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We propose a novel strategy using fullerenes for the The peculiar electron transfer properties of fullerenes can be
explained by the small reorganization energies, which makeconstruction of solar energy conversion systems that mimic

the primary electron transfer events in photosynthesis. it possible to optimize artificial photosynthetic multistep
charge separation. A combination of the two strategies,Redox-active fullerenes such as C60 and C70 were covalently

bound to a porphyrin and the photophysical properties of the multistep electron transfer and small reorganization energy
of fullerenes, has been applied to light energy conversionresulting compounds were investigated. Regardless of

solvent and linkage, the charge-separated state is produced systems as well as the more complex molecular systems such
as triads. Highly efficient photosynthetic multistep electronefficiently in zincporphyrin–fullerene dyads, showing that

fullerenes are good electron acceptors. The most intriguing transfer has been realized at gold electrodes modified with
self-assembled monolayers of fullerene-containing mole-characteristic of fullerenes in electron transfer is that they

accelerate photoinduced charge separation as well as charge cules. These results will provide new principles and concepts
to develop artificial photosynthetic materials as well asshift and slow down charge recombination, properties that

are in sharp contrast with those of conventional two- molecular devices.
dimensional aromatic acceptors such as quinones and imides.
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semiconductors such as silicons are available commercially. tion to the ground state, producing S•12A12A2

•2 in a to-
tal sequence of 1S*2A12A2 R S•12A1

•22A2 RHowever, these systems are not ideal with respect to the
economic cost as well as the energy conversion efficiency. S•12A12A2

•2. The charges at the larger distance will in-
hibit rapid recombination, as observed in the primary pro-On the other hand, photosynthesis is one of the most elab-

orate processes in nature. [1] It converts solar energy into cess in photosynthesis. Actually, the lifetime of S•12A12
A2

•2, produced by the sequential electron transfer, was foundchemical energy, which is essential for living organisms on
the earth. The core of photosynthesis is photoinitiated mul- to be much longer compared with that in the corresponding

dyad. This implies that the larger separation between S•1tistep electron transfer between donors and acceptors in the
reaction center. Thus, visible light is harvested by the and A2

•2 is effective in prolonging the lifetime. Since the
first demonstration of photosynthetic multistep electronantenna complexes, including chlorophylls and carotenoid

polyenes, and the collected energy is funneled into the transfer in 1982, a number of reports have been published
dealing with the synthesis and photophysical properties ofchlorophyll dimer (special pair) in the reaction center. The

subsequent multistep electron transfer takes place unidirec- triads.[227] Gust and Moore et al. have prepared a variety
of carotenoid (D)2porphyrin (S)2quinone (A) triads 2tionally along the well-arranged chromophores that are em-

bedded in the transmembrane protein in the sequence of (Figure 2). [5] [10] As they expected, a sequential electron
transfer occurs from the excited singlet state of the porphy-dimer, pheophytin, and quinone. This process produces a

charge-separated state across the membrane with a quan- rin (1S*) to quinone, then from the carotenoid to the por-
phyrin cation radical (S•1), generating the final charge-tum efficiency of nearly 100%. The unique three-dimen-

sional structure and the novel function as solar energy con- separated state (D•12S2A•2) efficiently. The advantage of
2 over 1 is that the relatively rigid spacer allows the triad 2version system have fascinated many organic chemists dur-

ing the last two decades. Organic synthesis allows us to con- to take a linear comformation, while the flexible methylene
spacer in 1 prevents it from adopting an extended confor-trol the electron transfer process by linking donors and

acceptors with covalent bonds instead of using the proteins. mation. Therefore, D•1 and A•2 in the D•12S2A•2 state
of 2 are well-separated so that the lifetime is markedly pro-Therefore, toward the final goal of solar energy conversion,

donor-acceptor linked molecules have been prepared to longed. This work has been extended to tetrad molecules
containing a carotenoid, a porphyrin, and two quinonesunderstand the controlling factors for photosynthetic elec-

tron transfer.[227] In this microreview we will describe a no- and pentad molecules containing a carotenoid, two porphy-
rins, and two quinones. [11] The artificial photosynthetic mo-vel approach using fullerenes for the construction of arti-

ficial photosynthetic mimics and materials. Fullerenes have dels of these compounds displayed a high quantum yield
with a long lifetime for the final charge-separated statebeen shown to be good acceptors in electron transfer

through our studies and other important works. when the free energy changes for each electron transfer are
well-tuned depending on the solvents as well as the length
and the nature of the spacers [i.e. one of the pentads showed
an overall quantum yield of 0.83 (0.60) and a lifetime of2. Concept
55 µs (200 µs) in CHCl3 (CH2Cl2)]. These results clearly
demonstrate that photoinduced multistep electron transferIn donor-acceptor linked dyads (two chromophores), it

seems possible to generate a long-lived charge-separated is an effective strategy for the construction of artificial
photosynthetic systems.state by tuning the electronic coupling between the donor

and the acceptor, i.e. the length and the nature of spacers.
However, there is a serious problem in this approach. In
general, the coupling decreases in strength as the number
of bonds connecting the donor and acceptor increases.
Thus, the forward electron transfer rate decreases as the
length of spacers increases, resulting in the decreased ef-
ficiency in the production of the charge-separated state. In
contrast, both the forward and reverse electron transfer
rates increase with a decrease of the spacer lengths so that Figure 1. Porphyrin2diquinone triad 1 mimicking photoinduced

multistep electron transfer in photosynthesisthe lifetime of the charge-separated state decreases. Natural
photosynthesis has solved the dilemma by employing a mul-
tistep electron transfer strategy. Sakata and Mataga et al. The major difference between artificial photosynthetic

mimics and photosynthesis in nature is that donors and ac-suggested a model for photosynthetic multistep electron
transfer in 1981. [8] They reported the first synthesis and ceptors in the latter are embedded in the protein matrix,

while they are generally linked by covalent bonds in thephotophysical properties of donor-acceptor linked triad 1
consisting of a porphyrin (S)-tethered to two quinones (A1 former. On the basis of Marcus theory, the nonadiabatic

electron transfer rate constant kET is expressed by Equationand A2) (Figure 1). [9] The energy gradients of each state in
the triad are in the order of 1S*2A12A2 > S•12A1

