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Various porphyrin—fullerene-linked systems have been prepared to elucidate the intrinsic electron-transfer proper-
ties of fullerenes. Photodynamical studies on porphyrin—fullerene-linked systems showed that spherical fullerenes accel-
erated photoinduced electron transfer and charge-shift, but slowed down charge recombination, which is in sharp con-
trast with those of conventional planar acceptors such as quinones and imides. For the first time, it was shown that the
unique electron-transfer properties result from the small reorganization energies of fullerenes arising from the delocal-
ized 7T system on the sphere together with the rigid structure. The small reorganization energies make it possible to pro-
duce a long-lived charge-separated state with a high quantum yield in donor—fullerene systems. The finding also will
allow us to construct light energy conversion systems as well as artificial photosynthetic models. Highly efficient photo-
induced energy and electron transfer were achieved on gold and ITO electrodes modified with self-assembled mono-
layers of the porphyrin—fullerene-linked systems. We also developed dye-sensitized bulk heterojunction solar cell pos-
sessing both characteristics of dye-sensitized and bulk heterojunction solar cells. These results showed the advantages of
fullerenes as electron acceptors in artificial photosynthetic model, photonic molecular devices and machines, and organic
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molecular electronics including solar cells.

1. Introduction

Recently, much attention has been focused on donor (D)—
acceptor (A) interaction to elucidate the basic mechanisms
for electron transfer (ET) in chemistry and biology.! In partic-
ular, D-A-linked systems have been frequently prepared to
address the problems.! The main reason for studying such D—
A-linked systems is to eliminate complex factors arising from
diffusion in solutions and to use the high energy of singlet ex-
cited state, of which the lifetime is usually too short to undergo
intermolecular ET in solution. Basic information obtained
from the studies on D—A-linked systems is also important for
the development of artificial photosynthetic systems including
photoactive molecular devices and machines, photocatalysts,
and organic solar cells.'"! Since artificial photosynthesis is
based on photosynthetic processes in nature, purple bacterial
photosynthesis, which possesses one of the simplest photosys-
tem among photosynthetic organisms, is discussed.?>?! The
photosynthetic core in purple bacteria involves light-harvest-
ing in antenna complexes and multistep ET in reaction centers,
both of which are embedded in a lipid bilayer membrane,
for efficient conversion of light energy into chemical energy,
i.e., adenosine triphosphate (ATP), as shown in Fig. 1. Name-
ly, solar energy is collected by bacteriochlorophylls (Bchl)
and carotenoids (Car) in the antenna complexes (LH1 and

LH2).292! Then, the captured energy is transferred to the dimer
of Bchl molecules ((Bchl),) in the reaction center, generating
its singlet excited state ("(Bchl);*) which lies about 1.4eV
above the ground state. Within ~3ps, an ET occurs from
1(Bchl),* to the bacteriopheophytin (Bphe) molecule located
R.. =~ 9A (edge-to-edge distance) via a two-step sequential
mechanism or a one-step superexchange mechanism. The en-
ergy of (Bchl),*"Bphe*~ (=1.2¢eV) is lowered by ~0.2¢V,
which matches the reorganization energy (1) of ET to opti-
mize the forward ET process, but the charge recombination
(CR) process lies deep within the Marcus inverted region,
which suppresses the CR process (vide infra). In a subsequent
charge-shift (CSH) step, an electron is transferred in ~200
ps from Bphe®~ to the primary quinone (Qa) with an R,
value of ~9 A. This reaction yields a charge-separated state,
(Bchl),*TQa®~, which lies only ~0.6eV above the ground
state. This implies that as much as 0.8eV is lost to obtain
the charge-separated state. In a final isoenergetic step, an ET
takes place from QA°~ to the secondary quinone (Qg), with
a time constant of ~100 ps. The resulting final charge-separat-
ed state with a lifetime of ~1 s across the membrane eventual-
ly leads to the production of chemical energy. Note that the
quantum efficiency for the production of (Bchl),*tQp®~ is
~2100%.202! Purple bacteria use the energy of the reduced qui-
none (Q) to power a transmembrane hydrogen ion pump. A
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Fig. 1.

proton concentration gradient is generated across the mem-
brane using cytochrome bc; complex. The proton gradient is
further employed to convert adenosine diphosphate (ADP) to
energy-rich ATP by ATP synthase (ATPase).?%?!

2. Photosynthetic Electron Transfer in
Porphyrin-Fullerene-Linked Systems

2.1 Multistep Electron Transfer and Small Reorganiza-
tion Energy. Multistep ET is a key strategy in photosynthetic
reaction centers. Although such multistep ET results in a sub-
stantial loss of input energy during each ET step, the resulting
distantly separated radical ion pair attenuates the electronic
coupling remarkably, thereby prolonging the lifetime of the
final charge-separated state. To mimic such a multistep ET
process in synthetic D-A systems, at least three components
must be covalently linked to cause sequential ET within the
molecule. Namely, the initial photoinduced ET from the sensi-
tizer excited singlet state (!S*) to acceptor must be followed
by subsequent ET from the A; radical anion (A;*7) to A; or
from D to the S radical cation (S*T). Thus, there are two types
of sequential ET in the three component systems: S—A|—A, and
D-S—A (Fig. 2). Sakata, Mataga, et al. have reported the first
synthesis and photophysical properties of the S—A;—A; system
consisting of a porphyrin (S) tethered to two quinones (A; and
A,).?>2* The energy level of each state in the triad is designed
in the order of '1S*—A;—A; > S*T-A;*—A, > S*T-A|-A,*".
Therefore, if the second ET from A;°*~ to A, can compete with
the energy-wasting CR to the ground state, the final state S**—
A1—A,*~ will be produced in a total sequence of 'S*—A—
Ay — S*T-A*"—A, — S*T—A|—-A,*". The well-separated
charges slow down CR, as observed in the primary process
in photosynthesis. Actually, the lifetime of S**—A;—A,*~, pro-
duced via the sequential ET, has been found to be long consid-
erably relative to that of the S—A| reference dyad.?>?* This
demonstrates the importance of multistep ET in a photosyn-
thetic reaction center for prolonging the lifetime. Since the first
demonstration of photosynthetic multistep ET,?** a number
of reports have been published dealing with the synthesis
and photophysical properties of triads and more complex sys-
tems.'”!? Some of these artificial photosynthetic reaction cen-
ter models have exhibited the formation of a long-lived charge
separated state with a high quantum yield, which is essential
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Schematic view for conversion of solar energy into chemical energy in purple bacteria.
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Fig. 2. Reaction pathways for (a) S—A;—A, triad and (b) D—
S—A triad mimicking photoinduced multistep ET in photo-
synthesis.

for efficient solar energy conversion. In particular, Gust,
Moore, et al. have extensively developed a D-S-A type, i.e.,
carotenoid (D)—porphyrin (S)—quinone (A).>!32 For instance,
a sequential ET takes place from the porphyrin excited singlet
state to the quinone, followed by a CSH from the carotenoid
to the porphyrin radical cation, generating the final charge-
separated state D**—S—A°~ efficiently.»'3? The advantage
of Gust and Moore’s system over Sakata and Mataga’s system
is the relatively rigid extended structure of the carotenoid—
porphyrin—quinone triad which inhibits CR significantly, lead-
ing to the production of the relatively long-lived charge-
separated state.

