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We have prepared a variety of porphyrin—fullerene linked
systems to mimic photoinduced energy and electron
transfer (ET) processes in photosynthesis. Photodynamical
studies on porphyrin and analogs—fullerene linked systems
have revealed the acceleration of photoinduced electron
transfer and charge-shift and the deceleration of charge
recombination, which is reasonably explained by the small
reorganization energies of electron transfer in fullerenes.
In this context, we have proposed two strategies, photo-
induced single-step and multi-step electron transfers,
for prolonging the lifetime of a charge-separated state
in donor-acceptor linked systems. The single-step ET
strategy allowed a zinc chlorin—fullerene linked dyad to
extend the lifetime up to 120 seconds in frozen PhCN at
123 K, which is the longest value of charge separation
ever reported for donor-acceptor linked systems.
Unfortunately, however, the quantum yield of formation
of the charge-separated state was as low as 12%, probably
due to the decay of the precursor exciplex state to the
ground state rather than to the favorable complete
charge-separated state. In contrast, the multi-step ET
strategy has been successfully applied to porphyrin—
fullerene linked triads, tetrads, and a pentad. In particular,
a ferrocene-porphyrin trimer—fullerene pentad revealed
formation of a long-lived charge-separated state (0.53 s in
frozen DMF at 163 K) with an extremely high quantum
yield (83%), which is comparable to natural bacterial
reaction centers. These results not only provide valuable
information for a better understanding of photoinduced
energy and electron transfer processes in photosynthesis,
but also open the door for the development of photo-
initiated molecular devices and machines.
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1 Introduction

Recently, researchers have paid much attention to artificial
photosynthesis in terms of nanoscience and nanotechnology as
well as energy and environmental problems.! Artificial photo-
synthesis involves the mimicry of photosynthetic processes and
the application of basic principles in photosynthesis to energy
conversion systems and molecular devices. For instance, photo-
active molecular devices and machines, which act as sensors,
memories, and switches at a molecular level, have been exten-
sively investigated aiming for the goal of replacing conventional
electronic devices by molecular devices.! Practical challenges in
artificial photosynthesis lie in the development of organic solar
cells, photocatalysts, and others. Thus, a variety of researchers,
including chemists, physicists, materials scientists, and bio-
logists, have been involved in artificial photosynthesis.! The
photosynthetic system is regarded as the most elaborate nano-
scale biological machine in nature.>® It converts solar energy
eventually into chemical energy, which is prerequisite for living
organisms on the earth. The key process of photosynthesis is a
cascade of photoinduced energy transfer (EN) and subsequent
electron transfer (ET) between donors and acceptors embedded
in the antenna complexes and reaction centers. For example, in
purple photosynthetic bacteria, visible light is harvested by the
antenna complexes, including bacteriochlorophylls (Bchl) and
carotenoid polyenes, and the collected energy is funneled into
the bacteriochlorophyll dimer (special pair) in the reaction
center, where multi-step electron transfers take place.>* Namely,
within ~3 ps, an ET occurs from the singlet excited state of
special pair '(Bchl),*, which lies about 1.4 eV above the ground
state, to the bacteriopheophytin (Bphe) molecule located ~9 A
(= R..: edge-to-edge distance) via a two-step sequential mechan-
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ism or a one-step superexchange mechanism. The energy of
(Bchl),""Bphe’™ (~1.2 eV) is lowered by ~0.2 eV, which matches
well the reorganization energy (1) of ET to optimize the
forward ET process, but the charge recombination (CR) process
is shifted deeply into the inverted region of Marcus parabola to
retard the CR process. In a subsequent charge-shift (CSH) step,
an electron is transferred in ~200 ps from Bphe™~ to the primary
quinone Q,, over R,, value of ~9 A. This reaction yields the
charge-separated state of (Bchl), "Q,"~, which lies only ~0.6 eV
above the ground state. This implies that an energy as large as
0.8 eV is lost to obtain the charge-separated state. In a final
isoenergetic step, an ET takes place from Q, ™ to Qg, with a
time constant of ~100 ps. The resulting final charge-separated
state, which exhibits a total quantum efficiency of nearly
100% as well as a lifetime of the order of seconds across the
membrane, eventually leads to production of chemical
energy.>® The unique, nano-sized three-dimensional structure
and the novel function as a solar energy conversion system have
inspired many synthetic chemists during the last two decades.
Synthetic methods allow us to modulate photoinduced energy
and electron transfer processes in donor—acceptor systems by
connecting the donors and the acceptors covalently, instead of
embedding them into protein matrices. Therefore, toward the
final goal of practical solar energy conversion and the exploit-
ation of photonic molecular devices, donor-bridge—acceptor
molecules have been synthesized to elucidate the controlling
factors for photosynthetic energy and electron transfer."*” In
this review, we describe the porphyrin—fullerene-based strategy
for the construction of artificial photosynthetic mimics and
devices. In particular, porphyrins and fullerenes are shown to be
excellent building blocks in the construction of photoinduced
electron transfer systems through our studies.