•22A2 1, where V is the electronic coupling, 2∆G is the free energy
gap between the equilibrium nuclear configuration of the> S•12A12A2

•2. Therefore, the second electron transfer
from A1

•2 to A2 will compete with the charge recombina- reactants and the products, λ is the reorganization energy,
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Figure 2. Carotenoid2porphyrin2quinone triad 2 mimicking photoinduced multistep electron transfer in photosynthesis

T is the absolute temperature, h is Planck9s constant, and in the system, balancing with the free energy changes and
the electronic couplings properly. Accordingly, the develop-kB is Bolzmann9s constant. [12]

ment of molecules with small reorganization energy is a
kET 5 (4π3/h2λkBT)1/2 V2exp[2∆G 1 λ)2/4λkBT] (1) matter of vital importance for this purpose. In the following

sections we will describe photoinduced accelerated forward
The surrounding protein matrix affects not only the elec- electron transfer and decelerated reverse electron transfer in

tronic coupling between the redox pair, but also the reor- donor-linked fullerenes and their application to light energy
ganization energy. Let us consider the Marcus parabolic conversion systems. It is shown that the peculiar properties
curve for electron transfer. As the free energy change be- of fullerenes in electron transfer are explained by the
comes more positive, the electron transfer rate will increase smaller reorganization energy of fullerenes compared with
(normal region) until it reaches a maximum point where conventional acceptors such as quinones.
2∆G 5 λ (top region). However, as the free energy change
becomes more positive, the electron transfer rate will de-
crease (inverted region). In photosynthetic electron transfer 3. Porphyrin2Fullerene Dyads
the value of the reorganization energy is optimized for each

Porphyrins are the most frequently employed buildingelectron transfer process. Thus, the forward electron trans-
blocks as electron donors and sensitizers in artificial photo-fer is positioned on the top region so that the process is
synthetic models. On the other hand, the unique three-di-activationless, whereas it forces the reverse electron transfer
mensional structures of fullerenes, as well as the facile elec-to be down a considerable way along the Marcus curve in
tron acceptability of up to six electrons, make them goodthe inverted region so that the activation barrier for the pro-
candidates as electron acceptors. Therefore, photoinducedcess is high. Consequently, the forward electron transfer is
electron transfer systems consisting of porphyrins and full-much faster than the corresponding reverse one in each pro-
erenes are a good combination for revealing basic electroncess, producing the long-lived charge separation with
transfer properties of fullerenes. In the following sectionsa quantum efficiency of nearly 100%. Actually, the initial
we will focus on photophysical properties of porphy-electron transfer event of photosynthesis occurs between
rin2fullerene dyads and triads.large π electron systems, which is characterized by a small

Gust and Moore et al. reported the first preparation andreorganization energy of 0.220.3 eV.[13] In photosynthetic
preliminary photophysical properties of porphyrin-linkedmodels such as porphyrin2quinone and diporphyrin dyads,
C60. [16] Imahori and Sakata et al. independently preparedthe reorganization energies are controlled mainly by the
and studied porphyrin (P)-linked C60 3 at the same timesurrounding solvent[14] and the values are near 1 eV in com-
(Figure 3). [17] In order to improve the solubility of 3 inmon organic solvents such as dichloromethane. [15] How-
common organic solvents, six tert-butyl groups were intro-ever, synthetic control of reorganization energy due to the

intrinsic properties of donors and/or acceptors such as size,
shape, heterogeneity of elements, and molecular orbitals,
has been considered to be quite difficult. Provided that all
the controlling factors, including the free energy change and
the electronic coupling, are the same except for the reor-
ganization energy in two donor-acceptor systems, the
smaller reorganization energy will make the forward and
reverse electron processes faster and slower than the other,
respectively. Application of this approach together with
multistep electron transfer strategy will make it possible to
significantly improve the final quantum yield, lifetime of

Figure 3. Porphyrin2C60 dyad 3the charge-separated state, and the amount of energy stored
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duced into meso-phenyl rings of the porphyrin moiety. C60

is covalently attached to a meso-porphyrin aryl ring at the
para position through an amido bond at the final step of the
synthesis to avoid tedious purification and characterization
caused by the presence of the C60. Ultraviolet-visible ab-
sorption spectra and redox potentials of 3 are almost super-
positions of those of the single chromophores, indicating
that electronic interaction between the two moieties is
small.

