt in Scheme 2 may be suppressed by replacing the
single chromophore (H2P) SAMs with SAMs of porphyrin
linked with an electron acceptor. Thus, C60 (an acceptor) is
linked with porphyrin SAMs on ITO (H2P-C60//ITO andZnP-
C60/ITO) to examine the cathodic photocurrent generation in
comparison with the reference porphyrin SAMs with a spacer
of the same number of atoms (H2P-ref/ITO andZnP-ref/ITO)
and those withH2P-ref/Au in Figure 1.

Absorption spectra ofH2P-C60/ITO andH2P-ref/ITO were
compared to those ofH2P-C60 andH2P-ref in THF (Figure 7).
The Soret bands ofH2P-C60/ITO and H2P-ref/ITO become
broader than those ofH2P-C60 andH2P-ref in THF. Theλmax

values of the Soret bands ofH2P-C60/ITO (426 nm) and
H2P-ref/ITO (426 nm) are red shifted by 6 nm relative to those
of H2P-C60 (420 nm) andH2P-ref (420 nm) in THF, respec-
tively. Similar red shift and broadening of the Soret bands were
observed forZnP-C60/ITO (5 nm) andZnP-ref/ITO (7 nm)
relative toZnP-C60 andZnP-ref in THF, respectively. These
results indicate that the porphyrin environments ofH2P-C60/
ITO andZnP-C60/ITO are similar to those of the corresponding
reference systems without C60 (H2P-ref/ITO andZnP-ref/ITO)
and perturbed moderately, relative to the references in THF,
due to the porphyrin aggregation, as observed in the case of
H2P/ITO andH2P/Au (Vide supra).8c

The cyclic voltammetric measurements ofH2P-C60/ITO and
H2P-C60 in CH2Cl2 containing 0.2 Mn-Bu4NPF6 electrolyte
were performed with a sweep rate of 0.10 V s-1 (electrode area,
0.48 cm-2) to estimate the surface coverage (see Supporting
Information S10). The electrochemical behavior ofH2P-C60/
ITO is similar to that ofH2P/ITO (Vide supra). The cyclic
voltammogram ofH2P-C60/ITO is characterized by two suc-
cessive anodic waves showing a well-defined current maxi-
mum but much smaller coupled cathodic wave on the reversed
scan at 0.10 V s-1 due to the instability of the radical cation.
The E0

ox values were determined as 1.10 and 1.38 V versus
Ag/AgCl (sat. KCl). The oxidation potentials ofH2P-C60 in the
CH2Cl2 solution were also determined asE0

ox ) +1.05, 1.30
V versus Ag/AgCl (sat. KCl),13d which are shifted to the
negative direction compared to that ofH2P-C60/ITO. This
difference can be explained as a consequence of the decreased
dielectric constant in the nonpolar monolayer as compared to
that of bulk solution rather than interaction between the
porphyrin molecules.8c,13d,32Similar electrochemical behavior
was noted forZnP-C60/ITO, H2P-ref/ITO, andZnP-ref/ITO.
The adsorbed amounts (Γ ) of P-C60 on P-C60/ITO andP-ref
onP-ref/ITO (PdH2P or ZnP) were calculated from the anodic
peak of the porphyrin using a roughness factor of 1.3 from
atomic force microscopy (AFM) measurements (Vide supra) and
summarized in Table 1. TheΓ value ofH2P-C60/ITO (2.0 ×
10-10 mol cm-2) is virtually the same as the value ofH2P/ITO
(1.9× 10-10 mol cm-2) and those of a well-packed ferrocene-
porphyrin-fullerene triad SAM (1.9× 10-10 mol cm-2)13d and
porphyrin SAM (1.5× 10-10 mol cm-2) on Au(111).8c The Γ
values ofZnP-C60/ITO (1.4 × 10-10 mol cm-2) andZnP-ref/
ITO (0.7× 10-10 mol cm-2) are significantly smaller than those
of H2P-C60/ITO and H2P-ref/ITO, respectively. This implies
that some porphyrins and porphyrin-fullerene dyads were lost
from the surfaces of the ITO during metalation.13d,37