However, these model systems have lacked substantial
methodology to optimize each ET process. It is essential to
achieve fast forward ET and slow back ET for mimicking pho-
tosynthetic ET. In each ET process of natural reaction centers,
forward ET is regulated to be much faster than back ET, result-
ing in the production of second lasting, long-lived final charge-
separated state with an almost 100% quantum yield. A has a
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Fig. 3. Marcus parabolic curves for ET in two different D—
A systems with small As and large 4.

strong impact on the lifetime and quantum yield, and it is as-
sociated with change in the surrounding environment and mo-
lecular structures of D and A via ET. Since A is one of the
most important, albeit somewhat elusive, terms, first, we will
briefly describe classical Marcus theory of ET,?62% which
provides valuable guide for controlling and optimizing the
efficiency of forward ET versus back ET. To quantify the driv-
ing force dependence on the ET rate constants (kgr), Equa-
tion 1 is employed, where V is the electronic coupling matrix
element, kg is the Boltzmann constant, / is the Planck con-
stant, T is the absolute temperature, and AG%r is the free en-

ergy change.?6-28
a3\ (AG %t + 1)
k = V2 - . - . 1
BT (hz/lkBT) eXp[ 4AksT ] M

A typical Marcus ET curve, which provides insight into the
importance of A, is shown in Fig. 3. As —AGgr becomes
more positive, kg increases (normal region) until it reaches
a maximum point where —AG%r = A (top region). As
— AG gt becomes even more positive, kgt decreases (inverted
region). This parabolic relationship between kgt vs —AG%r
allows us to achieve ideal situation in which forward ET pro-
cess proceeds under optimal conditions, that is, near the top re-
gion of the Marcus parabola, while the highly exergonic and
energy-wasting back ET process is shifted deeply into the in-
verted region. Consequently, the forward ET is remarkably
faster than the back ET, leading to the formation of a
charge-separated state with both high quantum yield and long
lifetime. This is the strategy that natural photosynthesis adopts
for photosynthetic ET (vide supra).

However, in typical D-A-linked systems, such as porphy-
rin—quinone, porphyrin—imide, and diporphyrins dyads, A have
been reported to be 0.8-1.2eV,?*32 which are much larger
than those in the primary process of charge separation (CS)
in the purple bacteria reaction centers. In such cases, forward
ET is comparable to or even slower than back ET, leading to
less efficient production of the charge-separated state and/or
with the short lifetime.?*32 Although A can be reduced by
lowering the solvent polarity, the change is generally insuffi-
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cient for optimizing such CS process. Thus, many researchers
have considered that fast forward ET and slow back ET are
difficult to be achieved in artificial D—-A-linked systems. To
surmount the problem, a new strategy is needed to lower A.
Let us consider two overlapping Marcus curves, i.e., two ET
systems, where A values are different, but other ET parameters
including —AG%r and V are identical (Fig. 3). Since loss of
the initial energy, accompanied by forward ET should be min-
imal, —AG% for the forward ET is much smaller than that
for the back ET. In such a case the forward ET process is in
the Marcus normal region, whereas the back ET process is
in the Marcus inverted region. When the forward kgt on the
two parabolic curves are compared in the Marcus normal re-
gion, you can find fast forward ET with a small A and slow
one with the large A. In contrast, when the back kgt on the
two parabolic curves are compared in the Marcus inverted re-
gion, you can also see slow back ET with the small A and fast
one with the large A. Therefore, a novel type of D and/or A
exhibiting small A is required to surmount the inevitable prob-
lem. In the following sections, we describe photoinduced ac-
celerated forward ET and decelerated back ET in porphyrin—
fullerene-linked systems and its application to photoelectro-
chemical devices and organic solar cells. We have successfully
demonstrated that the unique ET properties of three-dimen-
sional spherical fullerenes result from the small A of fullerenes
in comparison with those of conventional two-dimensional
planar acceptors, such as quinones and diimides.®!%14-17

2.2 Small Reorganization Energies of Fullerenes in Elec-
tron Transfer. Porphyrins are excellent electron donors as
well as sensitizers, and the most frequently employed building
blocks in artificial photosynthetic models."33 In early 1990s,
while my research group was exploring a novel type of accep-
tor, which can be covalently linked to porphyrin, fullerenes ap-
peared as a new type of attractive electron acceptor.>** As an
example, Cgo has the following basic characteristics: i) Cgo
consists solely of sixty carbon atoms and has a moderate size
(diameter, 8.8 A, estimated from CPK model) similar to those
of benzoquinones (BQ) and naphthalene-1,8:4,5-bis(dicarbox-
imides) (NIm) (8.6 A), but three-dimensional round shape, ii)
Cso has moderate electron-accepting abilities (—0.3——0.4V
vs SCE) similar to those of BQ and NIm and reversibly accom-
modates up to six electrons, iii) energy levels of the first excit-
ed singlet (2.0eV) and triplet states (1.6 eV) of Cg are compa-
rable to those of porphyrins and are much lower than those of
conventional planar acceptors including quinones and diimides
(>2eV), and iv) Cgy has a rigid framework in the ground,
excited and reduced states and high stability under severe con-
ditions.3**> Some of these characteristics are in stark contrast
to conventional acceptors, such as quinones and diimides.
Thus, fullerenes should exhibit unique photophysical proper-
ties when they are convalently linked to porphyrins.

Photochemical and photophysical properties of fullerenes in
polymer films3-49 as well as in solutions*'~*3 have been inves-
tigated by several groups. Photoinduced intermolecular ET
from polymers to fullerenes in the films and from donors to
fullerenes in solutions has been observed. Although occurrence
of ultrafast photoinduced ET and metastability of the resulting
charge-separated state at low temperature have been reported
for the composite films,*# the underlying ET properties of
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Fig. 4. ZnP-Cg dyads 1-4.