Figure 4. Picosecond time-resolved transient absorption spectra ofThe first direct evidence for photoinduced electron trans- 1 in THF excited at 590 nm; the spectra are normalized at the Soret
band for comparisonfer in donor-linked fullerenes comes from our photophys-

ical studies of 3 using picosecond time-resolved transient
absorption spectroscopy (Figure 4). [17] After excitation of
the porphyrin in 3, the SnrS1 absorption corresponding to
the porphyrin appeared. As the SnrS1 absorption decayed,
a concomitant rise and decay of the transient bands due
to the zincporphyrin cation radical (ZnP•1) and C60 anion
radical (C60

•2) were observed clearly, showing photoind-
uced electron transfer from the excited singlet state of the
porphyrin to the C60 in 3. We have extended this work to
include a variety of spacers between the porphyrin and the
C60 (Figure 5). [18] In addition to 3, three different kinds
of zincporphyrin-linked C60 426 have been synthesized by
changing systematically the linking position at the meso-
phenyl ring from para to ortho. Molecular mechanics calcu-
lations predict that 3 takes the extended conformation
(Rcc 5 18.6 Å), whereas 4 (Rcc 5 14.4 Å) and 5 (Rcc 5 12.5
Å) adopt chair-like conformations with the closest separ-
ation distance between the two chromophores. The C60

moiety in 6 is folded onto the porphyrin ring (Rcc 5 7.6 Å).
Regardless of the linkage between the two chromophores,
photoinduced charge separation and subsequent charge re-
combination were observed in a series of zincporphyrin2
C60 dyads 326 by picosecond fluorescence lifetime
measurements and time-resolved transient absorption spec-
troscopy. In THF the charge separation occurs from both
the excited singlet state of the porphyrin and the C60 moiet-
ies, implying that an increase of the absorption cross section
by both the chromophores results in the efficient formation

Figure 5. Porphyrin2C60 dyads 426of the charge-separated state. In benzene the energy level of
the charge-separated state is positioned above that of
ZnP21C60* or at the near level. Therefore, the charge-sepa- In order to evaluate the intrinsic effect of C60 in photoin-

duced electron transfer, porphyrin-linked quinone 7 hasrated state in 3 and 4, generated by the photoinduced
charge separation from the excited singlet state of the por- been designed and synthesized (Figure 6). [19] In compound

7 the C60 of 3 is replaced by benzoquinone (Q), one of thephyrin to the C60, recombines to produce 1C60*, while in
5 it energetically equilibrates with 1C60*. Both the charge commonly used acceptors, because Q (20.45 V vs. Ag/

AgCl) has a similar first reduction potential to that of theseparation and charge recombination rates for 4 are much
slower than those for the other porphyrin-linked C60 com- C60 (20.65 V vs. Ag/AgCl). The quinone is linked to a por-

phyrin with a semi-rigid spacer, which ensures a similar sep-pounds: 3, 5, and 6. Linkage-dependence of the electron
transfer rates can be explained reasonably by the superex- aration distance and nature of the intervening bonds be-

tween the redox pair. In THF the forward electron transferchange mechanism by through-bond interaction. Thus, mo-
lecular orbital calculations on the linkage show that elec- rate (kCS) of 3 is larger than that of 7 by a factor of 6. On

the other hand, the charge recombination rate (kCR) of 3 istron densities at ortho- and para-positions in the HOMO
and LUMO levels are much larger than the values at the smaller by a factor of < 1/25 compared with that of 7. A

similar trend was observed in other solvents such as ben-meta-position. This indicates that electronic coupling be-
tween the two chromophores through the meta-position is zene and DMF.

A number of donor-linked C60 dyads have been preparedmuch smaller than for the other two positions, thereby
yielding the electron transfer trend. to date.[16282] Similar accelerated photoinduced forward
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1996, Guldi et al. also demonstrated the small reorganiz-
ation energy of C76 and C78 in electron transfer using pulse
radiolysis. [85] The reorganization energies of C76 and C78

have been determined by a charge-shift from the ground
states of C76 and C78 to radical cations of various arenes.
The value of λ (0.6 eV in CH2Cl2) is much smaller than the
typical value (1 eV) in solvents with a similar polarity. The
small reorganization energy of fullerenes is quite similar to
the situation in the photosynthetic reaction center. In this
center efficient, long-lived charge separation is achieved by

Figure 6. Porphyrin2quinone dyad 7 using multistep electron transfer processes with tuning of
reorganization energy to minimize the expenditure of free
energies (2∆GCS) and by forcing the charge recombinationelectron transfer and decelerated reverse electron transfer

have been reported. [21] The ratios of kCS/kCR in donor- well into the Marcus inverted region. In the primary charge
separation process from the chlorophyll dimer to the access-linked C60 dyads are much higher than those in conven-

tional two-dimensional donor2acceptor dyads such as por- ory chlorophyll, the reorganization energy (0.220.3 eV) is
predicted to be small, as mentioned previously. The smallphyrin2quinones, porphyrin2imides, diporphyrins, and

others. There are two explanations for the outstanding ef- value is attributed to the environmental effect of the sur-
rounding protein residues. In contrast, the delocalized π-fect of C60. Verhoeven and Paddon-Row et al. reported the

large electronic coupling for photoinduced charge separ- electron system of fullerenes, with their large size, spherical
shape, and high symmetry would make it possible to realizeation and the smaller one for charge recombination in do-

nor-linked C60. They propose, based on semiempirical AM1 the intrinsic small reorganization energy of fullerenes,
which would not be susceptible to changes in surroundingmolecular orbital calculations, that these results are mainly

due to the special symmetry properties of the fullerene π solvents.
system.[45,46,50] Imahori and Sakata et al. proposed that the
results could be attributed to the smaller reorganization en-
ergy of C60 compared with those of typical two-dimensional
acceptors.[18,19,21] On the Marcus parabolic curve the small
reorganization energy of C60 pushes the photoinduced
charge separation upward along the normal region into the
top region, while it also forces the charge recombination
significantly downward into the inverted region. Therefore,
the photoinduced electron transfer is accelerated, whereas
the reverse electron transfer is retarded. Gust and Moore et
al. mentioned that the C60 effect must be due to the reor-
ganization energy or the electronic coupling. [22]

