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Abstract: A meso,meso-linked porphyrin dimer [(ZnP)2] as a light-harvesting chromophore has been
incorporated into a photosynthetic multistep electron-transfer model for the first time, including ferrocene
(Fc), as an electron donor and fullerene (C60) as an electron acceptor to construct the ferrocene-meso,meso-
linked porphyrin dimer-fullerene system (Fc-(ZnP)2-C60). Photoirradiation of Fc-(ZnP)2-C60 results in
photoinduced electron transfer from the singlet excited state of the porphyrin dimer [1(ZnP)2*] to the C60

moiety to produce the porphyrin dimer radical cation-C60 radical anion pair, Fc-(ZnP)2
•+-C60

•-. In
competition with the back electron transfer from C60

•- to (ZnP)2
•+ to the ground state, an electron transfer

from Fc to (ZnP)2
•+ occurs to give the final charge-separated (CS) state, that is, Fc+-(ZnP)2-C60

•-, which
is detected as the transient absorption spectra by the laser flash photolysis. The quantum yield of formation
of the final CS state is determined as 0.80 in benzonitrile. The final CS state decays obeying first-order
kinetics with a lifetime of 19 µs in benzonitrile at 295 K. The activation energy for the charge recombination
(CR) process is determined as 0.15 eV in benzonitrile, which is much larger than the value expected from
the direct CR process to the ground state. This value is rather comparable to the energy difference between
the initial CS state (Fc-(ZnP)2

•+-C60
•-) and the final CS state (Fc+-(ZnP)2-C60

•-). This indicates that the
back electron transfer to the ground state occurs via the reversed stepwise processes,that is, a rate-limiting
electron transfer from (ZnP)2 to Fc+ to give the initial CS state (Fc-(ZnP)2

•+-C60
•-), followed by a fast

electron transfer from C60
•- to (ZnP)2

•+ to regenerate the ground state, Fc-(ZnP)2-C60. This is in sharp
contrast with the extremely slow direct CR process of bacteriochlorophyll dimer radical cation-quinone
radical anion pair in bacterial reaction centers.

Introduction

Investigations of photoinduced electron transfer (ET) in
donor-acceptor-linked molecules have attracted enormous

interest. Investigators have been motivated by the desire to
address basic mechanistic problems on ET chemistry and
biology as well as to develop artificial photosynthetic systems
for light energy conversion.1-10 Natural photosynthesis in the
purple bacterial reaction centers employs a multistep ET strategy
to realize the efficient conversion of light energy to chemical
energy.11 Namely, energy is absorbed by the dimer of bacter-
iochlorophyll (Bchl) molecules, generating its singlet excited
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state (1(Bchl)2*), which lies ∼1.4 eV above the ground state.
Within ∼3 ps, an ET occurs from1(Bchl)2* to the bacteriopheo-
phytin (Bphe) molecule located∼9 Å () Ree, edge-to-edge
distance) distant via a two-step sequential mechanism or a one-
step superexchange mechanism. The energy of (Bchl)2

•+Bphe•-

(∼1.2 eV) is lowered by∼0.2 eV, which matches well the
reorganization energy (λ) of ET to optimize the forward ET
process; but the charge recombination (CR) process is shifted
deeply into the inverted region of Marcus parabola to retard
the CR process. In a subsequent charge-shift (CSH) step, an
electron is transferred in∼200 ps from Bphe•- to the primary
quinone QA, over anRee value of∼9 Å. This reaction yields
the charge-separated (CS) state of (Bchl)2

•+QA
•-, which lies only

∼0.6 eV above the ground state. This means that the energy as
large as 0.8 eV is lost to obtain the CS state. In a final
isoenergetic step, an ET takes place from QA

•- to QB, with a
time constant of∼100 µs. The resulting final CS state with a
lifetime of ∼1 s across the membrane eventually leads to the
production of chemical energy. Although the quantum efficiency
of the production of (Bchl)2•+QB

•- is ∼100%, the energy
efficiency (∼40%) is not perfect. There may be plenty of room
for improvement of the energy efficiency while optimizing the
charge separation efficiency as well as the CS lifetime. Such
optimization is important to develop artificial photosynthetic
systems that can convert solar energy into chemical and
electrical energies more efficiently than natural systems.

Fullerenes have exhibited unique ET properties as acceptors
in donor-acceptor-linked systems.12-23 In particular, the small
reorganization energies make it possible to accelerate photoin-
duced charge separation and CSH and, on the other hand, to
decelerate CR processes relative to comparable systems in which
two-dimensional acceptors, such as quinones and imides are

employed.13 Such a remarkable effect can be ascribed to the
delocalization of charge spread over the three-dimensional
framework of fullerenes, in addition to the rigid structure in
both the ground and excited states. Thus, utilization of fullerenes
in donor-acceptor-linked systems allows us to realize the
optimization of ET processes, such as photosynthesis, regardless
of the surrounding environment (i.e., solvents).22 However, the
light-harvesting efficiency remains to be improved.