To obtain further information on the surface structures of
H2P-C60/ITO, we performed AFM measurements in air with
tapping mode (Figure 5c).27 After modification of ITO with
H2P-C60, the ITO surface is covered uniformly. It should be
emphasized here that aggregation of bright spots observed within
a domain corresponds to well-packed structures ofH2P-C60

molecules with a separation of∼1 nm, which agrees with the
(36) The ET rate constant between ferrocene and gold electrode with a spacer

of the same number atoms was reported to be 1.5× 104 s-1; see: Weber,
K.; Hockett, L.; Creager, S.J. Phys. Chem. B1997, 101, 8286.

(37) McCallien, D. W. J.; Burn, P. L.; Anderson, H. L.J. Chem. Soc., Perkin
Trans. 11997, 2581.

Figure 7. UV-visible absorption spectra ofH2P-C60/ITO (solid line) and
H2P-C60 in THF (dotted line). The spectra are normalized at the Soret band
for comparison. (Inset) Action spectrum of ITO/H2P-C60/HV2+/Pt system;
input power, 500µW cm-2; applied potential,-0.10 V vs Ag/AgCl (sat.
KCl); an oxygen-saturated 0.1 M Na2SO4 aqueous solution containing 5
mM HV2+.
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diameter of C60. To the best of our knowledge, this is the first
observation of self-assembled molecules on ITO in molecular
resolution.

Photoelectrochemical measurements were carried out in a 0.1
M Na2SO4 aqueous solution usingH2P-C60/ITO or ZnP-C60/
ITO as a working electrode, a Pt counter electrode, and an Ag/
AgCl (sat. KCl) reference electrode. A stable cathodic photo-
current appeared immediately upon irradiation of theH2P-C60/
ITO electrode withλ ) 430.0 ( 5.0 nm light with 500µW
cm-2 at an applied potential of-0.20 V versus Ag/AgCl (sat.
KCl) in an argon-saturated 0.1 M Na2SO4 aqueous solution.
When the irradiation was cut off, the photocurrent fell down
instantly. The effects of oxygen [-0.48 V vs Ag/AgCl (sat.
KCl)] 8c,13d,14band 1,1-dihexyl-4,4′-dipyridinium diperchlorate
(HV2+) [-0.24 V vs Ag/AgCl (sat. KCl)] as an electron carrier
on the photoelectrochemical properties were also examined to
optimize the photocurrent generation.38 The cathodic photocur-
rent increased gradually with bubbling oxygen into the elec-
trolyte solution. Under the oxygen-saturated conditions, the
photocurrent increased linearly with an increase in HV2+

concentration to reach a constant value at around 5 mM of HV2+

as an electron carrier (See Supporting Information S11). These
results are consistent with the fact that methyl viologen [-0.62
V vs Ag/AgCl (sat. KCl)] and O2 [-0.48 V vs Ag/AgCl (sat.
KCl)] acts as electron acceptors in similar photoelectrochemical
systems.8c Such a saturated behavior was also reported for
porphyrin-alkanethiol mixed SAMs on gold electrodes in the
presence of MV2+.14b,39,40There is a good linear relationship
between the photocurrent and the light intensity at each
wavelength (from 0.10 to 6.0 mW cm-2). The net photocurrent
relative to the dark current decreased monotonically with
increasing positive bias (from-0.20 to+0.80 V vs Ag/AgCl)
and disappeared at+0.80 V versus Ag/AgCl (sat. KCl) (Figure
8). Similar photoelectrochemical behavior was observed for the
reference systems:H2P-ref/ITO, ZnP-C60/ITO, andZnP-ref/
ITO.