Our explanation for the C60 effect in electron transfer is
that the unit charge in C60

•2 is highly delocalized over the
three-dimensional carbon framework of C60, while the
charge in Q•2 is concentrated largely on the oxygen atoms.
Thus, the charge density of each carbon in C60

•2 is much
smaller than that of Q•2, making the solvent reorganization
energy (λs) of C60 smaller. The small Raman and Stokes
shifts on reduction and photoexcitation of fullerenes sup-
port the rigid structure of C60, where the internal reorganiz-
ation energy (λi) is small. [34] [83] Consequently, the total re-
organization energy (λ 5 λs 1 λi) in C60 would be small. Figure 7. Schematic potential energy surfaces for electron transfer
Activation energies for the forward electron transfer of P2C60 3 and P2Q 7
(∆G°

CS) and the reverse electron transfer (∆G°
CR) in 3 are

much reduced and increased, respectively, compared with Higher fullerenes have a similar three-dimensional size
and shape to that of C60. [86] Thus, it is a significant questionthose in 7 as illustrated in Figure 7. Tachiya et al. calculated

the reorganization energies of electron transfer between a as to whether the unique property of C60 is also maintained
in the next most abundant, higher fullerene C70. The shapespherical donor and acceptor and also between a disk-

shaped donor and acceptor. [84] Assuming the same volume of C70 is like a rugby ball (major axis, 9.8 Å; minor axis,
8.8 Å), in contrast with the soccer ball shape of C60 (diam-in the sphere and the disk, the reorganization energy for the

sphere model is smaller than that for the disk model, which eter, 8.8 Å). Irngartinger et al. described the first synthesis
and characterization of trimethoxybenzene-linked and an-is quite consistent with our proposal. After the first pro-

posal for the small reorganization energy of fullerenes in thracene-linked C70. [87] Daub et al. reported the synthesis
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and preliminary photophysical properties of pyrene-ap- as a good electron acceptor in artificial photosynthetic sys-

tems.pended C60 and C70 dyads with the same flexible spacer. [88]

The 13C-NMR spectrum of the latter did not allow a re-
liable assignment of the regiochemistry of the cyclohexane
spacer on the C70 because of five nonequivalent carbon sites
and eight constitutionally distinct C2C bonds on C70. Ste-
ady-state fluorescence studies suggested that photoinduced
intramolecular energy transfer occurs from the excited sing-
let state of the pyrene to the C60 and C70. However, the
details have not been reported. In order to clarify the elec-
tron transfer properties in C70, Imahori and Sakata et al.
designed compounds 8 and 9 where the same porphyrin
unit is attached to C70 and C60, using the same rigid spacer
(Figures 8 and 9). [89] The regioselective functionalization to Figure 8. Porphyrin2C70 dyad 8
C60 and C70 ensures the well-defined structures of 8 and
9. [90] Rotational freedom around the methylene spacers in
8 and 9 would not affect the electron transfer rates, a situ-
ation that is similar to the previously reported porphy-
rin2quinones[14] and porphyrin2C60 dyads. [18] [19] Since the
first reduction potentials of C60 and C70 are reported to be
quite similar, [91] the inherent shape and size effect of C70 in
electron transfer is evaluated accurately by comparing the
electron transfer rates of 8 and 9. Actually, the first re-
duction potential (21.10 V vs. Fc/Fc1) of the C70 moiety
in 8 is the same as that of the C60 moiety in 9. Absorption
spectra of 8 and 9 both in benzene and THF were essen- Figure 9. Porphyrin2C60 dyad 9
tially the linear combinations of the spectra of the corre-
sponding monomer components, indicating no appreciable
interactions between the two chromophores in the ground

4. Porphyrin2Fullerene Triadsstate. The fluorescence spectra of 8 and 9 were strongly
quenched compared with those of the porphyrin monomer,

As described in the previous section, the peculiar effectshowing the rapid quenching of the excited singlet state of
of C60 and C70 in electron transfer is quite similar to thethe porphyrin (1ZnP*) by the attached fullerenes. We have
situation in photosynthetic multistep electron transfer indemonstrated that the direct through-bond electron transfer
nature. Therefore, utilization of fullerenes in more elaboratefrom the 1ZnP* to the fullerenes is the main pathway in
molecular systems such as triads seems to be the next keyzincporphyrin2C60 linked systems where electronic coup-
stage toward the construction of solar energy conversionling between the two chromophores is weak.[18] [21] Con-
systems. So far there have been several reports about triads,sidering that (i) there is no apparent interaction between
tetrads, and pentads containing C60.[922103]

the two moieties in the ground state and (ii) there is no
large overlap of the fluorescence from the porphyrin and Gust and Moore et al. described the synthesis and photo-

physical properties of carotenoid (D)2porphyrin (S)2C60absorption of the fullerenes, it is concluded that the energy
transfer from 1ZnP* to the fullerenes is, at least, not domi- (A) triad 10 (Figure 10).[94296] The energy gradients of each

state are designed in the order of D21S*2A >nant in 8 and 9 in THF and benzene. In other words, pho-
toinduced charge separation from the excited singlet state D2S•12A•2 > D•12S2A•2. Accordingly, it was intended

that the triad underwent a sequential electron transfer relay,of the porphyrin to the fullerenes is a major pathway in
these solvents. Based on picosecond single-counting fluor- in a similar way to 2. The characteristic intense absorption