We report herein incorporation ofmeso,meso-linked porphyrin
dimer [(ZnP)2] as an improved light-harvesting chromophore,
as compared to the monomer porphyrin, into a photosynthetic
ET model to construct the ferrocene-meso,meso-linked porphyrin
dimer-fullerene triad (Fc-(ZnP)2-C60), where the C60 and the
ferrocene (Fc) are tethered at both the ends of (ZnP)2, as shown
in Figure 1. We previously reported that Fc-ZnP-C60 (Figure
1) reveals photoinduced charge separation from the porphyrin
excited singlet state to C60, followed by a charge shift (CSH),
leading to the production of final CS state (i.e., ferricenium ion
(Fc+)-C60 radical anion (C60

•-) pair) with an extremely high
quantum yield (nearly unity) as well as with a lifetime of up to
16 µs.22c-e The edge-to-edge distance of the Fc+-ZnP-C60

•-

radical ion pair (Ree) 30.3 Å) is enlarged in the Fc+-(ZnP)2-
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C60
•- radical ion pair (Ree ) 38.6 Å) by incorporating an

additional porphyrin moiety. Thus, the lifetime of the final CS
state is expected to be prolonged without lowering the charge
separation efficiency when a similar stepwise ET occurs in Fc-
(ZnP)2-C60. Although chemistry ofmeso,meso-linked porphyrin
arrays has been developed rapidly,24-27 ET studies onme-
so,meso-linked arrays with donor and acceptor units on the
opposite ends have never been performed. Since themeso,meso-
porphyrin arrays absorb visible light more widely than a linear
combination of the corresponding porphyrin monomer as a result
of the exciton coupling of the porphyrins,24-27 the combination
of meso,meso-porphyrin arrays with ferrocene as a donor and
C60 as an acceptor is expected to enhance the light-harvesting
capability. In the present study, the ET dynamics of Fc-(ZnP)2-
C60 have been investigated in full detail by time-resolved
transient absorption spectroscopy and fluorescence lifetime
measurements. We also report the temperature dependence for

CR process from C60
•- to Fc+ in the final CS state, Fc+-

(ZnP)2-C60
•-, which provides valuable insight into the impor-

tant question as to why natural photosynthesis wastes a large
fraction of the input energy to gain a long-lived CS state.

Results and Discussion

Synthesis.The preparation of Fc-(ZnP)2-C60, the reference
dyads Fc-(ZnP)2, (ZnP)2-C60, and the porphyrin reference
(ZnP)2-ref (Figure 1) was performed as shown in Schemes 1-3.
Trans-AB2C-type porphyrin3 was prepared by the condensation
of dipyrromethane128 and222b with 3,5-di-tert-butylbenzalde-
hyde29 in the presence of trifluoroacetic acid (TFA), followed
by treatment with zinc acetate (Scheme 1). For themeso,meso
coupling of 3, we used the oxidant AgPF6 in a mixture of
chloroform and acetonitrile.24 Because slight demetalation
occurred under the present conditions, the crude mixture was
treated with TFA and H2SO4 in chloroform to afford the freebase
porphyrin, 4. An important synthetic intermediate,5, was
obtained by base hydrolysis of4 in a mixture of THF and
ethanol.

The freebase porphyrin carboxylic acid,5, was converted to
the corresponding bis(acid chloride)6 by treatment with SOCl2

(Scheme 2). Cross-condensation of6 with 4-aminophenylfer-
rocene722c and formyl-protected aniline830 in benzene in the
presence of pyridine, followed by acid hydrolysis, afforded
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Figure 1. Ferrocene-porphyrin dimer-fullerene triad and the references used in this study.

Ferrocene−Porphyrin Dimer−Fullerene Triads A R T I C L E S
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ferrocene-meso,meso-porphyrin dimer9 in 20% yield. Fc-
(ZnP)2-C60 was obtained by 1,3-dipolar cycloaddition31 using
9, N-methylglycine and C60 in toluene and subsequent treatment
with zinc acetate in 55% yield.

(ZnP)2-C60 was synthesized from 4-hexadecylaniline,6, and
8, via 10 by the same method as described for Fc-(ZnP)2-C60

(Scheme 3). Fc-(ZnP)2 and (ZnP)2-ref were prepared from7,
6, and 4-hexadecylaniline, and6 and 4-hexadecylaniline,
respectively. Single chromophore references Fc-ref22c and C60-
ref22c were also prepared by following the same procedures as
described previously. Their structures were verified by spec-
troscopic analyses, including1H, FAB, and MALDI-TOF mass
spectra (See Experimental Section).

Absorption and Fluorescence Spectra.The absorption
spectrum of Fc-(ZnP)2-C60 in benzonitrile (PhCN) is virtually
a linear combination of the spectra of Fc-ref, (ZnP)2-ref, and
C60-ref (Figure 2). This indicates that there is no significant
interaction among the three chromophores in the ground state.
Similar superpositions of component spectra were found in THF
and DMF. The absorption features of the porphyrin dimer in
the visible region are much stronger than those of the ferrocene
and the C60 moieties. It should be noted here that the sharp
splitting of the Soret bands (∼430 and∼470 nm) is character-
istic of themeso,meso-linked porphyrins,24-27 as seen in Figure
2. This enables us to harvest the light widely across the visible
region, as compared to Fc-ZnP-C60 (inset of Figure 2).