fullerenes behind the interesting phenomenon have not been
explored in the light of Marcus theory of ET. In this context,
some of the first donor—Cgp-linked dyads that were synthesized
and studied photophysically to elucidate ET properties of full-
erenes at the same time have been reported.“""‘g Gust, Moore,
et al. have prepared porphyrin—fullerene-linked dyads,** and
based on fluorescence lifetime measurements and energy level
diagram, they have indicated that ET from the porphyrin excit-
ed singlet state to the Cgp and/or from the porphyrin to the Cgg
excited singlet state is involved.** Verhoeven et al. have re-
ported the synthesis and photophysical properties of aniline—
Ceo-linked dyad.*> The fluorescence decay data show the oc-
currence of photoinduced ET from the aniline to the Cgp. How-
ever, in both cases, they do not provide direct evidence for
photoinduced ET in the dyads.*** We prepared and studied
porphyrinatozinc (ZnP)-Cgo-linked dyads 1 (Fig. 4).46%° Six
tert-butyl groups were introduced into meso-phenyl rings of
the porphyrin moiety in 1 to increase the solubility in organic
solvents. Cey was covalently tethered to a meso-porphyrin aryl
ring at para position via amido bond at the final step of the
synthesis to avoid tedious purification and characterization. It
is interesting to note that condensation of 5-(4-aminophen-
y1)-10,15,20-triphenylporphyrin and Cg carboxylic acid under
various conditions was unsuccessful probably due to the weak
nucleophilicity of the amino group towards the carboxylic
acid. Our photophysical studies regarding 1 using picosecond
time-resolved transient absorption spectroscopy and fluores-
cence lifetime measurements offered the first direct experi-
mental evidence for photoinduced intramolecular ET in do-
nor-linked fullerenes.**° After excitation of the ZnP moiety
of 1, transient absorption due to the porphyrin excited singlet
state (ZnP*) appeared. As the absorption decayed, concomi-
tant rise and decay of the transient bands due to porphyrinato-
zinc radical cation (ZnP*") and Cg radical anion (Cgo®~) were
unambiguously detected, demonstrating photoinduced ET
from the porphyrin excited singlet state to the Cgo moiety
in 1. This pioneering work has been extended by our group
to prepare a variety of porphyrin—Cgo-linked systems.**~% At
first, three additional porphyrinatozinc—Cg-linked dyads 2—4

were prepared by varying the linking position at meso-phenyl
ring from para to ortho systematically.*® Regardless of the
linkage between the two chromophores, photoinduced CS and
subsequent CR were observed in a series of porphyrinatozinc—
Ceo-linked dyads 1-4 by using picosecond fluorescence life-
time measurements and time-resolved transient absorption
spectroscopy. It should be emphasized here that in the ortho-
isomer 4 in which the Cgp moiety is located closely on the por-
phyrin ring, we found specific 7-7T interaction between the
porphyrin and the Cq based on the '"HNMR spectrum, molec-
ular modeling, and UV-visible absorption spectrum.*® This
finding has opened up the host—guest chemistry of porphy-
rins and fullerenes stemming from the specific 7—7 interac-
tion.””-1% Later, we found intra- and inter-molecular charge-
transfer (CT) emission and absorption between porphyrins
and fullerenes.®*66.7287.191 We determined various ET parame-
ters, including V and A, for porphyrin—fullerene systems from
the CT absorption and emission for the first time.0466.72:87.101
Such CT absorption and emission were also reported for other
fullerene—porphyrin-linked'%>-1%  and fullerene—phthalocya-
nine-linked'% systems. Furthermore, the specific 77—7 interac-
tion has been successfully used in dye-sensitized bulk hetero-
junction solar cells consisting of porphyrin and fullerene (vide
infra). 107-118

To compare the intrinsic ET properties of the three-dimen-
sional spherical acceptors, i.e., fullerenes, vs the two-dimen-
sional planar acceptors, i.e., quinones (Q), porphyrin—-BQ-
linked dyad 5 was synthesized (Fig. 5).>! The first reduction
potentials of the BQ (—0.45V vs Ag/AgCl) and the Cgg
(—0.59V vs Ag/AgCl) are largely similar. Furthermore, the
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Fig. 5. ZnP-BQ dyad 5.
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Fig. 6. ZnP-Cgy dyads 6, 8, and 9, H,P-Cg dyad 10, and
P-NIm dyad 7.

virtually same spacers between porphyrin and Cgy or BQ en-
sures that the V values are almost identical. The forward elec-
tron transfer rate (kgr(cs)) of 1 was found to be larger than that
of 5, whereas the charge-recombination rate (kgr(cr)) of 1 is
smaller than that of 5.5 A similar trend has been noted for por-
phyrin—fullerene dyad 6 and porphyrin—-NIm dyad 7 with sim-
ilar spacers (Fig. 6).5%7° So far, a variety of donor—fullerene-
linked systems have been prepared.l$-1113-17.119-125 A fagt
photoinitiated kgrcsy and relatively slow, dark kgrcr) have
been observed in many cases.® 1114717122123 The ratios of
ker(cs)/ketcry in donor-Cep-linked dyads are much higher
than those in conventional two-dimensional D-A dyads
including porphyrin—quinones, porphyrin—diimides, and por-
phyrinatozinc—freebase porphyrins (H,P).2°-32 Deceleration
effect of higher fullerene, i.e., C79, for CR was also observed
for porphyrin—Cry dyad vs porphyrin—Cgy dyad with the same
spacer.>>3* On the basis of the experimental results, we pro-
posed, for the first time, that A of fullerenes are much smaller
than those of typical two-dimensional 77 acceptors.>' The pho-
toinduced CS process in the Marcus normal region becomes

Bull. Chem. Soc. Jpn. Vol. 80, No. 4 (2007) 625

fast with decreasing the A value, whereas the CR process in
the Marcus inverted region becomes slow with decreasing
the A value. Therefore, photoinduced ET is accelerated,
whereas the back ET is decelerated (vide supra). Initially, this
proposal was not accepted as a reasonable explanation for the
unique ET properties of fullerenes. Verhoeven, Paddon-Row,
et al. presented photophysical properties of tetraalkyl-p-phen-
ylenediamine-bridge—Cg dyad with a center-to-center distance
(R¢.) of 18 A between D and A.!26.127 They found similar fast
photoinduced CS and slow CR for the dyad in benzonitrile. A
was estimated to be 1.2eV in benzonitrile from the assumed
vibrational A (4, = 0.3¢eV) and the Born-Hush approach with
radii of D (3.7A) and A (5.6 A). The estimated —AG sy for
photoinduced CS (0.44eV) is much smaller than the A
(1.2¢eV), but that for CR (1.29eV) is comparable to the A val-
ue. Thus, they have strongly insisted that the unique ET prop-
erties of fullerenes are not explained by A, but are rationalized
by large V value for photoinduced CS and small one for CR
due to the coupling of certain Cg 77 orbitals with the geminal
o bonds of the bridge in addition to that with the vicinal o
bonds of the bridge stemming from the special symmetry
properties of the Cqy 7-system.'?%12” Gust, Moore, and co-
worker have pointed out that the A or the V may be responsible
for the Cg effect.!?8