2 Photoinduced single-step electron transfer versus
multi-step electron transfer

Let us think about the difference between photoinduced single-
step electron transfer (PISET) and photoinduced multi-step
electron transfer (PIMET). In the case of PISET, the photo-
excitation of a donor or an acceptor results in formation of a
donor radical cation and an acceptor radical anion, which in
turn undergo CR to regenerate the initial state. Since PISET
consists of single, short-range ET process, it can minimize
losing the input photon energy, some of which would be lost in
the case of multi-step electron transfer. Unfortunately, under
the PISET conditions the electronic coupling between the
resulting donor radical cation and acceptor radical anion
is intense so that, in general, the charge recombination takes
place rapidly.® On the other hand, PIMET is employed as a key
strategy in natural photosynthesis (vide supra). Although
PIMET leads to a substantial loss of the input photon energy
by each electron transfer process, the resulting distantly
separated radical ion pair attenuates the electronic coupling
significantly, thereby prolonging the lifetime of a final charge-
separated state. In addition, if the ET efficiency in each process
is nearly 100%, the total ET efficiency would be also ~100%, as
attained in photosynthetic reaction center.

One also has to modulate reorganization energy, one of the
key parameters, for the optimization of photoinduced charge
separation (CS) and CR processes. The reorganization energy
(2) is divided into an internal term 4; involving vibrational
energy changes between the reactant and product states and a
solvent term A, involving the solvent orientation and polariz-
ation.® The solvent reorganization energy is a function of radius
of donor and acceptor, separation distance, and solvent
polarity. In particular, the Marcus theory of ET predicts that
reorganization energy decreases with decreasing the separation
distance between donor and acceptor.® Although in the case of
a short separation distance the electronic coupling between the
donor and the acceptor is large, the photoinduced CS process
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and the CR process would be manipulated to be near the
Marcus top region and deeply into the Marcus inverted region,
respectively, by matching the free energy change for the CS
process (—AGcg) with the 4 value (—AGgg ~ 4) and making the
free energy change for the CR process (—AGcg) much larger
than the 4 value (—AGcgr >> A). Therefore, it is a matter of
great importance to select a donor—acceptor pair not only with
suitable redox potentials and excitation energies, but also with
suitably small reorganization energies, which would accelerate
photoinduced charge separation and retard charge recombin-
ation. In addition, a sensitizer should harvest intensively the
visible light (400-800 nm), which corresponds to the main
distribution of the solar light spectrum on the earth. Along this
line, we have demonstrated that porphyrins® as a donor as
well as a sensitizer and fullerenes'® as an acceptor are ideal
components for realizing fast photoinduced CS and slow CR
compared with conventional donor—acceptor couples, as a
result of the small reorganization energies of porphyrins and
fullerenes.” 12