Steady-state fluorescence spectra of Fc-(ZnP)2-C60, (ZnP)2-
C60, and Fc-(ZnP)2 in PhCN exhibit the same band shape and
peak positions as that of (ZnP)2-ref (λem

max ) 637, 667 nm)
when adjusting absorbance (0.25) at the excitation wavelength
of 428 nm, where the porphyrin moiety absorbs light exclu-
sively. No emission from the C60 (λem

max ) 720 nm)22 could be
detected for Fc-(ZnP)2-C60 and (ZnP)2-C60; however, fluo-
rescence spectra of Fc-(ZnP)2-C60 and (ZnP)2-C60 in PhCN
are quenched strongly as compared to those of (ZnP)2-ref
(relative intensities, 0.07 for Fc-(ZnP)2-C60 and (ZnP)2-C60).
In contrast, the relative fluorescence intensity of Fc-(ZnP)2
versus (ZnP)2-ref (0.55) in PhCN is much larger. Thus,
quenching of the excited singlet porphyrin [1(ZnP)2*] by the
attached C60 in Fc-(ZnP)2-C60 is much faster than the
quenching by the ferrocene (vide infra).

One-Electron Redox Potentials and ET Driving Force.The
driving forces (-∆G0

ET) for all the intramolecular ET processes
were determined accurately by measuring the redox potentials
of Fc-(ZnP)2-C60 and the reference chromophores (Fc-ref,
(ZnP)2-ref, and C60-ref) in various solvents. The differential
pulse voltammetry was performed in THF, PhCN, and DMF
solutions containing 0.1 Mn-Bu4NPF6 as a supporting electro-
lyte. Although all of the compounds exhibited reversible redox
waves in THF and PhCN, the poor solubility in DMF did not
allow us to obtain reliable cyclic voltammograms under the same
conditions. Table 1 summarizes all of the redox potentials of
the investigated compounds. The redox potentials of Fc-ref and
C60-ref used as references were reported previously22c and are
also summarized in Table 1. The first one-electron oxidation
potentials (E0

ox) of (ZnP)2-ref (0.33 V vs ferrocene/ferricenium
(Fc/Fc+) and Fc-ref (-0.01 V vs Fc/Fc+) and the first one-
electron reduction potentials (E0

red) of C60-ref (-1.04 V vs Fc/
Fc+) and (ZnP)2-ref (-1.79 V vs Fc/Fc+) in PhCN are virtually
the same as those of Fc-(ZnP)2-C60 (0.34, 0.00,-1.05,-1.81
V vs Fc/Fc+, respectively) in PhCN. This implies that electronic
interactions among the ferrocene, the porphyrin dimer, and the
C60 are negligible in the ground state. (ZnP)2-ref exhibits
negative shifts for the first one-electron oxidation potentials with
increasing solvent polarity. Positive shifts were noted for the
first one-electron reduction potentials of C60-ref22c and (ZnP)2-
ref. On the other hand, the first one-electron oxidation potential
of Fc-ref remains nearly constant, despite the substantial increase
in solvent polarity.22c

The driving forces (-∆G0
ET(CR) in eV) for the intramolecular

CR processes from the C60 radical anion (C60
•-) to the zinc

porphyrin dimer radical cation [(ZnP)2
•+] or the ferricenium ion(31) Maggini, M.; Scorrano, G.; Prato, M.J. Am. Chem. Soc.1993, 115, 9798.

Scheme 1
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(Fc+) in Fc-(ZnP)2-C60 and (ZnP)2-C60 were determined by
eq 1, whereestands for the elementary charge. The-∆G0

ET(CR)

values (in eV), thus obtained in THF, PhCN, and DMF, are
listed in Tables 2 and 3.

The driving forces for the intramolecular charge separation
processes (-∆G0

ET(CS) in eV) from the porphyrin dimer singlet
excited state to the C60 in Fc-(ZnP)2-C60 and (ZnP)2-C60 were
determined by eq 2, where∆E0-0 is the energy of the 0-0

transition energy gap between the lowest excited state and the

ground state, which is determined by the 0-0* absorption and
0*-0 fluorescence maxima in solvents (* denotes the excited
state). The-∆G0

ET(CS)values are given in Tables 2 and 3. The
driving forces for intramolecular charge-shift (CSH) processes
(-∆G0

ET(CSH)in eV) from the Fc to the (ZnP)2
•+ in Fc-(ZnP)2-

C60 were determined by subtracting the energy of the final state
from that of the initial state (Table 3). It should be noted that

Scheme 2

Scheme 3

-∆G0
ET(CR) ) e[E0

ox (D•+/D) - E0
red (A/A •-)] (1)

-∆G0
ET(CS)) ∆E0-0 + ∆G0

ET(CR) (2)
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the Coulombic terms in the present donor-acceptor systems
are largely neglected in the evaluation of the driving forces in
Tables 2 and 3, especially in solvents with moderate or high
polarity, because of the relatively long edge-to-edge distance
(Ree > 11 Å) employed.22c

Photodynamics of Porphyrin-Fullerene-Linked Systems.
Time-resolved transient absorption spectra, following picosecond
and nanosecond laser pulses, were employed to examine the
photodynamics of (ZnP)2-ref, (ZnP)2-C60, Fc-(ZnP)2, and Fc-
(ZnP)2-C60. To monitor the intramolecular ET dynamics, the
absorption of the one-electron-reduced form of the electron
acceptor (C60

•-) was analyzed in the near-infrared region (NIR)
around 1000 nm.