band due to the carotenoid cation radical is helpful in theescence lifetime measurements, we can estimate the charge
separation rates in 8 and 9. Both in THF and benzene the analysis of electron transfer dynamics. In 2-methyltetra-

hydrofuran, there exists a combination of two pathways tokCS of 8 is faster than that of 9 by a factor of about 2.
The rate acceleration of charge separation is remarkable, yield D2S•12A•2; i.e. direct electron transfer from the ex-

cited singlet state of the porphyrin to the C60 and energyconsidering that the free energy changes for the photoind-
uced charge separation as well as the electronic couplings transfer from the excited singlet state of the porphyrin to

the C60, followed by successive electron transfer from thebetween the two moieties are quite similar in 8 and 9. Al-
though this seems to be explained by the somewhat smaller porphyrin to the excited singlet state of the C60. A sub-

sequent charge-shift from the carotenoid to the porphyrinreorganization energy in C70 compared with that in C60,
further details will be clarified by carrying out variable tem- cation radical produces D•12S2A•2 with a low quantum

yield of 0.14. The final long-lived charge-separated state de-perature studies to separate out the reorganization energy
and electronic coupling terms. In conclusion, C70 also acts cays by charge recombination to yield the carotenoid triplet
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state with a time constant of 170 ns. Even in a glass state characteristic bands at 650 nm due to the zincporphyrin

cation radical and at 720 nm due to the imide anion radical,at 77 K, D•12S2A•2 is generated with a quantum yield of
0.10 and recombines to give 3D*2S2A. The authors were seen. The absorbances at 460 nm, 650 nm, and 720 nm

exhibited biphasic decays with time constants of 120 ps andpointed out two remarkable phenomena, the stepwise elec-
tron transfer in a glass state at 77 K and the charge recom- 1.3 ns, whereas an additional rise with a time constant of

30 ps appeared at 650 nm and 720 nm. However, the bandbination of the final charge-separated state to the triplet
state rather than the ground state, two properties that are at 720 nm due to the imide anion radical decays much faster

(120 ps) than the S•1, with the sole remaining broad ab-characteristic of photosynthetic electron transfer in nature.
As illustrated in Figure 7, the small reorganization energy sorption being due to the S•1, which decays with a time

constant of 1.3 ns. Although it was difficult to detect theof C60 decreases the activation barriers for the charge separ-
ation as well as the charge-shift, while it increases the acti- C60 anion radical under the experimental conditions, these

results clearly show the photoinduced two-step electronvation barriers for the charge recombination. Therefore, the
sequential electron transfer would not be greatly affected by transfer in 11: the initial formation of S•12A1

•22A2, fol-
lowed by the charge-shift to produce S•12A12A2

•2 with aa decrease in temperature. In addition, the slower charge
recombination of the final charge-separated state to the moderate quantum yield of 0.46 (Figure 13). It is remark-

able that the charge-shift from the imide anion radical toground state would enhance the deactivation process to the
triplet state. the C60 is able to compete with the reverse electron transfer

Figure 10. Carotenoid2porphyrin2C60 triad 10 mimicking photoinduced multistep electron transfer in photosynthesis

Imahori and Sakata et al. have presented the synthesis to the ground state, despite the small difference (0.08 V) in
electron-accepting abilities between the imide and the C60and photophysical properties of porphyrin (S)2pyromelliti-

mide (A1)2C60 (A2) triad 11 (Figure 11). [97] Considering moieties. It should be noted here that the first-step electron
transfer in 11 is faster by 50% compared with that of thethat the energy gradient of 11 is quite similar to that of 1,

the triad 11 is expected to exhibit the same sequential elec- corresponding porphyrin2imide dyad. Although this may
be explained by the acceleration effect of C60 in electrontron transfer as that in photosynthetic electron transfer. Be-

sides, the linear conformation as well as the characteristic transfer through the bond or through the space, further de-
tails must await photodynamical experiments on relatedintense band due to the imide anion radical (Im•2) make it

possible to analyze the photodynamic properties accurately. compounds. In more polar solvents, like THF, the exci-
tation of 11 leads to the formation of S•12A1

•22A2 within
20 ps, but the charge recombination rate is much faster than
the charge separation rate, resulting in the S•12A12A2

•2

state not being detected.
Imahori and Sakata et al. described the synthesis and

photophysical properties of diporphyrin2fullerene triad 12,
which is shown in Figure 14.[103] It is well-known that ef-
ficient singlet-singlet energy transfer occurs from the ex-
cited singlet state of a zincporphyrin to a free-base porphy-
rin in typical diporphyrin dyads. [5] It has also been reported
that a charge-separated state or an exciplex is generated inFigure 11. Porphyrin2pyromellitimide2C60 triad 11 mimicking

photoinduced multistep electron transfer in photosynthesis free-base porphyrin2C60 dyads when the free-base porphy-
rin is excited in polar solvents. Thus, the diporphyrin at-
tached to C60 is expected to display sequential energy trans-The absorption spectra and redox potentials of 11 are
fer and charge separation processes that mimic both the en-roughly explained by the sum of the three chromophores,
ergy transfer process in the light-harvesting complex andindicating that there is no significant interaction between
the subsequent photoinduced charge separation process inthe three chromophores in the ground state. The time-re-
the reaction center.solved transient absorption spectra of 11 were taken in di-

oxane and are shown in Figure 12. Immediately after the The synthesis of 12 includes selective insertion of a zinc
atom into the diporphyrin and its protection from demetall-excitation of 11 the bleaching of the ground-state porphyrin