3 Photoinduced single-step electron transfer in
porphyrin—fullerene linked dyads

We have prepared a variety of porphyrin and chlorin-fullerene
linked dyads with different spacers to disclose the photo-
dynamical properties."""*3 As a representative example, the
photodynamics of zinc porphyrin—Cg, linked dyad 1.'*** and
free-base porphyrin-Cg, linked dyad 2?2 are presented (Fig. 1).
For instance, photoexcitation of 1 in polar solvents (i.e., PhCN,
absorption ratio of ZnP : C¢, =77 : 23 at 532 nm) results in the
occurrence of a photoinduced electron transfer, evolving all the
excited states, that is, from 'ZnP* (kggcsp = 9.5 % 10° s™') and
SZnP* (kppessy > 1.5 X 107 s7') to Cgg and from ZnP to 'Cg*
(kgresy = 5.5 % 10* s7") and 3Cgy* (kgpsy = 1.5 x 107 s71),
yielding the same charge-separated state (ZnP""—Cg,"7). The
energy levels in PhCN are shown in Scheme 1 to illustrate the
different relaxation pathways of photoexcited 1.*** The CS
efficiencies from 'ZnP* (®Dcs,(*ZnP*)) and 'Cg* (Desy(*Coo™))
were determined to be 95% and 23%, respectively. The
unquenched 'ZnP* and 'Cy* undergo an intersystem crossing
to yield 3ZnP* and *Cg,*, respectively, which then generate the
charge-separated state quantitatively.'*
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Fig. 1 Porphyrin—Cg, dyads 1 (M = Zn) and 2 (M = H,).
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Scheme 1 Reaction scheme and energy diagram for 1 in PhCN.



The total efficiency of ZnP'*-Cq'~ formation from the
initial excited states in PhCN was estimated to be 99% based on
Scheme 1. The resulting charge-separated state recombines to
regenerate the ground state with a rate constant (kgrcgyy) of 1.3
x 10° s7' (0.77 ps) in PhCN. This rate constant is nearly four
orders of magnitude smaller than that of the fastest-occurring
charge separation, namely, that stemming from 'ZnP* "2 Such
fast charge separation and slow charge recombination for 1 in
polar solvents is in sharp contrast to conventional porphyrin—
quinone, porphyrin—diimide, and diporphyrin linked dyads,
where the charge recombination rates are even larger than the
charge separation rates in polar solvents.

To quantify the driving force dependence on the ET rate
constants (kgr), eqn. (1) was employed, where Vis the electronic
coupling matrix element, kg is the Boltzmann constant, 4 is the
Planck constant, and 7 is the absolute temperature. By fitting
the data of the CS and CR processes in polar solvents (THF,
PhCN, and DMF) with eqn. (1), the A and V" values of 1 were
obtained as 4 = 0.66 eV and V = 3.9 cm™!, respectively.? It
should be noted here that three different kinds of regions in the
Marcus curve are seen for 1 explicitly; the charge separation
processes from the porphyrin to the singlet and triplet excited
states of the Cg, (Marcus normal region) and from the singlet
excited state of the porphyrin to the Cg, (Marcus top region)
and the charge recombination process from the charge-
separated state to the ground state (Marcus inverted region).
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A similar diagram can be summarized for the free-base
porphyrin—Cg, dyad 2 in PhCN (absorption ratio of H,P : Cq, =
83 : 17 at 532 nm) (Scheme 2).'*** Photoinduced charge separ-
ation from the free-base porphyrin singlet excited state (‘H,P*
(1.89 eV)) to C4, in PhCN occurs to yield H,P"*—Cg," ™ (1.59 V)
with a rate constant (kgpcsy) of 6.7 X 10® s™' (D, ("H,P*) =
87%). In contrast to the zinc porphyrin—Cg, dyad 1, the
resulting charge-separated state decays with a rate constant of
5.0 x 107 s7!, generating the porphyrin (*H,P*) and fullerene
(3Cq*) triplet states rather than the ground state, because the
former processes are much faster than the latter process owing
to the small reorganization energy of Cg,. Photoinduced charge
separation from the free-base porphyrin to the Cg, excited
singlet state (1.75 eV) may also occur to produce H,P""—Cg,"~
(1.59 eV). Unfortunately, however, the CS rate (kgy(cs;) could
not be determined by the fluorescence lifetime measurements
because of the interference caused by the strong emission
(600-750 nm), which overlaps extensively with the much weaker
fullerene emission (720 nm). The unquenched H,P-'Cg*
undergoes an intersystem crossing to yield H,P—*Cq* (1.50 V),
which then decays either to the ground state or to the *H,P*~C,
state (1.40 eV)."2
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Scheme 2 Reaction scheme and energy diagram for 2 in PhCN.