(ZnP)2-ref. Nano- and picosecond time-resolved transient
absorptions of (ZnP)2-ref in PhCN are displayed in Figure 3a
and Figure 4, respectively. Picosecond excitation (388 nm) of
(ZnP)2-ref resulted in characteristic absorption changes in the
450-750 nm and 800-1100 nm range, as shown in Figure 4
(dotted line). In particular, a net decrease of the absorption was
observed around 580 and 620 nm, which is dominated by the
strong ground-state absorption. This suggests that the porphyrin
singlet ground state is converted to the corresponding singlet
excited state [1(ZnP)2*]. 32 1(ZnP)2* also exhibits a strong
absorption band at 505 nm. Intersystem crossing is the
predominant fate of the singlet excited state. The resultant triplet
excited state [3(ZnP)2*] 32 reveals a characteristic peak around
840 nm (Figure 3a), whereas no characteristic absorption around
800-1000 nm appears in the picosecond absorption spectrum
(Figure 4).

The porphyrin radical cation [(ZnP)2
•+]33 produced by the

chemical oxidation of (ZnP)2-ref with Fe(bpy)33+ (bpy ) 2,2′-
bipyridine)34 exhibits broad absorption around 500-1000 nm,
as shown in Figure 3b. The absorption coefficient at 646 nm in
PhCN was determined to be 10700 M-1 cm-1. In summary,
the above features of1(ZnP)2*, 3(ZnP)2*, and (ZnP)2•+ are easily
detectable markers for the following intramolecular ET reactions.

(ZnP)2-C60. Time-resolved transient absorption spectra of
(ZnP)2-C60 were also measured by pico- and nanosecond laser
photolysis. Picosecond time-resolved absorption spectrum of
(ZnP)2-C60 in PhCN is shown in Figure 4. (ZnP)2-C60 was
excited at 388 nm, where the porphyrin moiety absorbs light
mainly. The differential spectrum taken immediately after the
laser pulse is characterized by the bleaching of the porphyrin
Q-band absorption at 580 and 620 nm due to the1(ZnP)2*. As
time delays, a new transition around 1000 nm grows in,
accompanied by another broad absorption around 650 nm (solid
line in Figure 4), which is quite different from the spectral
features of1(ZnP)2* and 3(ZnP)2*. By comparison with the
absorption of C60

•- and (ZnP)2•+ (vide supra),21,22 we ascribe
the former and the latter bands to the C60

•- moiety35 and the
(ZnP)2•+ moiety, respectively. This indicates the occurrence of
a photoinduced ET, evolving from1(ZnP)2* to the C60 and, in
turn, creating the (ZnP)2

•+-C60
•- state. The energy levels in

PhCN, as extracted from Table 2, are shown in Scheme 4 to
illustrate the relaxation pathways of photoexcited (ZnP)2-C60.
Similar transient absorption spectra, specifically, the spectral
fingerprints of (ZnP)2•+ and C60

•-, were obtained in THF and
DMF.

The fluorescence lifetimes (τ) of (ZnP)2-C60 and (ZnP)2-ref
were also measured with a time-correlated single-photon-
counting apparatus by using a 410-nm excitation where the

Figure 2. Absorption spectra of Fc-(ZnP)2-C60 (solid line with circles),
Fe-ref (dotted line), (ZnP)2-ref (dashed line), and C60-ref (solid line) in PhCN
(1.0 × 10-6 M). Absorption spectrum of Fc-ZnP-C60 in PhCN (1.0×
10-6 M) is depicted in the inset.

Table 1. One-Electron Redox Potentials (vs Fc/Fc+)a of Triad and
the References in Various Solvents

Eox
0 /V Ered

0 /V Ered
0 /V

compound solvent (ZnP)2
•+/(ZnP)2 Fc+/Fc C60/C60

•- (ZnP)2/(ZnP)2
•-

Fc-(ZnP)2-C60 PhCN 0.34 0.00 -1.05 -1.81
(ZnP)2-ref PhCN 0.33 -1.79
Fc-ref -0.01b

C60-ref -1.04b

(ZnP)2-ref THF 0.38 -1.91
Fc-ref -0.02b

C60-ref -1.02b

(ZnP)2-ref DMF 0.27 -1.75
Fc-ref -0.01b

C60-ref -0.92b

a The redox potentials were measured by differential pulse voltammetry
in THF, PhCN, and DMF using 0.1 Mn-Bu4NPF6 as a supporting electrolyte
with a sweep rate of 10 mV s-1. b From ref 22c.