Our proposal is qualitatively explained by the large r-elec-
tron delocalization of Cg together with the rigid structure. A is
a sum of solvent (or outer sphere) term (A;) and A, (or inner
sphere).?-28 The unit charge in Cgo*~ is delocalized over the
three-dimensional carbon framework of Cgy, while the charge
in BQ*~ is localized largely on the two oxygen atoms. Further-
more, one side of the orbitals of the carbon atoms is buried in-
side the Cgp sphere. Thus, taking into account the interaction
between the charge and the surrounding solvent molecules, rel-
evant charge density of each carbon in Cgp®~ is much smaller
than that of BQ®~, rendering A, of Cgy small. The small
Raman and Stokes shifts on reduction and photoexcitation of
fullerenes support the rigid structure of Cgy, where the A, is
small.'? Consequently, A (A5 + A,) of Cgy would be smaller
than that of BQ. Tachiya and Kato have predicted that A for
the sphere model is much smaller than that for the disk mod-
el.130 In the sphere model, the surrounding solvent molecules
are well separated from the center of the molecule, making
the A small. In the disk model, the surrounding solvent mole-
cules, which are in contact with the top and the bottom of the
disk, are close to the center of the molecule, making the A
large. A small A, of Cg (0.06 V) has also been obtained from
theoretical calculation.'3'=133 In addition to the 1996 reports of
the small A of fullerenes, Guldi and Asmus have also reported
relatively small A values for C7¢ and C7g in intermolecular ET
using pulse radiolysis.'3* The A values of Cy¢ and Cyg (ca.
0.6eV in CH,Cl,) are estimated on a CSH from the ground
states of C7¢ and Crg to radical cation of various arenes, re-
spectively. He has also suggested that the relatively small A
is beneficial for the possibility of establishing a Marcus invert-
ed region. Later, we collaborated with Guldi to examine the
driving force dependence of intermolecular ET reactions of
fullerenes in details.!?> Pulse-radiolytic studies were perform-
ed to determine the rate constants of intermolecular ET from
fullerenes (Cgy, C76, and Crg) to a series of arene radical cat-
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Scheme 1. Reaction scheme and energy diagram for 9 in benzonitrile.

ions in CH,Cl,. The redox potentials were measured electro-
chemically to determine an accurate —AGgr value. We un-
ambiguously confirmed the Marcus inverted region in both
the ET reduction and oxidation of fullerenes. The average A
value for ET reduction of fullerenes was determined as 0.72
eV. The rather large A value is similar to those for an intermo-
lecular electron self-exchange reaction of tBuCgy~ /tBuCep® in
benzonitrile/benzene (1/7 = v/v) (0.64eV) and for BQ/
BQ*~ couple in benzonitrile (0.74 eV).!33 In contrast, A values
(~0.3eV) for an intermolecular electron self-exchange reac-
tion of porphyrins and NIm in acetonitrile are much smaller
than the A value for fullerenes.” Intermolecular ET involving
spherical three-dimensional fullerenes is likely to occur at
large separation distances rendering the intermolecular A
large. In contrast, intermolecular ET between planar molecules
is likely to take place at small separation distances due to 77—
interaction, rendering the intermolecular A small. Therefore, it
is not appropriate to evaluate intrinsic A in intermolecular ET
systems. To compare intrinsic A values of fullerenes and other
acceptors, A for intramolecular ET involving Cgy and NIm
were determined by using Marcus plot for —AGr vs kgr.””
The A value of porphyrin—fullerene-linked dyads (0.59 eV for
6, 8, and 9) is much smaller than that of porphyrin—NIm-linked
dyad (1.41eV for 7), although the V values of the both systems
are virtually the same. This is the first quantitative manifesta-
tion in which the A value of a three-dimensional electron ac-
ceptor, i.e., Cqp, is, indeed, much smaller than the value of a
typical two-dimensional acceptor, i.e., NIm.”

We can also achieve a small reorganization energy in artifi-
cial systems when fullerenes are used as an electron acceptor.
A is a function of size, separation distance, and solvent polar-
ity.26-28 Thus, A, is expected to decrease with decreasing both
the separation distance and the solvent polarity. Porphyrin—
fullerene-linked dyad 4 and the freebase porphyrin (H,P) ana-
log are good candidates to minimize the A value, because por-
phyrin and fullerene with small A are fixed in a close proxim-
ity.4%6.72 The values of ET parameters including A, — AG%r,
and V were determined by analyzing the CT absorption and
emission in nonpolar solvents for the first time.**%¢72 The A
of the freebase and zinc systems in benzene were estimated
as 0.23 and 0.11 eV, which are the smallest values among in-

ter- and intra-molecular D-A systems ever reported.'!” More
importantly, they are comparable to the smallest values for the
primary CS in the photosynthetic reaction centers.?%?! Similar
small A have been obtained for intermolecular complexes be-
tween porphyrins and fullerenes in solid state® as well as other
intramolecular systems.!?*!1% The results clearly show that
fullerenes combined with porphyrins are potential components
for constructing artificial photosynthetic systems. The small
A values for porphyrin—fullerene systems are quite similar to
those for photosynthetic reaction centers where -efficient,
long-lived CS is achieved by using multistep ET processes
with tuning of A to minimize the expenditure of —AG
and forcing the CR into the Marcus inverted region consider-
ably. In such a case, the small A value is attributed to the en-
vironmental effect of the surrounding protein residues. In con-
trast, planar porphyrin and spherical fullerene’s delocalized 7-
electron systems with the rigid structures and high symmetries
would make them possible to realize the intrinsic small A of
porphyrins and fullerenes, which would not be susceptible to
the change of surrounding solvents or environments.

2.3 Photosynthetic Electron Transfer in Porphyrin-Full-
erene-Linked Systems. We have prepared a variety of por-
phyrin—fullerene-linked systems to address the photodynami-
cal properties.*®® Since such examples have been frequently
described in our previous review articles,®!%417 we will pres-
ent only a couple of the examples. First, as a representative ex-
ample photodynamics of porphyrinatozinc—Cg-linked dyad 9
is presented.®393-68-70 Photoexcitation of 9 in polar solvents re-
sults in the occurrence of photoinduced ET, evolving all the
excited states, that is, from 'ZnP* and 3ZnP* to Cgy and from
ZnP to 'Cg* and *Cgo*, creating the same charge-separated
state, ZnP*"—Cgy*~. The energy levels in benzonitrile are
shown in Scheme 1 to illustrate the different relaxation path-
ways of photoexcited 9. The total efficiency of ZnP*T—Cgy*~
formation from the initial excited states in benzonitrile was es-
timated to be 99%. The resulting charge-separated state recom-
bines to regenerate the ground state. kgrcriy was determined
to be 1.3 x 10°s~! from the decay kinetics of the Cgo*~ finger-
print at 1000 nm in benzonitrile. Remarkably, this rate is near-
ly four orders of magnitude smaller than that for the fastest oc-
curring CS from !'ZnP* to Cg (ker(csy = 9.5 x 10°s™1). The
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Fig. 7. Fc—ZnP-H,P-Cg tetrad 11 and Fc—meso,meso-linked porphyrin trimer—Cg pentad 12.

fast CS and slow CR of 9 in polar solvents are in stark contrast
to conventional porphyrin—quinone- and porphyrin—diimide-
linked dyads, where the kgrcr) values are even larger than
the kgr(cs) values in polar solvents. The log kgt vs —AG %
plots for 9 in polar solvents gave A = 0.66eV and V = 3.9
cm™!.%%70 It should be emphasized here that in 9 the CS pro-
cesses from the singlet and triplet excited states of the Cgo and
from the singlet excited state of the porphyrin and the CR
process are located in the normal, the top, and the inverted
regions of the Marcus parabola, respectively. This unambigu-
ously showed that a combination of porphyrin and fullerene is
an ideal D-A couple for mimicking photosynthetic reaction
center.