As expected from the Marcus theory of electron transfer,
with decreasing R,, (edge-to-edge distance) value, the solvent
reorganization energy and the V value decrease and increase,
respectively. Thus, the charge recombination rate would be

remarkably slowed down in the case of a small R, value relative
to a large R, value, provided that the driving forces for charge
recombination are similar in the Marcus inverted region. The
photophysical properties of zinc chlorin dyads 3, 4 and free-
base chlorin dyad 5 with the same short spacer (R, = 5.9 A)
have been examined to verify the concept (Fig. 2).24*

3 (M=Zn, R=H)
4 (M=2Zn, R=CH,N(CH,),)
5 (M:HQ, R=H)

Fig. 2 Chlorin-Cg, dyads 3-6.

The photoexcitation of the zinc chlorin—Cg, dyad results in
formation of a long-lived radical ion pair, which has character-
istic absorption maxima at 790 and 1000 nm due to the zinc
chlorin radical cation and the Cg, radical anion, respectively.
The radical ion pair decays via first-order kinetics with decay
rate constants of 9.1 X 10*s™' (110 ps) for 3and 2.0 x 10*s™" (50
us) for 4, which are two orders of magnitude smaller than the
value of 1. On the other hand, the photoexcitation of the
free-base chlorin—Cg, dyad 5 with the same short linkage leads
to formation of the radical ion pair which decays quickly to the
triplet excited state of the chlorin moiety, as in the case of 2.
The driving force dependence of the electron transfer rate
constants of these dyads with a short spacer affords a small
reorganization energy (4 = 0.51 eV) and a large V" value (7.8
cm )% as compared with the 4 (0.66 eV) and V (3.9 cm™!)
values of zinc porphyrin—Cg, dyads with a longer spacer 1 (R, =
11.9 A)2

The remarkable long-lived charge-separated state of 3 and
4 has prompted us to design the zinc chlorin—fullerene dyad 6
with an extremely short linkage (R, = 2.2 A), as shown in
Fig. 2.3* Photoexcitation of 6 results in the formation of the
ultra-long lived charge-separated state by photoinduced
single-step electron transfer by minimizing the loss of input
energy, which is inevitable for the charge separation via multi-
step electron transfer processes. The lifetime of the charge-
separated state of 6 was determined to be 120 s (8.3 x 107 s7")
in frozen PhCN at 123 K,* which is the longest value of
charge separation ever reported for donor—acceptor linked
systems.?"*¢*> Unfortunately, however, the quantum yield of
formation of the charge-separated state was as low as 12%,
which is much smaller than the efficiency of the photoinduced
charge separation (100%) estimated from the fluorescence
lifetime of the porphyrin moiety. Porphyrin—fullerene dyads
and their analogs with a short spacer are known to form
a short-lived exciplex via photoinduced ET.!!417:2627.32:42
Some part of the exciplex is converted into a long-lived charge-
separated state, whereas the other part of the exciplex decays
quickly to the ground state.'7?%*"324% The relative ratio of
the decay pathways to the charge-separated state versus to the
ground state decreases with decreasing the R, value due to the
larger interaction between the two chromophores in the excited
state. The PISET strategy together with shortening the separ-
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ation distance between donor and acceptor is highly promising
for prolonging the lifetime of a charge-separated state, but the
approach does not seem capable of realizing a high quantum
yield of formation of the charge-separated state, which would
be necessary for the efficient conversion of solar energy into
chemical and electrical energies. To realize a high quantum
yield of formation of a charge-separated state as well as a long
lifetime, we will have to employ an alternative strategy, PIMET.