Table 2. ET Rate Constants (kET), Quantum Yields (Φ) and the Driving Forces (-∆G0
ET) in (ZnP)2-C60

solvent initial statea final statea −∆GET
0 /eV kET/s-1,b Φc

PhCN 1(ZnP)2*-C60 (2.00 eV) (ZnP)2•+-C60
•- (1.37 eV) 0.63 kET(CS1)) 6.6× 109 ΦCS1(1ZnP*) ) 0.93

(εs ) 25.2) (ZnP)2•+-C60
•- (1.37 eV) (ZnP)2-C60 1.37 kET(CR1)) 1.9× 106

THF 1(ZnP)2*-C60 (2.02 eV) (ZnP)2•+-C60
•- (1.40 eV) 0.62 kET(CS1)) 7.1× 109 ΦCS1(1ZnP*) ) 0.92

(εs) 7.58) (ZnP)2•+-C60
•- (1.40 eV) (ZnP)2-C60 1.40 kET(CR1)) 1.0× 106

DMF 1(ZnP)2*-C60 (2.00 eV) (ZnP)2•+-C60
•- (1.19 eV) 0.81 kET(CS1)) 4.7× 109 ΦCS1(1ZnP*) ) 0.89

(εs) 36.7) (ZnP)2•+-C60
•- (1.19 eV) (ZnP)2-C60 1.19 kET(CR1)) 3.4× 106

a The energy of each state relative to the ground state is given in parentheses.b The kET values for ET from1(ZnP)2* to C60 were determined from the
fluorescence lifetimes by using the equation,kET ) [1/τ ((ZnP)2-C60)] - [1/τ ((ZnP)2-ref)]. ThekET values for CR were determined by analyzing the decay
of C60

•- at 1000 nm.c The efficiency (Φ) for charge separation was estimated on the basis of Scheme 4.
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porphyrin moiety absorbs light exclusively. The fluorescence
decay was monitored at 630 nm, relating to the emission of
only the porphyrin moiety. No emission from the C60 moiety
was detected for (ZnP)2-C60, even at 720 nm.22 In general, the
fluorescence decay curves were well-fitted by a single-
exponential decay component. The fluorescence lifetimes are
listed in Table 4. On the basis of the fluorescence lifetimes (λobs

) 630 nm) in PhCN, the ET rate constants were determined as

kET(CS1) ) 6.6 × 109 s-1 for ET from 1ZnP* to C60 with the
quantum efficiency ofΦCS1(1ZnP*) ) kET(CS1)/(kET(CS1) + k0)
) 0.93. SimilarkET(CS1) values were also determined as 7.1×

(32) Exciton delocalization in singlet and triplet excited states was reported in
similar meso, meso-linked zincporphyrin arrays.25b, c

(33) The absorption spectrum of (ZnP)2
•+ is similar to that of zincmeso-

tetraphenylporphyrin.22 Although the two porphyrins are directly linked at
the meso positions where the electron density of the radical cation is large
relative to the other positions, the two porphyrin planes are orthogonal
due to the steric hindrance.24-27 Thus, the charge delocalization onto both
the porphyrins may be relatively small. However, the degree of charge
delocalization has yet to be clarified.

(34) Fukuzumi, S.; Miyamoto, K.; Suenobu, T.; Van Caemelbecke, E.; Kadish,
K. M. J. Am. Chem. Soc.1998, 120, 2880.

(35) Guldi, D. M.; Hungerbu¨hler, H.; Asmus, K.-D.J. Phys. Chem.1995, 99,
9380.

Table 3. ET Rate Constants (kET), Quantum Yields (Φ) and the Driving Forces (-∆G0
ET) in Fc-(ZnP)2-C60

solvent initial statea final statea − ∆GET
0 /eV kET/ s-1,b Φc

PhCN Fc-1(ZnP)2*-C60 (2.00 eV) Fc-(ZnP)2•+-C60
•- (1.37 eV) 0.63 kET(CS1)) 5.0× 109 ΦCS1(1ZnP*) ) 0.85

Fc-1(ZnP)2*-C60 (2.02 eV) Fc+-(ZnP)2•--C60 (1.78 eV) 0.24 kET(CS2)) 3.5× 108 ΦCS2(1ZnP*) ) 0.06
(εs) 25.2) Fc-(ZnP)2•+-C60

•- (1.37 eV) Fc+-(ZnP)2-C60
•- (1.03 eV) 0.34 kET(CSH1)) 1.3× 107 ΦCSH1) 0.87

Fc+-(ZnP)2-C60
•- (1.03 eV) Fc-(ZnP)2-C60 1.03 kET(CR)obs) 5.3× 104,d ΦCS(total) ) 0.80

THF Fc-1(ZnP)2*-C60 (2.02 eV) Fc-(ZnP)2•+-C60
•- (1.40 eV) 0.62 kET(CS1)) 3.3× 109 ΦCS1(1ZnP*) ) 0.83

Fc-1(ZnP)2*-C60 (2.02 eV) Fc+-(ZnP)2•--C60 (1.89 eV) 0.13 kET(CS2)) 1.6× 108 ΦCS2(1ZnP*) ) 0.04
(εs) 7.58) Fc-(ZnP)2•+-C60

•- (1.40 eV) Fc+-(ZnP)2-C60
•- (1.00 eV) 0.40 kET(CSH1)) 4.2× 106 ΦCSH1) 0.81

Fc+-(ZnP)2-C60
•- (1.00 eV) Fc-(ZnP)2-C60 1.00 kET(CR)obs) 6.3× 104,d ΦCS(total) ) 0.71

DMF Fc-1(ZnP)2*-C60 (2.00 eV) Fc-(ZnP)2•+-C60
•- (1.19 eV) 0.81 kET(CS1)) 1.1× 1010 ΦCS1(1ZnP*) ) 0.92