absorption of the Q-bands, an intense band at 470 nm, and ation. Therefore, neutral or basic experimental conditions
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ing technique with both excitation of the porphyrins and
monitoring at 655 and 720 nm, the region where the emis-
sion is mainly due to both the porphyrins and the free-base
porphyrin, respectively. The fluorescence decay of 12 at
655 nm was analyzed by two exponential decays with time
constants of 43 ps (A 5 0.20) and 1.6 ns (A 5 0.80). In
contrast, the emission at 720 nm was fitted by a rise with a
time constant of 43 ps and a decay with a time constant of
1.7 ns (A 5 1.00). The matching of the time constants be-
tween the decay and the rise in 12 strongly supports the
efficient energy transfer (2.3·1010 s21) from the excited sing-
let state of the zincporphyrin to the free-base porphyrin in
THF. The shorter time constant (τ 5 1.7 ns) of 12, due to
the free-base porphyrin, compared with that of the free-
base porphyrin monomer (9.9 ns), indicates the photoind-
uced electron transfer or charge-transfer from the excited
singlet state of the free-base porphyrin to C60. These results
suggest that initial photoinduced energy transfer from the
excited singlet state of the zincporphyrin to the free-base
porphyrin and subsequent charge separation from the ex-
cited singlet state of the free-base porphyrin to C60 take
place in 12.Figure 12. Picosecond time-resolved transient absorption spectra

These examples show clearly that C60 is a suitable compo-of 11 in dioxane excited at 590 nm; the delay times between excita-
tion and measurement are indicated on the right nent to build up photoinitiated multistep electron transfer

systems.

5. Application of Fullerenes as Photovoltaic Cells

In the previous sections, fullerenes have been shown to
be excellent building blocks in artificial photosynthetic mo-
dels. In other words, “photosynthesis” could be realized in
a fullerene-containing single molecule system where an en-
ergetic, long-lived charge-separated state is generated with
a high quantum yield. However, to convert the charge-sepa-
rated state into photocurrents or chemical energy for practi-Figure 13. Reaction scheme and energy diagram for 11 in dioxane.

Numbers in parentheses indicate the lifetimes of the each states. cal use, a unidirectional molecular assembly of the single
The rate constants of each processes are k0 5 5.0·108 s21, kCS 5

molecules is required at the nano-scale level. Although7.8·109 s21, kCR1 5 1.7·1010 s21, kCSH 5 1.6·1010 s21, and kCR2 5
7.7·108 s21. Langmuir2Blodgett and lipid bilayer membranes have been

used for the organization of the molecules, these attempts

Figure 14. Diporphyrin2C60 triad 12 mimicking both energy transfer in the antenna complex and charge separation in the reaction center

are essential for the transformation. Absorption due to the did not give fruitful results (the overall quantum yield 5
1210%) due to the instability of, and presence of defectstwo porphyrin chromophores is much stronger than that of

the C60, implying that the diporphyrin moieties are a major in, the artificial membranes.[1042111] Self-assembled mono-
layers have recently attracted considerable attention as alight-collector in 12. Fluorescence lifetimes of 12 in THF

were investigated using a picosecond single photon count- new methodology for molecular assembly.[112] They enable
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Fullerenes as Novel Acceptors in Photosynthetic Electron Transfer MICROREVIEW
the molecules of interest to be bound chemically onto sur-
faces such as metals, semiconductors, and insulators in a
highly organized manner. Thus, they make it possible to
arrange functional molecules unidirectionally at the molec-
ular level on substrates when substituents that will self-as-
semble on the substrates are attached to a terminal position
in the molecules. A wide variety of examples have been re-
ported to date involving functional molecules such as ferro-
cenes, azobenzenes, fullerenes, porphyrins, cyclodextrins,
proteins, and others.

The self-assembled monolayers technique has been ap-
plied to porphyrin-linked C60 compound 13 to mimic
supramolecular photoinduced charge-separation events in

Figure 15. Photoinduced multistep electron transfer at gold electro-photosynthesis as shown in Figure 15.[1132115] It is known
des modified with self-assembled monolayers of porphyrin2C60 dy-that porphyrins bearing a thiol group are susceptible to oxi- ads 13 (M 5 H2, Zn)

dation by oxygen and/or light. In contrast, sulfides are rela-
tively stable compared with thiols and disulfides. Therefore,

The spectroscopic studies showed that the self-assembledas the first stage we have chosen a simple methylthio group
monolayers form a highly ordered structure on the goldat one end of a porphyrin ring, while the opposite end has
electrode when the porphyrins possess methylene spacers ofa C60 moiety. Structures of the self-assembled monolayers
suitable length (n 5 7). Photoelectrochemical studies, usingformed on gold electrodes were studied by spectroscopic
modified gold and platinum electrodes, were carried out inmethods including X-ray photoelectron spectroscopy, ultra-
the presence of methylviologen as an electron carrier. A ca-violet-visible spectroscopic ellipsometry, ultraviolet-visible
thodic photoelectrochemical response was detected whenabsorption spectroscopy, and Fourier transform infrared
the light was switched on and off. The quantum yields werespectroscopy as well as electrochemical studies. It is con-
up to 0.1% (n 5 10). The short-circuit photocurrents in thecluded from the experiments that the self-assembled mono-
two electrode system decreased dramatically with a decreaselayers have loosely packed structures; the porphyrin2C60
in the spacer length. This clearly shows that two competi-molecules are tilted and nearly parallel with the gold sur-
tive deactivation pathways exist for the excited porphyrin,face. Photoelectrochemical measurements were carried out
i.e. quenching by the gold electrode through energy transferin an argon-saturated Na2SO4 solution, containing methyl-
and by electron carriers through electron transfer, as illus-viologen as an electron carrier, using the modified gold elec-
trated in Figure 16.trode as a working electrode and a platinum counter elec-