Systematic studies on the solvent dependent change in the
CS and CR processes in 9 were performed.®® Irrespective of
the solvent polarity, photoinduced ET takes place from the
porphyrin singlet excited state to the Cgy moiety to produce
a charge-separated state (ZnP*+*—Cgo®~). However, the result-
ing charge-separated state decays to different energy states de-
pending on the energy level of the charge-separated state rel-
ative to those of the Cg singlet and triplet excited states. In
nonpolar solvents, such as benzene (€ = 2.28), the charge-
separated state undergoes CR to yield the Cgy singlet excited
state, followed by intersystem crossing to the Cg triplet excit-
ed state, since the energy level of the charge-separated state is
higher than that of the Cg( singlet excited state (1.75eV) due to
the destabilization of the charge-separated state in nonpolar
solvents.®> In more polar solvents, such as anisole (& =
4.33), the energy level of the charge-separated state is located
between those of the Cg singlet and triplet excited states.5> As
a result, photoinduced CS occurs from the porphyrin to the Cg
singlet excited state as well as from the porphyrin singlet ex-
cited state to the Cgo. In addition, the resulting charge-sepa-
rated state decays to the Cgp triplet excited state (1.50eV)
rather than the ground state. This CR to the triplet states is
well-known in photosynthetic reaction centers.?>?! Tn polar
solvents, such as THF (&5 = 7.58), benzonitrile (&5 = 25.2),
and DMF (& = 36.7), the energy level of the charge-separated
state (1.21-1.42eV) is lower than those of the porphyrin
(1.53eV) and Cg triplet excited states (1.50eV) (Scheme 1).
Thus, all of the excited states lead to the production of the

charge-separated state, which slowly decays to the ground
state (vide supra). The solvent dependence of CR processes
in 9 can be rationalized by small A of porphyrins and fuller-
enes in ET processes.®> A similar diagram can be drawn for
the HyP—-Cgy dyad 10 in polar solvents.%>%% Photoinduced
CS from the freebase porphyrin singlet excited state ('H,P*
(1.89eV)) to Cgy in benzonitrile occurs to yield HyP*T—
Ceo®~ (1.59¢eV) with kET(CSl) of 6.7 x 108s~! ((DCSI(IHQP*) =
87%). In contrast to the porphyrinatozinc—Cgy dyad 9, the re-
sulting charge-separated state decays with a rate constant of
5.0 x 107 s™!, generating the porphyrin (*H,P*) and fullerene
CCeo™ triplet states rather than the ground state, because the
former processes are much faster than the latter process owing
to the small A of Cgy. Photoinduced CS from the freebase por-
phyrin to the Cgp excited singlet state (1.75 eV) may also occur
to produce HoP*t—Cqo®*~ (1.59€V). Some fraction of H,P—
1Cgo* undergoes an intersystem crossing to yield H,P-3Cgo*
(1.50eV), which then decays either to the ground state or to
the 3H,P*—Cg state (1.40eV).%°

To prolong the lifetime of a final charge-separated state, we
designed ferrocene (Fc)-ZnP-H,P—Cg tetrad 11,70 as shown
in Fig. 7. Each energy gradient was fine-tuned to mimic photo-
synthetic energy transfer (EN) and multistep ET processes
(Scheme 2), leading to the formation of the final charge-sepa-
rated state with well-separated charges. In addition, the utiliza-
tion of Cgp as an acceptor offers an advantage for acceleration
of CS and deceleration of CR processes stemming from the
small A of Cgy in ET. Thus, the lifetime of the final charge-
separated state is expected to increase remarkably.

Picosecond transient spectroscopic measurements revealed
that an efficient singlet-singlet EN (kgn ~ 3 x 10°s7!) from
ZnP to H,P, governs the rapid deactivation of 'ZnP* in
11.7° From 'H,P*, rapid intramolecular ET occurred with
kET(CSl) =48x10°s7! to yield FC—ZHP—HQP'+—C60'7. The
primary radical ion pair is then starting point to a cascade of
short-range CSH reactions along the well-tuned redox gradi-
ent. This sequence eventually creates Fc™—ZnP-H,P-Cg*~,
in which the charges are separated by R.. = 48.9 A. The total
quantum yield of the CS in benzonitrile was moderate (24%)
because of the significant contribution of undesirable deactiva-
tion pathways in Fc—ZnP-H,P**—Cqy*~. Remarkably, intra-
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Scheme 2. Reaction scheme and energy diagram for 11 in benzonitrile.

molecular CR from Cgy*~ to Fct was too slow to be observed
in competition with the diffusion-limited intermolecular ET
(~10%s~!) from Cgy*~ in one tetrad to Fc* in another tetrad
in a fluid solvent. In order to preclude the intermolecular
ET against intramolecular ET processes in Fct—ZnP-H,P-
Ce0°~, electron spin resonance (ESR) measurements were per-
formed in frozen polar solvents of 11 at various temperatures
under illumination.”® From the decay analysis of the final
charge-separated state in benzonitrile at 163 K, the lifetime
of the charge-separated state was found to be 0.38s,” which
was the longest value ever reported for intramolecular CR in
D-A linked, multistep ET systems (see, previous examples;
200 us in solutions'*® and 12.7ms at 77 K'3’). Dependence
of kg on the distance and driving force in a series of homol-
ogous porphyrin—fullerene-linked systems also validated the
extremely long lifetime.”® Further improvement of the longest
lifetime of a final charge-separated state (1.6s in DMF at
164 K) together with a total CS efficiency (34%) was recorded
for Fc—ZnP-ZnP—Cg tetrad, in which the H,P moiety of 11
was replaced by ZnP.%°

Although the lifetimes of the final charge-separated
states’** are comparable to those of bacteriochlorophyll di-
mer radical cation ((Bchl),**)-secondary quinone radical
anion (Qg*™) ion pair in bacteria photosynthetic reaction cen-
ters,2>2! the maximal CS efficiency (34%) is still lower than
the natural value (*100%) in bacteria photosynthetic reaction
centers. To improve a quantum yield for the formation of a
final charge-separated state, we focused on meso,meso-linked
porphyrins'® as an excellent electron carrier as well as a
light-harvesting antenna.’®! Namely, meso,meso-linked por-
phyrin trimer (ZnP); as a light-harvesting chromophore was
incorporated into photosynthetic multistep ET models includ-
ing Fc as an electron donor and Cgy as an electron acceptor
to construct Fc—meso,meso-linked porphyrin trimer—fullerene
pentad Fc—(ZnP);—Cgg 12°! (Fig. 7). Photoexcitation of Fc—
(ZnP);—Cgp in polar solvents leads to the initial formation
of Fc—(ZnP);*T—Cgy*~ via photoinduced ET, followed by a
CSH from Fc to (ZnP);**, to generate Fc*—(ZnP);—Cgo*~.%!
The final charge-separated state in frozen DMF at 163K de-
cays obeying first-order kinetics with an extremely long life-
time of 0.53 s, as in the case of 11. More importantly, the quan-
tum yield for the formation of the final charge-separated state
in 12 was found to be extremely high (83% in benzonitrile),

despite of the large separation distance between the Fc™ and
Cg0®~ moieties (R.. = 46.9 A). The efficient CS through the
porphyrin trimer is responsible for the high quantum yield,
whereas the extremely slow CR is associated with the local-
ized porphyrin radical cation in the middle porphyrin of the
porphyrin trimer, which differs explicitly from the delocalized
porphyrin radical cation in the porphyrin dimer.”%%!