Fc-1(ZnP)2*-C60 (2.02 eV) Fc+-(ZnP)2•--C60 (1.74 eV) 0.28 kET(CS2)) 4.1× 108 ΦCS2(1ZnP*) ) 0.03
(εs) 36.7) Fc-(ZnP)2•+-C60

•- (1.19 eV) Fc+-(ZnP)2-C60
•- (0.91 eV) 0.28 kET(CSH1)) 3.3× 107 ΦCSH1) 0.92

Fc+-(ZnP)2-C60
•- (0.91 eV) Fc-(ZnP)2-C60 0.91 kET(CR)obs) 1.2× 104,d ΦCS(total) ) 0.88

a The energy of each state relative to the ground state is given in parentheses.b ThekET(CS) values for ET from1(ZnP)2* to C60 and Fc to1(ZnP)2* were
determined from the fluorescence lifetimes by using the equations,kET(CS1)) [1/τ (Fc-(ZnP)2-C60)] - [1/τ (Fc-(ZnP)2)] andkET(CS2)) [1/τ (Fc-(ZnP)2)]
- [1/τ ((ZnP)2-ref)]. ThekET(CSH1) values were determined from the decay rate constants of (ZnP)2

•+ for Fc-(ZnP)2-C60 in reference to those of(ZnP)2-
C60. ThekET(CR)obsvalues were determined by analyzing the decay of C60

•- at 1000 nm.c The efficiencies (Φ) for each deactivation pathway were estimated
on the basis of Scheme 5.d At 295 K.

Figure 3. (a) Differential absorption spectra obtained upon nanosecond
flash photolysis (530 nm) of 0.1 mM solution of (ZnP)2-ref in argon-
saturated PhCN with a time delay of 100 ns (solid circles) and 1000 ns
(open circles). (b) Spectral change in the addition of Fe(bpy)3

3+ (0.17, 0.33,
0.50, 0.67, 0.83, and 1.0 eqiv) in deaerated PhCN solution containing (ZnP)2-
ref (2.0× 10-5 M).

Figure 4. Picosecond time-resolved absorption spectra of (ZnP)2-ref (dotted
line) and (ZnP)2-C60 (solid line) at a time delay of 1000 ps excited at 388
nm in argon-saturated PhCN. The spectrum of (ZnP)2-ref is normalized at
505 nm for comparison.

Scheme 4. Reaction Scheme and Energy Diagram for
(ZnP)2-C60 in PhCN
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109 s-1 in THF and 4.7× 109 s-1 in DMF (Table 2). These
results are similar to those of the corresponding reference, ZnP-
C60 in Figure 1.21c,22c

Formation of C60
•- (1000 nm) and (ZnP)2

•+ (broad absorption
around 650 nm) was further substantiated (Figure 5) by a set
of complementary nanosecond experiments by using a 530-nm
excitation where the porphyrin moiety absorbs light exclusively.
The transient absorption spectrum obtained from (ZnP)2-C60

in Figure 5 matches well the spectrum in Figure 4, corroborating

the formation of C60
•- and (ZnP)2•+. The resulting CS state

recombines to regenerate the singlet ground state. From the
decay kinetics at 1000 and 660 nm, a rate constant (kET(CR1)) of
1.9× 106 s-1 is deduced for a PhCN solution. This rate constant
is virtually the same as that of the corresponding reference,
ZnP-C60, in Figure 1 (kET(CR1) ) 1.3 × 106 s-1).21c,22c

The photodynamic behavior of the (ZnP)2-C60 in THF and
DMF is similar to that described in PhCN (Table 2). A possible
explanation for this analogy is based on the corresponding
energy levels. In particular, the energies of the excited states
(i.e., 1(ZnP)2* (2.00-2.02 eV),3(ZnP)2* (1.55 eV),1C60* (1.75
eV), and 3C60* (1.50 eV)) are substantially higher than the
energy of the CS state in THF (1.40 eV), PhCN (1.37 eV), and
DMF (1.19 eV). This, in turn, guarantees large driving forces
for the associated charge separation and CR processes.

Fc-(ZnP)2-C60. The energy levels in PhCN, which are
expected to be of significance for the photoinduced ET reactions
in Fc-(ZnP)2-C60, are taken from the data summarized in Table
3, and they are diagrammed in Scheme 5.

Picosecond-time-resolved absorption spectra of Fc-(ZnP)2-
C60 after a laser pulse (388 nm) were taken in PhCN. The

Table 4. Fluorescence Lifetimes of (ZnP)2-C60, Fc-(ZnP)2-C60,
and the Reference Compounds in THF, PhCN, and DMFa

fluorescence lifetime (τ) (ps)

compd PhCN (εs ) 25.2) THF (εs ) 7.58) DMF (εs ) 36.7)

(ZnP)2-C60 140 130 190
(ZnP)2-ref 1800 1800 2000
Fc-(ZnP)2-C60 170 250 81
Fc-(ZnP)2 1100 1400 1100

a Excitation wavelength, 410 nm; monitoring wavelength, 630 nm.

Figure 5. (a) Nanosecond time-resolved absorption spectra of (ZnP)2-
C60 (0.1 mM) in argon-saturated PhCN excited at 530 nm. The delay times
between the excitation and the measurement are indicated on the left. (b)
The time profiles of absorbance at 660 and 1000 nm at 295 K.