trode. Short-circuit cathodic photocurrent with a level of
sub-µA/cm2 was observed for the photoelectrochemical cell
under illumination with ca. 4 mW/cm2; the quantum yield
is ca. 0.5%. The intensity of the photocurrent in the free-
base porphyrin2C60 system is five times larger compared
with that in the corresponding free-base porphyrin mono-
mer system, indicating that C60 is an effective mediator in
multistep electron transfer processes. The intensity of the
photocurrent in the free-base porphyrin2C60 cell is about
one order of magnitude larger than that in the zincporphyr-
in2C60 cell. The photocurrent generation in self-assembled
monolayers of porphyrin2C60 systems can be explained by

Figure 16. Photoinduced multistep electron transfer at gold electro-two different electron transport mechanisms: an ion pair
des modified with self-assembled monolayers of porphyrins 14 withmechanism for the zincporphyrin2C60 cell and an exciplex different spacer lengths (n 5 1, 3, 5, 7, 10)

mechanism for the free-base porphyrin2C60 cell. The
shorter lifetime in the charge-separated state of the former A highly ordered monolayer containing C60 is also

formed on a gold electrode when C60-attached polyalkane-leads to a poor generation of the photocurrent, while the
longer lifetime in the exciplex of the latter results in a pro- thiol 15 is self-assembled on the gold electrode (Figure

17). [118] [119] A photoelectrochemical experiment was carriednounced increase in the photocurrent.
The low quantum yields of the photocurrent can be as- out using the C60-modified gold electrode as a working elec-

trode, a platinum wire as a counter electrode, and an Ag/cribed to the loosely packed monolayers of the porphy-
rin2fullerene conjugates. In order to obtain information AgCl electrode as a reference. A stable anodic photocurrent

was observed in the presence of an electron sacrificer whenabout the relationship between molecular structure and the
structure of monolayers, disulfides 14 (n 5 1, 3, 5, 7, 10), the modified gold electrode was illuminated with a monoch-

romic light. This suggests the generation of a vectorial elec-with a series of alkyl spacers containing porphyrins at both
ends, were prepared as a simple model (Figure 16). [116] [117] tron flow from the electron sacrificer to the gold electrode
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via the excited states of the C60. The quantum yield (9.8%) Steady-state fluorescence studies in solutions suggest that

the quenching of the excited singlet porphyrin by the at-is comparable to similar C60 cells using lipid bilayers and
Langmuir2Blodgett membranes. [120] [121] The highly or- tached C60 is a dominant deactivation pathway in 16. A

cyclic voltammetric experiment using the modified golddered monolayer, as well as the peculiar effect of the C60 in
electron transfer, would greatly improve the performance of electrode was performed to estimate the surface coverage.

An adsorbed amount of 16 on the gold electrode was calcu-photoelectrochemical cells of this type.
lated to be 1.9·10210 mol cm22 ( 5 86 Å2 molecule21),
which is comparable to those in the well-ordered self-as-
sembled monolayers of porphyrins and fullerenes on gold
electrodes.[1172119] The results indicate that the triad mol-
ecules are well-packed with almost perpendicular orien-
tation on the gold surface.

Photoelectrochemical experiments using triad-modified
gold, a platinum wire, and Ag/AgCl electrodes were carried
out in the presence of electron carriers such as oxygen and/
or methylviologen. A cathodic photocurrent was observed
during the irradiation of the modified gold electrode. The
net intensity of the photocurrent in the present system is
larger by two orders of magnitude than that in the porphy-

Figure 17. Photoinduced multistep electron transfer at a gold elec- rin2polyalkanethiol systems, [117] which implies that the C60trode modified with a self-assembled monolayer of C60 15
and the ferrocene moieties are responsible for the higher
efficiency. An increase in the cathodic photocurrent with anImahori and Sakata et al. have extended these systems

and developed for the first time an artificial photosynthetic increase of the negative bias to the gold electrode, demon-
strates the direction of the electron flow from the gold elec-cell with a gold electrode modified with a self-assembled

monolayer of fullerene-containing triad. [122] [123] The alka- trode to the counter electrode through the electrolyte. When
the potential was applied more negative at 1500 mV, thenethiol-attached triad 16 involves a linear array of ferrocene

(D), porphyrin (S), and C60 (A), as shown in Figure 18. The intensity of the photocurrent dramatically increased. Based
on the matching of the value with the oxidation potentialenergy gradients of each state in the triad are in the order

D21S*2A > D2S•12A•2 > D•12S2A•2. Therefore, it of the ferrocene [1510 mV (Fc/Fc1)], it can be concluded
that the efficiency is controlled by the electron transfer ratewill display a sequential electron transfer, as observed in 2

and 10. In addition, utilization of C60 as an acceptor in between the gold electrode and the ferrocene. The action
spectrum of the cell is in good agreement with the absorp-the triad will allow us to realize artificial multistep electron

transfer processes with a longer lifetime and a higher quan- tion spectrum of 16 on the gold electrode, indicating clearly
that the porphyrin is a major photoactive species for thetum efficiency within a molecule. The tethered polyalkane-

thiol makes it possible to arrange the triad 16 unidirection- photocurrent generation. Under the optimal conditions
using an oxygen-saturated solution in the presence of meth-ally on a gold electrode, leading to the formation of a uni-