3. Self-Assembled Monolayers of Porphyrin-
Fullerene-Linked Systems on Electrodes

In the previous sections, porphyrins and fullerenes were
found to be excellent building blocks in artificial photosynthet-
ic models. That is, “artificial photosynthesis” can be realized
in a single molecule where an energetic, long-lived charge-
separated state is generated with a high quantum yield. How-
ever, considering efficient conversion of the resulting charge-
separated state into electrical or chemical energies, it is essen-
tial to arrange porphyrin—fullerene-linked molecules unidirec-
tionally in organized media. Although Langmuir—Blodgett and
lipid bilayer membranes have been frequently employed for
the molecular organization,'38-146 instability and defects in
the artificial membranes have limited successful development
of the light energy conversion systems (internal quantum
yield < 10%). We have focused on self-assembled monolay-
ers (SAMs)'471%8 as a new methodology for molecular assem-
bly. They enable the molecules of interest to be bound chemi-
cally on the surface such as metals, semiconductors, and insu-
lators in a highly organized manner. Thus, they make it possi-
ble to arrange porphyrin—fullerene-linked molecules unidirec-
tionally at the molecular level on substrates (i.e., electrodes)
when substituents which self-assemble on the substrates are
tethered to a terminal of the molecules.

Various SAMs of porphyrin—fullerene-linked systems
have been prepared to mimic photosynthetic ET on elec-
trodes.5%:56-59.61.67.77.78.86.92 1y particular, alkanethiol has been
tethered at the end of Fc—porphyrin (P)-Cg triads 13
(M = Zn) and 14 (M = H,), because they can exhibit efficient
formation of a final charge-separated state with a moderate
lifetime via photoinduced multistep ET in solutions
(Flg 8)'58,59,61,67

The photoelectrochemical experiments using the triad-
modified gold electrode, a platinum wire and a Ag/AgCl elec-
trode (denoted as Au/13 or 14/MV?>* /Pt device, where / de-
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Scheme 3. Energy diagram for photocurrent generation on
a gold electrode modified with self-assembled monolayer
of 14.

notes an interface) were performed in the presence of electron
carriers, i.e., oxygen and methyl viologen (MV2*). The inter-
nal quantum yields of cathodic photocurrent generation in Au/
13/MV2* /Pt and Au/14/MV?* /Pt devices reached up to 20
and 25%, respectively.®! The internal quantum yields are
among the highest values of D—A-linked molecules on SAM-
modified metal and ITO electrodes.'**-'7> The high quantum
yield is attained via photoinduced ET from the porphyrin
singlet excited state to the Cgo moiety, followed by the CSH
from the Fc to the resulting porphyrin radical cation to produce
the charge-separated state, FcT™—P—Cgy®*~ in the monolayer
(Scheme 3). Rapid ET to Cgo due to the small A can compete
with the undesirable EN quenching by the gold electrode.
Electron carriers, such as oxygen (E%eq = —0.48V for O, /
0,°7) and/or MV?*+ (E%q = —0.62V for MV*2/MV**) are
reduced by the Cgp*~ moiety of Fct—P-Cgy®~ to produce the
reduced state which eventually give an electron to the counter
electrode. On the other hand, kgt from the gold electrode to
Fct in Fct—P-Cg*~ is controlled by the potential applied to
the gold electrode. Thus, kgt from the gold electrode to Fc™
is increased with decreasing the applied potential, leading to
an increase in the photocurrent.’!

We have successfully constructed artificial reaction center
on the gold electrode using Fc—P—Cg triads to mimic photo-
synthetic ET.%! To mimic both light-harvesting in antenna
complexes and CS in reaction centers simultaneously, we have
to combine the artificial reaction center with artificial antenna
complex on a gold electrode, which exhibits efficient photocur-
rent generation. Boron—dipyrrin alkanethiol 15 (Fig. 9) was in-
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Fig. 9. Schematic view for photoinduced EN and multistep
ET on a gold electrode modified with a mixed SAM of
Fc—H,P-Cgp alkanethiol 14 and boron dipyrrin thiol 15
(Au/14.15).

corporated into Fc—H,P-Cg triad (14 in Fig. 8) on a gold elec-
trode.%” The incorporation allows us to enhance the absorption
properties in the green region as well as the blue region. In ad-
dition, the emission from the boron—dipyrrin in 15 overlaps
well with the absorption of the porphyrin moiety in 14. Thus,
efficient EN from the boron—dipyrrin moiety (!B*) in 15 to the
porphyrin moiety (P) in 14 can take place in the mixed SAM of
14 and 15 on the gold electrode (Fig. 9). Overall, it is expected
that boron—dipyrrin SAM combined with Fc—H,P-Cg, triad
SAM can lead to efficient photocurrent generation, in addition
to mimic coupled photoinduced EN and multistep ET in pho-
tosynthesis.

The maximum internal quantum yields of cathodic photo-
current generation were determined to be 50 = 8% at 510 nm
and 20 +3% at 430nm for Au/14,15/MV?>* /Pt device and
1.6 £ 0.3% at 510 nm for Au/15/MV?>* /Pt reference device.5’
It should be emphasized that the maximum internal quantum
yield of Au/14,15/MV>* /Pt device at 510nm is about 30
times larger than that of Au/15/MV?>* /Pt device at 510nm.
The internal quantum yield of the Au/14,15/MV?>* /Pt device,
determined based on the absorbed photons by the porphyrin at
430 nm and the boron—dipyrrin at 510 nm, increased with an
increase in the content of 14 in the SAM. The EN efficiency
from the excited singlet state of the boron dipyrrin in 15 to
the porphyrin in 14 also appeared to increase with an increase
in the content of 14 in the SAM to reach the maximum value at
510 nm and a molar ratio of 14:15 = 63:37. The internal quan-
tum yield (50 & 8%) at 510 nm is the highest value ever report-
ed for photocurrent generation on SAM-modified metal and
ITO electrodes.'4-172