The quantum yields of the photocurrent generation (hereafter
denoted as ITO/H2P-C60/HV2+/Pt system) were determined
under the optimized conditions [0.1 M Na2SO4 aqueous solution
containing 5 mM HV2+ under irradiation of theH2P-C60/ITO
electrode withλ ) 430.0( 5.0 nm light with 500µW cm-2 at
an applied potential of-0.20 V versus Ag/AgCl (sat. KCl)]
based on the input power, the photocurrent density, and the
absorbance on the electrodes (ITO/H2P-C60/HV2+/Pt system:
i ) 810 nA cm-2, A ) 0.033. ITO/ZnP-C60/HV2+/Pt system:
i ) 450 nA cm-2, A ) 0.030. ITO/H2P-ref/HV2+/Pt system:i
) 24 nA cm-2, A ) 0.030. ITO/ZnP-ref/HV2+/Pt system:i )
39 nA cm-2, A ) 0.028) at the applied potential. The quantum
yield of the photocurrent generation of the ITO/H2P-C60/HV2+/
Pt system (6.4( 2.3%) is 30 times larger than that of the ITO/
H2P-ref/HV2+/Pt system (0.21( 0.03%). The agreement of
absorption and action spectra (380-700 nm) ofH2P-C60/ITO
(Figure 7) reveals that the porphyrin is the major photoactive
species responsible for the photocurrent generation. Similar
photoelectrochemical behavior was observed for the ITO/ZnP-
C60/HV2+/Pt system. There is also a good agreement between
the absorption spectrum ofZnP-C60/ITO and action spectrum
of the ITO/ZnP-C60/HV2+/Pt system. The quantum yield of the
photocurrent generation of the ITO/ZnP-C60/HV2+/Pt system
(3.9 ( 1.1%) is 11 times larger than that of the ITO/ZnP-ref/
HV2+/Pt system (0.36( 0.06%). These results clearly show
that remarkable enhancement of the photocurrent generation in
the present systems results from an incorporation of the C60

moiety as an electron acceptor into the porphyrin SAMs on the
ITO.

The fluorescence lifetimes on the ITO surfaces were measured
by a picosecond single-photon counting technique at emission
wavelengths of 655 nm forH2P-C60/ITO and H2P-ref/ITO
(Figure 9a) and 605 nm forZnP-C60/ITO andZnP-ref/ITO due
to the porphyrin moiety with excitation at 425 nm. The decay
curve of the fluorescence intensity could be fitted as double
exponentials, and the fluorescence lifetimes thus determined
are listed in Table 1. The weighted average fluorescence
lifetimes of H2P-C60/ITO (0.12 ns) andZnP-C60/ITO (0.031
ns) are much shorter than those ofH2P-ref/ITO (3.2 ns) and
ZnP-ref/ITO (0.14 ns), respectively. 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.13d,e It should be emphasized that the fluorescence
lifetime of H2P-ref/ITO (3.2 ns) is 80 times longer than that of
the porphyrin SAM (H2P-ref/Au in Figure 1) with a similar
length of the spacer on the gold surface (40 ps; shown in Fig-
ure 9b)8c but 1/3 times shorter than that of the porphyrin refer-
ence (H2P-ref) in solutions (9.9 ns in THF).8c Since the
fluorescence lifetimes ofH2P-ref on the glass slide and of
H2P-ref/ITO are similar, the moderate fluorescence lifetime of
H2P-ref/ITO can be attributed to the self-quenching of the
porphyrins due to the aggregation as in the case ofH2P/ITO
(Vide supra).36,41,42

The femtosecond time-resolved transient absorption spectrum
of H2P-C60/ITO with an excitation wavelength of 400 nm was

(38) For the improvement of the quantum yield of the photocurrent generation,
we employed different experimental conditions [i.e., changing the electrolyte
solutions (CH3CN containing 0.1 Mn-Bu4NPF6) and the electron acceptors
(p-benzoquinone, 2-chloro-p-benzoquinone, and 2,5-dichloro-p-benzo-
quinone, and 9-phenyl-10-methylacridinium perchlorate)]. However, the
quantum yields were lower than the present optimized conditions using
HV2+ and O2 as electron acceptors.

(39) Andersson, M.; Davidsson, J.; Hammarstro¨m, L.; Korppi-Tommola, J.;
Peltola, T.J. Phys. Chem. B1999, 103, 3258.

(40) This may be ascribed to association between the porphyrin and hexyl
viologen, in which the hexyl moiety might be buried within the hydrophobic
SAM at the assembly solution interface; see: Creager, S. E.; Collard, D.
M.; Fox, M. A. Langmuir1990, 6, 1617.