Figure 6. (a) Nanosecond time-resolved absorption spectra of Fc-(ZnP)2-
C60 (0.1 mM) in argon-saturated PhCN excited at 530 nm. The delay times
between the excitation and the measurement are indicated on the left. (b)
The time profiles of absorbance at 660 and 1000 nm at 295 K.

Scheme 5. Reaction Scheme and Energy Diagram for
Fc-(ZnP)2-C60 in PhCN
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spectral behavior of Fc-(ZnP)2-C60 is similar to that of
(ZnP)2-C60 (Figure 4). This clearly shows that photoinduced
ET occurs from the1(ZnP)2* to the C60 moiety to generate Fc-
(ZnP)2•+-C60

•-. The rate constant (kET(CS1) ) 5.0 × 109 s-1)
and the efficiency of formation of Fc-(ZnP)2•+-C60

•- from
1(ZnP)2* (ΦCS1(1ZnP*) ) 0.85) were determined as described
for (ZnP)2-C60 (Table 3). The fluorescence lifetime of Fc-
(ZnP)2 indicates that photoinduced ET also occurs from Fc to
1(ZnP)2* to produce Fc+-(ZnP)2•- (Table 4). However, the ET
from Fc to1(ZnP)2* (kET(CS2)) 3.5× 108 s-1) is much slower,
by a factor of 1/14, than the ET from1(ZnP)2* to C60. Thus,
the deactivation pathway to generate Fc+-ZnP•--C60 is rather
negligible, although the CS state would undergo CSH
(-∆G0

ET(CSH2)) 0.75 eV) to the C60 moiety to generate Fc+-
(ZnP)2-C60

•- efficiently.
Nanosecond transient-absorption spectra of Fc-(ZnP)2-

C60 at a time delay of 2.5-25 µs also exhibit formation of
C60

•- around 1000 nm, whereas the transient absorption due to
the (ZnP)2•+ around 660 nm disappears (Figure 6a), in contrast
with the case of (ZnP)2-C60 (Figure 5a). The absorption
spectrum is virtually identical to that of Fc+-ZnP-C60

•-.22c

Taking into account the small molar absorption coefficient of
the ferricenium ion (ε ∼ 1000 M-1 cm-1 at 800 nm),22c it is
concluded that the resulting CS state (Fc-(ZnP)2•+-C60

•-)
undergoes the CSH from the Fc moiety to generate Fc+-
(ZnP)2-C60

•-. In fact, the time profile of absorption around 660
nm can be fitted by a fast decay [τ((ZnP)2•+) ) 67 ns] (Figure
6b), which corresponds to the CSH from the Fc moiety to the
(ZnP)2•+ (kET(CSH1)) 1.3× 107 s-1).36 The CSH value is smaller
by 2 orders of magnitude than that of Fc-ZnP-C60 (2.8× 109

s-1).22c,37Given that thekET(CR1) value of Fc-(ZnP)2•+-C60
•-

is the same as that of (ZnP)2
•+-C60

•- (1.9 × 106 s-1), the
quantum yield of CSH (ΦCSH1) is found to be 0.87, according
to eq 3.

Assuming that the quantum yield of CSH from Fc+-
(ZnP)2•--C60 to Fc+-(ZnP)2-C60

•- is unity (ΦCSH2 ) 1), the
overall quantum yield of the formation of Fc+-(ZnP)2-C60

•-

[ΦCS(total) ) ΦCS1ΦCSH1 + ΦCS2ΦCSH2] is determined as 0.80
(Table 3). Similar photodynamical behavior was observed in
THF (ΦCS(total) ) 0.71) and DMF (ΦCS(total) ) 0.88), and
the results are summarized in Table 3.38 The overall quantum
yields of the formation of Fc+-(ZnP)2-C60

•- are as large as
those of Fc+-ZnP-C60

•-, despite of the largerReevalue in the
former.

Stepwise CR Processes.The CR rate constants (kET(CR)obs)
of the CS states (i.e., Fc+-(ZnP)2-C60

•-) at 295 K have been
determined by analyzing the decay kinetics of the C60

•- moiety
in various polar solvents, and the results are also summarized
in Table 3. The time-absorption profiles were fitted as a single-
exponential decay. The CR rate constants of Fc+-(ZnP)2-C60

•-

(6.3 × 104 s-1 (THF), 5.3× 104 s-1 (PhCN), and 1.2× 104

s-1 (DMF)) decrease with increasing solvent polarity. Interest-
ingly, they are smaller than those of Fc+-ZnP-C60

•- (2.7 ×
105 s-1 (THF); 1.3× 105 s-1 (PhCN); 6.3× 104 s-1 (DMF))22c

by only a factor of∼1/4-1/2, despite the significant increase
of the Ree values (∆Ree ) 8.3 Å).22c We reported the distance
dependence of an electronic coupling matrix element in a
homologous series of porphyrin-fullerene dyad and triad (i.e.,
ZnP-C60, Fc-ZnP-C60), and the damping factor (â) was
determined to be 0.58 Å-1.22c Given theâ value together with
the λ value (∼1.2 eV),22c the CR rate constant from C60

•- to
Fc+ (kET(CR2)) is anticipated to be∼102 s-1, which is 2 orders
of magnitude smaller than the experimental values.