4. Dye-Sensitized Bulk Heterojunction Solar Cell

As described in Section 3, we have successfully prepared a
variety of photoelectrochemical SAM comprising porphyrin or
fullerene or both, which show photoinduced multistep ET and
EN on gold and ITO surfaces. In these systems, however, the
incident photon to photocurrent efficiency (IPCE or external
quantum Yyield), which is strongly correlated with the light-
harvesting efficiency, has been limited to be low (up to 1-2%)
by the poor light-harvesting efficiency of the porphyrin mono-
layers.®” Furthermore, the internal quantum yield of photocur-
rent generation is not sufficient in comparison with solar cells.
To overcome such problems, we have to consider the follow-
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Scheme 4. Bottom-up self-organization of porphyrin and fullerene on a nanostructured SnO, electrode.

ing criteria: i) multilayer structures of porphyrin and fullerene
on electrodes are prerequisite for improving the light-harvest-
ing efficiency, ii) photoinduced CS efficiency between the in-
terface of porphyrin and fullerene should be nearly 100%,
iii) undesirable CR between the separated hole and electron
should be minimized. As we mentioned before, porphyrin
and fullerene make supramolecular complex due to the 71—
interaction.*>7-1% Such complexation will allow ultrafast
CS in the complex, as in the case of bulk heterojunction solar
cells.!”3-194 In addition, undesirable CR will be suppressed by
using suitable semiconducting electrode in which the separated
electrons are injected into the conduction band (CB), as seen in
dye-sensitized solar cells.'®>~'7 It should be noted here that,
although porphyrin—fullerene-linked molecules are designed
to exhibit long-lived charge-separated state with a high quan-
tum yield in solutions, the linkage between D and A cannot be
optimized for the desirable molecular packing of the dyads in
the thin film on the electrode surface so that separated hole and
electron do not undergo efficient hole and electron injection
into the respective electrodes.

In a collaboration with Kamat et al., we applied step-by-
step self-assembly to porphyrin and fullerene single compo-
nents and the composites to construct a novel organic solar cell,
dye-sensitized bulk heterojunction solar cell, possessing both
the dye-sensitized and bulk heterojunction characteristics
(Scheme 4).16:17:107.118 Firgt supramolecular complex of por-
phyrin and fullerene is formed in toluene [denoted as (16 +
Cé0)m] due to the 7777 interaction (step 1). Then, the supramo-
lecular complex is self-assembled into larger clusters in a mix-
ture of toluene and acetonitrile due to lyophobic interaction be-
tween the complex and the mixed solvent (step 2). Finally, the
larger clusters can be further associated onto a nanostructured
SnO; electrode [denoted as ITO/SnO,/(16 + Cgp)n] using
the electrophoretic deposition technique!®® (step 3).

Photovoltaic properties of ITO/SnO,/(16a + Cg),, elec-
trode were examined using acetonitrile containing Nal (0.5
M) (1M = I moldm™3) and I, (0.01M) as redox electrolyte
and Pt gauge counter electrode [denoted as ITO/SnO,/
(16a + Cgg),n/Nal + I, /Pt device].'”” A short circuit photo-

current density (Jsc) of 0.18 mA cm™2, open circuit voltage

(Voc) of 0.21 V, fill factor (ff) of 0.35, and 7 of 0.012% (input
power (Win) = 110mW cm~?) were obtained for ITO/SnO,/
(16a + Cgp),n/Nal 4 I, /Pt device. The maximum IPCE value
of 4.5% at 430 nm for ITO/SnO,/(16a + Cep),,/Nal + 1, /Pt
device is larger than the sum (&2%) of IPCE = 0.6% for
ITO/Sn0O,/(16a),,/Nal + I,/Pt and IPCE = 1.6% for ITO/
Sn0, /(Cep)m/Nal + I, /Pt reference devices. Note that a max-
imum IPCE value of 17% was obtained at 460 nm for ITO/
Sn0O,/(16a + Cg),,/Nal + I, /Pt device at an applied poten-
tial of 0.2V vs SCE. Such enhancement in the photocurrent
generation of the composite cluster device from 16 and Cgg
demonstrates that CS between the excited porphyrin and Cgg
in the supramolecular complex is a dominating factor for effi-
cient photocurrent generation. Namely, ultrafast photoinduced
ET or CT occurs from the porphyrin singlet excited state
("HyP*/H,P*t = —0.7V vs NHE) to Cg (Cg0/Ce0®™ = —0.2
V vs NHE) in the complex. The reduced Cgp injects electrons
to the conduction band of SnO, nanocrystallites (Ecg = 0V vs
NHE) by electron hopping through large excess of Cgy mole-
cules, inhibiting CR. The regeneration of H,P clusters
(HoP/HyP*t = 1.2V vs NHE) is achieved by the iodide/tri-
iodide couple (I /I3~ = 0.5V vs NHE) present in the electro-
lyte system (Scheme 5).'%7

The present organic solar cell, “dye-sensitized bulk hetero-
junction solar cell,” is unique in that it possesses both charac-
teristics of dye-sensitized and bulk heterojunction solar cells.
Namely, initial CS takes place at the interface of D and A,
which is typical characteristic of bulk heterojunction solar
cells. Nevertheless, the following other processes are similar
to those in dye-sensitized solar cells. It is noteworthy that
the composite film has a multilayer structure on ITO/SnO,,
which presents a striking contrast to monolayer structure of ad-
sorbed dyes on TiO; electrodes of dye-sensitized solar cells.
Therefore, we can expect improvement of the photovoltaic
properties by modulating both the structures of electrode sur-
faces and D—A multilayers.

We have extended the concept of dye-sensitized bulk
heterojunction solar cells into more sophisticated supramolec-
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ular systems prepared using bottom-up self-organization of
porphyrin and fullerene with dendrimers''1 and nanoparti-
cles!98111-116 o6 a2 SnO, electrode. In particular, porphyrin—
alkanethiol 17 (n: number of the methylene groups in the alka-
nethiol; n = 5, 11, and 15)"% are three-dimensionally organ-
ized onto a gold nanoparticle with a diameter of ~2 nm to give
multiporphyrin-modified gold nanoparticles 18 (n = 5, 11, and
15)199-202 with well-defined size (=10 nm) and spherical shape
(step 1 in Scheme 6). These nanoparticles bear flexible host
space between the porphyrins for guest molecules, i.e., Cgo.
Thus, nanoparticles 18 incorporate Cg molecules between
the porphyrin moieties due to 77— interaction (step 2), and
the resultant supramolecular complexes grow into larger clus-
ters with a size of ~100nm in the acetonitrile/toluene mixed
solvent due to the lyophobic interaction (step 3). Finally, the
large clusters are deposited electrophoretically onto the SnO,
electrode (step 4). Photoelectrochemical measurements were
performed with the standard two electrode system, denoted
as ITO/Sn0,/(18 + Ceg)m/Nal + I, /Pt device.!%®!11 The
IPCE value of ITO/SnO,/(18 + Cgp)n/Nal + I /Pt device
increased with an increase in the chain length (n =5, 11,
and 15) between the porphyrin and the gold nanoparticle.
The longer methylene spacer of 18 allows suitable space for
Ceo molecules to accommodate them between the neighboring
two porphyrin rings effectively compared to the clusters with
the shorter methylene spacer, leading to more efficient photo-
current generation with up to IPCE value of 54% (n = 15). On
the other hand, a further increase in the spacer length between
the porphyrin and the gold nanoparticle results in a large de-
crease in the IPCE value.!'> Additionally, replacement of
Cgo with C7o or HyP with ZnP leads to a decrease of the photo-
electrochemical response.'!! The preference may be explained
by the difference in the complexation abilities between the
porphyrin and fullerene molecules as well as in the electron-
or hole-hopping efficiency in the composite clusters. The ITO/
SnO,/(18(n = 15) + Cgp)m/Nal + I, /Pt device has ff of
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Scheme 6. Bottom-up self-organization of porphyrin and
fullerene using gold nanoparticles on a nanostructured
SnO, electrode.