(41) Akins, D. L.; Özçelik, S.; Zhu, H.-R.; Guo, C.J. Phys. Chem.1996, 100,
14390.

(42) The short fluorescence lifetimes ofZnP-ref/ITO (0.089 ns, 0.31 ns) relative
to H2P-ref/ITO (1.2 ns, 4.6 ns) can be attributed to the strong self-quenching
of the zinc porphyrin due to the intensive aggregation between the
porphyrins as well as the intrinsic short fluorescence lifetime ofZnP-ref
(2.1 ns in THF) as compared to that ofH2P-ref (9.9 ns in THF).

Figure 8. Photocurrent vs applied potential curves for ITO/H2P-C60/HV2+/
Pt system (solid line with closed circles):λ ) 430.0( 5.0 nm (500µW
cm-2); an oxygen-saturated 0.1 M Na2SO4 aqueous solution containing 5
mM HV2+. The dark currents are shown as dotted lines with closed circles.
The data are the averages of three samples.
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also measured to confirm the photoinduced ET from the
porphyrin excited singlet state to the C60 moiety on ITO. The
ground state bleaching recovery at 430 nm due to the porphyrin
excited singlet state (Figure 10) could be fitted as three
exponential components [88 ps (42%), 800 ps (45%),>2 ns
(13%)]. The fast decay component is in good agreement with
the fluorescence lifetime ofH2P-C60/ITO (88 ps), demonstrating
the photoinduced ET process on ITO.43

Based on the above results together with the well-established
photodynamics of porphyrin-fullerene linked systems on
electrodes13 as well as those ofH2P-C60 andZnP-C60 in solu-
tions,28,29 the mechanism of enhanced photocurrent generation

in the ITO/H2P-C60/HV2+/Pt system and ITO/ZnP-C60/HV2+/
Pt system is summarized in Scheme 3. First, an intramolecular
ET takes place from1P* [H2P, -0.80 V; ZnP,-1.19 V vs Ag/
AgCl (sat. KCl)]13 to C60, followed by intermolecular ET from
the resulting C60

•- [-0.62 V vs Ag/AgCl (sat. KCl)]13 to an
electron carrier, O2 [-0.48 V vs Ag/AgCl (sat. KCl)]13 or HV2+

[-0.24 V vs Ag/AgCl (sat. KCl)].13 The quantum
yield of the ITO/ZnP-C60/HV2+/Pt system (3.9%) is lower than
that of the ITO/H2P-C60/HV2+/Pt system (6.4%) despite the
efficient quenching of the zinc porphyrin excited singlet state
(1ZnP*) of ZnP-C60 (i.e., 75 ps) relative toZnP-ref (2.1 ns) in
THF (Table 1). Judging from the relative ratios of the
fluorescence lifetimes ofH2P-C60/ITO versusH2P-ref/ITO and
ZnP-C60/ITO versus ZnP-ref/ITO, we believed the self-
quenching of the zinc porphyrin excited singlet state (1ZnP*) in
the ITO/ZnP-C60/HV2+/Pt cell may result in the deactivation
of 1ZnP* to reduce the quantum yield of the photocurrent
generation.

The intermolecular ET rate from C60
•- to HV2+ is estimated

as ∼5 × 107 s-1 at the concentration of HV2+ (∼5 mM)
assuming the photoinduced ET rate constant is diffusion-limited
(∼1010 M-1 s-1). Thus, the intermolecular ET (∼5 × 107 s-1)
can compete well with the charge recombination ofH2P•+-C60

•-

(2.2 × 107 s-1 in benzonitrile)29 andZnP•+-C60
•- (1.3 × 106

s-1 in benzonitrile).28 On the other hand, an electron is in-
jected from the ITO to P•+ [H2P, +1.10 V; ZnP,+0.89 V vs
Ag/AgCl (sat. KCl)], which eventually leads to the cathodic
current generation. In contrast with the case of the C60-linked
system in Scheme 3, the photocurrent generation in the reference
systems without C60 (ITO/H2P-ref/HV2+/Pt and ITO/ZnP-ref/
HV2+/Pt systems) is much reduced due to the less efficient
intermolecular ET from1P* to HV2+ as compared to the
intramolecular ET in the C60 linked system.44

Conclusions

We have successfully demonstrated that the quantum yield
of photocurrent generation for the porphyrin SAM cell on ITO

(43) Characteristic absorption due to H2P radical cation (around 660 nm) and
C60 radical anion (around 1000 nm) could not be confirmed because of the
poor signal-to-noise ratio. The input laser power was minimized to avoid
exciton-exciton annihilation processes which occur dominantly within a
few picoseconds after laser excitation with high power.