4 Photodynamics of porphyrin—fullerene linked
triads

As we described in the previous section, the combination of
porphyrins and their analogs with fullerenes was found to be
ideal in donor-acceptor linked systems, because porphyrin—
fullerene linked dyads can realize fast photoinduced charge
separation and slow charge recombination without a special
environment (i.e, protein matrix). Therefore, utilization of
porphyrins and fullerenes in multi-step electron transfer
systems seems to be a promising strategy to yield a long-lived
charge-separated state with a high quantum yield, as seen in the
natural reaction center.

We have prepared a variety of porphyrin—fullerene linked
triads to mimic photosynthetic multi-step electron trans-
fer.!*?1224449 One of the representative examples is zinc
porphyrin—free-base porphyrin—fullerene triad (ZnP-H,P—Cy)
7, as illustrated in Fig. 3.'*** The zinc porphyrin attached to
free-base porphyrin—Cg, dyad 2 is designed to exhibit sequential
energy transfer and charge separation processes, which mimic
both the antenna function in the light-harvesting complex
and the subsequent charge separation function in the reaction
center (Scheme 3).

< )NHCo
Fe '

e

Fig. 3 Zinc porphyrin—free-base porphyrin—Cg, triad 7 and ferrocene—
porphyrin—C, triads 8 (M = Zn) and 9 (M = H,).
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Scheme 3 Reaction scheme and energy diagram for 7 in PhCN.

Photoexcitation of 7 in polar solvents (i.e., PhCN, absorption
ratio of ZnP : H,P : C¢, =27 : 61 : 12 at 532 nm) leads to the
occurrence of photoinduced EN and ET within the molecule.
An initial singlet—singlet energy transfer takes place from 'ZnP*
(2.04 eV) to H,P (1.89 €V) (kgny = 1.5 X 10 57!, &gy = 0.97) to
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generate the free-base porphyrin excited singlet state, which is
also produced by the direct excitation of the free-base
porphyrin moiety. Photoinduced charge separation from the
free-base porphyrin to the Cq, excited singlet state (1.75 eV) also
occurs to produce ZnP-H,P""-Cg'~ (1.59 eV), whereas the
unquenched ZnP-H,P—'Cq,* undergoes an intersystem crossing
to yield ZnP-H,P—C,* (1.50 eV), which then decays either to
the ground state or to the ZnP—*H,P*-Cq, state (1.40 eV), as in
the case of H,P-Cg, (vide supra). Then, a sequential electron
transfer relay starts from ZnP—"H,P*-Cy, via CS1 (kgrcsy) = 6.2
x 108 57!, @ ("H,P*) = 0.86) to yield ZnP-H,P"*—Cq,"~ (1.63
eV). In competition with the decay to the *H,P* state and the
3Cq* state, a charge shift occurs from the zinc porphyrin to the
free-base porphyrin radical cation to yield ZnP""~H,P-Cg,"~
(1.34 eV). By analyzing the kinetics of the m-radical cation at
650 nm, the rate constant of the charge-shift reaction was
determined to be kgrcsuyy = 1.5 X 10° ™' in PhCN. The final
charge-separated state is formed in a moderate quantum yield
(Peserorary = 40%), which was determined by analyzing the
transient absorption spectrum of the Cg," . The final charge-
separated state decays directly to the ground state with a rate
constant (kgpcra) of 4.8 x 10* s (21 ps). The direct decay of
ZnP-H,P"*—C(,"~ to the ground state is negligible because of
the slow CR rate (~10* s™') estimated in light of the Marcus
theory of ET (vide supra).

An additional donor (i.e, ferrocene) was tethered to the
porphyrin moiety of zinc porphyrin—Cg, 1 and of free-base
porphyrin—Cg, 2 to give 8 and 9, respectively (Fig. 3).2!2>*
Ferrocene—porphyrin—fullerene triads 8 and 9 are expected to
extend the lifetime of a final charge-separated state without
lowering the CS efficiency, as diagrammed in Scheme 4 and
Scheme 5.
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Scheme 4 Reaction scheme and energy diagram for 8 in PhCN.
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Scheme 5 Reaction scheme and energy diagram for 9 in PhCN.