0.43, Voc of 0.38V, Jsc of 1.0mAcm™2, and 1 of 1.5% at
Wiy of 11.2mW cm™2. The I-V characteristics of ITO/SnO,/
(18(n = 15) 4+ C¢p)m/Nal + I, /Pt device is also remarkably
enhanced by a factor of 45 in comparison with ITO/SnO,/
(16b + Cgp),n/Nal + I, /Pt reference device. These results
clearly show that the large improvement of the photoelectro-
chemical properties results from three-dimensional interpene-
trating network of the porphyrin and Cg molecules on the
nanostructured SnO; electrode, which facilitates the injection
of the separated electron into the conduction band.

The bottom-up self-assembled film of the composite clusters
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exhibited IPCE value of up to 54%. However, preparation of
such three-dimensionally pre-organized molecules is generally
difficult and unlikely to be realistic for the future technological
applications.!617-107-116,118,203.204 Therefore, it is highly desira-
ble to exploit a supramolecular photoelectrochemical device
consisting of simple, preprogrammed self-assembling porphy-
rin and Cg single component composites, which exhibit effi-
cient photocurrent generation as a result of segregated nano-
arrays of porphyrin and fullerene on SnO, electrodes.

We examined substituent effect of 5,10,15,20-tetraphenyl-
porphyrin 19 on the nanostructure and photoelectrochemical
properties of SnO, electrodes modified electrophoretically
with the composite clusters of 19 and Cgg.!'”-!!8 To facilitate
the surpramolecular complexation between the porphyrin and
Ceo, electron-donating substituents, i.e., methoxy group, were
introduced at the 3,5-positions 19a, 3.4,5-positions 19b, and
2,6-positions 19¢ of the meso-phenyl groups on the porphyrin
ring. The maximum IPCE value (59% at 425nm) of ITO/
Sn0,/(19a + Cgp),, device was much larger than those of
ITO/SnO,/(A9b + Cep)ry  (10%), ITO/SnO,/(A9¢ + Ceo)m
(5.7%), and other related porphyrin and Cg single component
composite devices (1-17%).'97117 It should be emphasized
here that the simple substituent of methoxy groups onto the
meta-positions of the meso-phenyl groups on the porphyrin
ring is responsible for the efficient photocurrent generation,
which is much superior to the systems from the more complex,
time-consuming pre-organized porphyrin molecular assem-
blies and Cg.'07-116203.204 Various spectroscopic and surface
analyses showed that the molecular arrangement of 19a and
Cgo composite clusters on the SnO, electrode was similar to
the molecular packing in a single crystal of 19a.2Cg +toluene.
Porphyrin and Cgp make an alternative layer structure, where
the closest porphyrin moieties (R, = 142A) are arranged
in a one-dimensional chain with a dihedral angle of 66°,
while the closest Cgy moieties (R.. = 10.2 A) in a two-dimen-
sional sheet with sandwiching 19a between two Cgy molecules
(Fig. 10).!'7 The segregated nanoarrays of porphyrin and full-
erene on the SnO; electrode allow the system to undergo ultra-
fast ET or CT (<100 fs) between the supramolecular complex
of the porphyrin and Cg molecules, followed by hole and elec-
tron relay through the nanostructured one-dimensional porphy-
rin chains and two-dimensional Cgq sheets, leading to the effi-
cient photocurrent generation.!!” In bulk heterojunction solar
cells many researchers have suggested the importance of nano-
structured electron- and hole-transporting highways, which
have never been confirmed experimentally.!”>-'%* Our finding
provided the first evidence for the hypothesis. Such basic in-
formation will be valuable in the design of molecular photo-
voltaics in nanoscale.

Fig. 10. Molecular packing of 5,10,15,20-tetrakis(3,5-di-
methoxyphenyl)porphyrin (19a)-(Cep), - (toluene). A part
of Cgp and toluene molecules are omitted for clarity.
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5. Conclusion and Outlook

Porphyrins and fullerenes have been found to be an excellent
building blocks by examining photoinduced intramolecular ET
in the porphyrin—fullerene-linked systems using time-resolved
spectroscopic methods covering from femtosecond to second
time regions. The most remarkable characteristics of fullerenes
in ET are that they accelerate photoinduced CS and to slow
down CR. We proposed and demonstrated, for the first time,
that the acceleration and deceleration effects of fullerenes arise
from intrinsic small A of fullerenes relative to those of conven-
tional planar acceptors, i.e., quinone and diimide. The unique
ET properties of fullerenes are associated with the three-dimen-
sional delocalized 71 systems with spherical rigid, strained
shape, and high symmetry. The elucidation of basic ET proper-
ties of fullerenes also provides us important basis for the high
performance of fullerene-based organic molecular electronics
including bulk heterojunction solar cells. Porphyrin—fuller-
ene-linked systems display stepwise ET relay mimicking the
primary CS in photosynthetic reaction centers. In particular,
the lifetimes of final charge-separated state in the porphyrin—
fullerene-linked tetrads and the pentad are the longest values
ever reported for intramolecular CR in D-A-linked molecules
based on multistep ET and are comparable to the lifetimes of
bacteriochlorophyll dimer radical cation ((Bchl),*+)-secondary
quinone radical anion (Qg*™) ion pair in bacteria photosynthet-
ic reaction centers. These results clearly show that fullerenes
are good building blocks for the construction of artificial photo-
synthetic multicomponent systems.

We have applied porphyrin—fullerene-linked systems to
SAMs on electrodes for the development of novel photoelectro-
chemical devices. The gold and ITO electrodes modified with
porphyrin—fullerene-linked molecules have successfully mim-
icked photosynthetic EN and multistep ET. The internal quan-
tum yield of the boron—dipyrrin and ferrocene—porphyrin—Cgg
triad system reaches up to 50%, which is the highest value
among the previously reported artificial photosynthetic ET sys-
tems on the metal and ITO electrodes modified with SAMs.

Finally, we have successfully developed novel type of or-
ganic solar cell, dye-sensitized bulk heterojunction solar cell.
In the solar cell, porphyrin and fullerene are assembled in a
various manner onto nanostructured semiconducting elec-
trodes which exhibit efficient photocurrent generation. There-
fore, fullerene-based artificial photosynthetic systems are high-
ly promising for the development of artificial photosynthetic
models, photoactive molecular devices and machines, and
organic molecular electronics including solar cells.
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