(44) The quantum yields of the photocurrent generation in the ITO/ZnP-ref/
HV2+/Pt system (0.36%) is larger than that of the ITO/H2P-ref/HV2+/Pt
system (0.21%), because of the strong quenching of the porphyrin excited
state ofZnP-ref/ITO (weighted average fluorescence lifetime) 0.14 ns)
as compared to that ofH2P-ref/ITO (3.2 ns). This can be ascribed to the
large free energy change for photoinduced ET from1ZnP* to HV2+ (0.95
eV) relative to that from1H2P* to HV2+ (0.56 eV).

Figure 9. Fluorescence decay curves of (a)H2P-ref/ITO and (b)H2P-
ref/Au in THF observed at 655 nm by the single-photon counting method.
The excitation wavelength is 425 nm forH2P-ref/ITO and 435 nm forH2P-
ref/Au.

Figure 10. Time profile ofH2P-C60/ ITO at 430 nm after photoexcitation
at 400 nm.

Scheme 3
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becomes 280 times larger than the corresponding value of a
similar porphyrin SAM cell on a gold electrode due to the
suppression of undesirable EN quenching of1P* by the electrode.
Photocurrent generation was further enhanced using SAMs of
porphyrin-fullerene linked molecules on ITO electrodes, as
compared to the corresponding porphyrin SAM systems. The
photocurrent generation mechanism was confirmed successfully
by fluorescence lifetime measurements together with time-
resolved transient absorption studies on the ITO systems. The
surface structures of porphyrin-fullerene SAMs on ITO have
been revealed in molecular resolution for the first time. These
results clearly demonstrate that utilization of fullerenes as
electron acceptors linked with porphyrin chromophores on ITO
electrodes is highly promising for the construction of artificial
photosynthetic systems.

Experimental Section

General.Melting points were recorded on a Yanagimoto micromelt-
ing apparatus and are not corrected.1H NMR spectra were measured
on a JEOL EX-270. Fast atom bombardment (FAB) mass spectra (MS)
were measured on JEOL JMS-DX303HF. UV-visible spectra were
obtained on a Shimadzu UV-3100 spectrometer. AFM measurements
were performed in air or in water with tapping mode using NanoScope
IIIa (Veeco metrology group/ Digital Instruments). The roughness factor
of the ITO surface (R ) 1.3) was determined by the AFM measure-
ments. All solvents and chemicals were of reagent grade quality,
purchased commercially, and used without further purification 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 at 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.

Materials. ITO electrodes (190-200 nm ITO on transparent glass
slides) were commercially available from Evers, Inc. (Japan). The
roughness factor (R ) 1.3) was estimated by AFM measurement with
tapping mode. Gold electrodes for electrochemical and photoelectro-
chemical measurements (R ) 1.1) were prepared by a vacuum
deposition technique with titanium (5-10 nm) and gold (20-100 nm)
in a sequence onto an Si(100) wafer, whereas, for UV-visible
absorption measurements, gold (20 nm) was evaporated onto a
transparent glass slide (R ) 1.5).8c The roughness factor was estimated
by iodine chemisorption on an Au(111) surface.

Cyclic Voltammetry Measurements.All electrochemical studies
were performed on a Bioanalytical Systems, Inc. CV-50W voltammetric
analyzer using a standard three-electrode cell with a modified ITO or
Au working electrode (electrode area, 0.48 cm2), a platinum wire
counter electrode, and an Ag/AgCl (sat. KCl) reference electrode in
CH2Cl2 containing a 0.2 Mn-Bu4NPF6 electrolyte with a sweep rate
of 0.10 V s-1. The adsorbed amounts of compounds were determined
from the charge of the anodic peak of the porphyrin first oxidation.