To clarify the reason for this discrepancy between the
observed and the expected CR rates, the temperature dependence
of the intramolecular CR rates in the triads was examined in
THF, PhCN, and DMF. The Arrhenius plots, the logarithmic
CR rate of Fc+-(ZnP)2-C60

•- [log(kET(CR)obs)] vs T-1, reveal
no appreciable deviation from the best-fitted straight line (Figure
7). From the observed temperature dependence, the activation
energies (Ea) were determined to be 0.16 eV in THF, 0.15 eV
in PhCN, and 0.19 eV in DMF.

The appreciable activation energies observed for the CR
processes contradict the fact that the CR processes (the driving
force is in the range of 0.91-1.03 eV in Table 3) are nearly on
the top region of the Marcus parabola, when the activation
energies of the direct CR processes would be close to zero. The
observedEa values (0.15-0.19 eV) are rather comparable to
the energy difference between Fc+-(ZnP)2-C60

•- and Fc-
(ZnP)2•+-C60

•- (0.34 eV in PhCN), the value of which was
evaluated by neglecting the Coulombic interaction in the radical
ion pair (vide supra). The smallerEa values, as compared to
the energy difference, may be ascribed to the difference in the
Coulombic term, which should be larger in Fc-(ZnP)2•+-C60

•-

than in Fc+-(ZnP)2-C60
•- because of the larger edge-to-edge

distance in the latter.39 Thus, the back ET to the ground state
occurs via the reversed stepwise processes, that is, a rate-limiting
ET from (ZnP)2 to Fc+ to give the initial CS state (Fc-
(ZnP)2•+-C60

•-), followed by a fast ET from C60
•- to (ZnP)2•+

to regenerate the ground state, Fc-(ZnP)2-C60.40

It is intriguing to compare the present results with photosyn-
thetic ET in the purple bacterial reaction centers. As described
in the Introduction, ET from Bphe•- to the primary quinone,
QA, loses∼0.6 eV out of the initial input energy (1.4 eV), which

(36) The residual absorbance observed at 660 nm in Figure 6b corresponds to
the absorption due to C60

•-, which decays at a much slower rate, as shown
in the time profile at 1000 nm.

(37) Ohta et al. suggested that photoinduced charge transfer occurs along the
meso,meso-linked zincporphyrin arrays.25aSimilar charge migration might
take place in the zincporphyrin dimer moiety of Fc-(ZnP)2-C60.

(38) The total quantum yield of the charge separation (0.71) for Fc-(ZnP)2-
C60 in THF agrees largely with the corresponding value (0.63) obtained by
the transient absorption spectra (ε ) 4700 M-1 cm-1 at 1000 nm).22b

ΦCSH1)
kET(CSH1)

kET(CR1)+ kET(CSH1)
(3)

Figure 7. Arrhenius plots of the CR rate for Fc+-(ZnP)2-C60
•- [log-

(kET(CR)obs)] in THF (circle), PhCN (cross), and DMF (triangle).
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is a disadvantage in terms of energy efficiency. However, if
the driving force for ET from Bphe•- to the primary quinone
QA becomes much smaller, the stepwise CR process via
intermediate states (Bchl)2

•+QA
•- and (Bchl)2•+Bphe•- would

prevail over the extremely slow direct CR process from QB
•-

to (Bchl)2•+ (∼1 s). Such an escape pathway via stepwise CR
processes indeed takes place in the present system, because the
direct CR from C60

•- to Fc+ (kET(CR2)∼102 s-1) would be too
slow to compete with the stepwise processes (∼104 s-1). It
should be noted here that such a switching of competing
pathways occurs only in donor-acceptor arrays with small
reorganization energies,13 which make it possible to slow the
direct CR process from the final CS state to the ground state.

In conclusion, we have prepared ferrocene-porphyrin dimer-
fullerene triad wheremeso,meso-linked porphyrin dimer is
incorporated successfully into a charge separation unit as a
photosynthetic multistep ET model for the first time. The triad
reveals photoinduced ET from the porphyrin dimer excited-

singlet state to the C60, followed by CSH from the ferrocene to
the porphyrin dimer radical cation, to produce the ferricenium
ion-C60 radical ion pair with a high quantum yield (∼0.71-
0.88) as well as a long-lived CS lifetime (∼16-83 µs)
depending on the solvent. It should be emphasized here that
the CS lifetime of the present triad has been prolonged by
replacing porphyrin monomer with porphyrin dimer without
reducing the quantum yield significantly. The CS lifetime is
governed by a rate-limiting ET from (ZnP)2 to Fc+ in Fc+-
(ZnP)2-C60

•-, which is followed by a subsequent fast ET from
C60

•- to (ZnP)2•+ to generate the ground state, Fc-(ZnP)2-
C60.
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(39) The smaller activation energies (0.15-0.19 eV) relative to the difference
in the energy levels (0.28-0.40 eV) may also be explained by superex-
change-mediated CR from the C60

•- to the Fc+ moiety via a virtual state,
Fc-(ZnP)2•+-C60

•-.
(40) No characteristic absorption due to the (ZnP)2

•+ was detected as an
intermediate species for the CR processes of Fc+-(ZnP)2-C60

•-. This also
demonstrates that an intramolecular CR from (ZnP)2 to Fc+ is much slower
than that from C60

•- to (ZnP)2•+.
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