Figure 18. Photoinduced multistep electron transfer at a gold electrode modified with a self-assembled monolayer of ferrocene2porphy-
rin2C60 triad 16

form self-assembled monolayer with a thickness of ca. 50 Å. ylviologen, the quantum yield was found to be 25%, which
is more than two times larger than the highest value (11%)Accordingly, a combination of the triad involving C60 and

the self-assembled monolayer seems to be a potential strat- in the previously reported photosynthetic electron transfer
across artificial membranes and at monolayer-modified me-egy to build up an efficient light-energy conversion system.
tal electrodes.[1042125]
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The photocurrent generation may be explained as fol- transfer chemistry of fullerenes. The fact that C60 and C70

exhibit novel properties in electron transfer stimulates de-lows. Photoinduced electron transfer or partial charge-
transfer (formation of an exciplex) takes place from the ex- velopment of new electron transfer chemistry where the

three-dimensional structures of donors and acceptors arecited singlet state of the porphyrin [2750 mV (1P*/P•1)] to
the C60 [2620 mV (C60/C60

•2)]. [114] [115] The resulting C60
•2 important. Thus, higher fullerenes, heterofullerenes, carbon

nanotubes, and clusters as well as well-designed “three-di-gives an electron to diffusing electron carriers such as oxy-
gen [2480 mV (O2/O2

•2)] and/or methylviologen [2620 mV mensional” molecules also seem to be good candidates as
electron donors, electron acceptors, and electron accumu-(MV21/MV•1)], which eventually transfer an electron to the

counter electrode. On the other hand, an electron migration lators. Control of the reorganization energies in electron
transfer will be accomplished using these synthetic mol-occurs from the gold electrode to the porphyrin cation rad-

ical via the ferrocene, thereby recovering the initial state. ecules.
We have demonstrated that the peculiar effect of fuller-Overall, a cathodic electron flow occurs from the gold elec-

trode to the counter electrode through the monolayer. In enes in electron transfer can be explained by the small reor-
ganization energy of fullerenes in electron transfer. We pro-order to obtain efficient photoinduced multistep electron

transfer at the gold electrode, the initial photoinduced elec- pose a novel strategy of engineering artificial photosyn-
thetic charge-separating systems by choosing suitable redoxtron transfer from the excited singlet state of the porphyrin

to the first acceptor must compete with the deactivation pairs and adjusting electronic coupling, free energy change,
and reorganization energy. The strategy involves utilizationdue to the gold electrode, as we demonstrated in the self-

assembled monolayers of porphyrins. [117] In addition, the of photosynthetic multistep electron transfer and fullerenes
with small reorganization energies. It allows us to constructcharge shift from the first acceptor to the diffusing electron

carriers or from the ferrocene to the porphyrin cation rad- artificial photosynthetic systems with efficient and long-
lived charge separation, where the number of electron trans-ical must be much faster than the charge recombination to

the ground state. Utilization of C60 with its small reorganiz- fer steps and energy loss are minimized. Applying this novel
strategy to the construction of solar energy conversion sys-ation energy may fully satisfy the requirements and improve

the quantum yield greatly. tems has been carried out in self-assembled monolayers on
electrodes. These systems include porphyrins, fullerenes,
and porphyrin-linked C60 dyads and triads. The highly or-6. Conclusion and Outlook
dered monolayers are formed on gold electrodes when the
functional molecules are attached to polyalkanethiols. TheFullerenes have been found to be excellent acceptors by

investigating photoinduced intramolecular electron transfer modified gold electrodes have been used to construct the
photoelectrochemical cells that mimic photosynthetic multi-in porphyrin-linked C60 and C70 molecules using picose-

cond time-resolved spectroscopic methods. The most in- step electron transfer at the membrane. The quantum yield
of the ferrocene2porphyrin2C60 triad cell is 25%, which istriguing characteristics of C60 in electron transfer are the

acceleration of photoinduced charge separation and the the highest value among the previously reported artificial
photosynthetic electron transfer in the artificial membranesslowing down of charge recombination. A comparison be-

tween the photoinduced charge separation rates in porphy- and at the metal electrodes modified with monolayers. The
results clearly show that our strategy is very effective forrin2C60 and porphyrin2C70 dyads revealed that the unique

properties of C60 in electron transfer are also maintained in constructing artificial photosynthetic materials that are sig-
nificantly different from conventional inorganic solar cells.C70. These results indicate that the electron transfer proper-

ties of fullerenes are related to the three-dimensional delo- Further improvements in the efficiency will be possible by
modifying the chromophores, changing the nature of thecalized π systems that have large size, spherical strained

shape, and high symmetry. Porphyrin2imide2C60 triad dis- spacer, and selecting suitable substrates as electrodes.
Our approach using fullerenes as acceptors, as well asplays a stepwise electron transfer relay that mimics the pri-

mary charge separation in the photosynthetic reaction molecular technologies on substrates using self-assembled
monolayers, will open the door to develop molecule-basedcenter. It should be noted that the C60 moiety in the triad

accelerates photoinduced charge separation directly or in- artificial photosynthetic materials with high efficiencies.
Such molecular devices will stimulate many fields, such asdirectly. Diporphyrin2C60 triad mimics photosynthetic en-

ergy transfer in the antenna complex as well as electron chemistry, physics, and biology to develop new principles
and concepts in nano-scale science and technology towardtransfer in the reaction center complex. These results clearly

show that fullerenes are good building blocks for the con- the next century
struction of artificial photosynthetic multicomponent sys-
tems. The more elaborate fullerene-containing systems such
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