Photoelectrochemical Measurements.Photoelectrochemical mea-
surements were performed in a one-compartment Pyrex UV cell (5 mL).
The cell was illuminated with monochromatic excitation light through
interference filters (MIF-S, Vacuum Optics Corporation of Japan) by
a 180 W UV lamp (Sumida LS-140V) or monochromator (Ritsu MC-
10N) by a 500 W xenon lamp (Ushio XB-50101AA-A) on a SAM of
0.48 cm2. The photocurrent was measured in a three-electrode arrange-
ment (Bioanalytical Systems, Inc. CV-50W), a modified ITO or Au
working electrode (electrode area, 0.48 cm2), a platinum wire counter
electrode (the distance between electrodes was 0.3 mm), and an Ag/
AgCl (sat. KCl) reference electrode. The light intensity was monitored
by an optical power meter (Anritsu ML9002A) and corrected. Quantum

yields were calculated based on the number of photons absorbed by
the chromophore on the gold electrodes at each wavelength using the
input power, the photocurrent density, and the absorbance determined
from the absorption spectrum on the ITO or gold electrode.

Fluorescence Lifetime Measurements.Fluorescence decays were
measured by using a femtosecond pulse laser excitation and a single-
photon counting system for fluorescence decay measurements.45 The
laser system was a mode-locked Ti:Sa laser (Coherent, Mira 900)
pumped by an argon ion laser (Coherent, Innova 300). The repetition
rate of a laser pulse was 2.9 MHz with a pulse picker (Coherent, model
9200). The third harmonic generated by an ultrafast harmonic system
(Inrad, model 5-050) was used as an excitation source. The excitation
wavelength was set at 425 or 435 nm, and temporal profiles of
fluorescence decay and rise were recorded by using a microchannel
plate photomultiplier (Hamamatsu R3809U). Full width at half-
maximum (fwhm) of the instrument response function was 36 ps where
the time interval of the multichannel analyzer (CANBERRA, model
3501) was 2.6 ps in the channel number. Criteria for the best fit were
the values ofø2 and the Dubrin-Watson parameters, obtained by
nonlinear regression.

Femtosecond Transient Absorption Measurements.The dual-
beam femtosecond time-resolved transient absorption spectrometer
consisted of a self-mode-locked femtosecond Ti:sapphire laser (Coher-
ent, 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 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 (∼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 electronic 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
using the Q-switching technique, and about 30 000-fold amplification
at 1 kHz was obtained. After recompression, the amplified pulses were
color tuned by optical parametric generation and the optical parametric
amplification (OPG-OPA) technique. The resulting laser pulses had a
pulse width of∼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 mmdiameter spot, and laser fluence was adjusted less than∼1.0
mJ cm-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 the white light continuum was overlapped
with the pump beam at the sample to probe the transient, while the
other part of the beam 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 continuum beams after sample were sent to a
15 cm focal length spectrograph (Acton Research) through each optical
fiber and then detected by the dual 512 channel photodiode arrays
(Princeton Instruments). The intensity 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,
we were able to detect the modulated probe pulses as well as the
reference pulses by two separate photodiodes. The output current was
amplified with a homemade fast preamplifier, and then the resultant

(45) (a) Boens, N.; Tamai, N.; Yamazaki, I.; Yamazaki, T.Photochem. Photobiol.
1990, 52, 911. (b) Nishimura, Y.; Yasuda, A.; Speiser, S.; Yamazaki, I.
Chem. Phys. Lett. 2000, 323, 117.

(46) Cho, H. S.; Song, N. W.; Kim, Y. H.; Jeoung, S. C.; Hahn, S.; Kim, D.;
Kim, S. K.; Yoshida, N.; Osuka, A.J. Phys. Chem. A2000, 104, 3287.
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voltage signals of the probe pulses were gated and processed by a boxcar
averager. The resultant modulated signal was measured by a lock-in
amplifier and then fed into a personal computer for further signal
processing.
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