Based on the energy level of each state for 8 in benzonitrile
(absorption ratio of Fc: ZnP : C¢y=1:75: 24 at 532 nm), initial
photoinduced charge separation occurs from all of the excited
states to produce the same charge-separated state (Fc-ZnP"*—
Cq~ (1.38 eV)); these are, from the porphyrin singlet excited
state 'ZnP* (kgpcsy = 9.5 X 10° 57!, d¢g,('ZnP*) = 90%) and
porphyrin triplet excited state *ZnP* (kgrcsq > 3.2 X 10° 87",
D5,((ZnP*) > 99%) to the Cgy moiety, and from the porphyrin
moiety to the Cg, singlet excited state 'Coo* (kpr(csy = 5.1 X 10°



s7h Desy('Cqo™) = 40%) and the Cg, triplet excited state
3Coo* (kprcssy = 3.2 X 10°87", Dg3(*Cgo*) = 99%), as in the case
of 1 (vide supra). The resulting transient Fc-ZnP"*—Cg,’~ state
undergoes a subsequent charge shift to yield the final
charge-separated state (Fc™~ZnP-Cg, ) with a rate constant of
2.8 x 10° s™!' in PhCN. The efficiency of charge shift from Fc to
ZnP'" in Fc-ZnP*-Cg'~ was found to be nearly unity.
Although the small molar coefficient of the ferricenium ion
(800 nm) precludes the direct detection of the formation of
Fc*, exclusive decay of the ZnP'* fingerprint at 650 nm in
Fc-ZnP *-Cg,'~ allows us to conclude the formation of the
final charge-separated state. Another minor CS process occurs
from the ferrocene to the 'ZnP* to produce Fc*—ZnP' —Cq,
(kgrcssy= 5.5 X 10*s™", Dcgs('ZnP*) = 5%), followed by a charge
shift to yield Fc*-ZnP-Cg," ™ quantitatively. Totally, the overall
quantum yield of formation of the final charge-separated state
was determined to be 99% based on Scheme 4. By analyzing the
decay kinetics of the Cq,"~ fingerprint at 1000 nm, the electron
transfer rate constant for charge recombination in Fc*—ZnP-
Cq = was determined to be 1.3 x 10° s™' (7.7 us) in PhCN.
Therefore, ferrocene-zinc porphyrin—fullerene triad 8 can
generate a relatively long-lived charge-separated state with an
extremely high quantum yield 2?48

Fc-H,P-Cq, 9 exhibits similar photodynamical behavior in
PhCN (absorption ratio of Fc : H,P : Cey =1 : 86 : 13 at 532
nm), as shown in Scheme 5. First, an initial electron transfer to
Ceo (kgrcsy = 1.4 % 10° 87!, b, ("H,P*) = 53%) follows the
instantaneous population of Fc-'H,P*-Cq, (1.89 eV), to yield
Fc-H,P""—C¢," ™ (1.59 eV). The resulting charge-separated state
decays via three different pathways with respective rate con-
stants, namely, i) (kq;) to Fc*H,P*—Cy, (1.40 eV), ii) (kg,) to
Fc—H,P—Cgy* (1.50 eV), and iii) (kgrcsan) to Fe™—H,P—Cg'~
(1.03 eV). The quantum yield of formation of the final charge-
separated state was as low as 25%, which was determined by
using the transient absorption spectrum of Cq," . The lifetime
(8.3 us) in PhCN is comparable to that of 8. Although the direct
detection of the formation of Fc™ was unsuccessful as a result
of the small molar coefficient of the ferricenium ion (800 nm),
the long lifetime (8.3 us) relative to H,P-Cg, supports the
formation of the final charge-separated state. Photoinduced
charge separation from the free-base porphyrin to the Cg,
excited singlet state (1.75 eV) may also take place to produce
Fc-H,P""—Cq," . Unfortunately, however, the CS rate (kgycss)
could not be obtained by the fluorescence lifetime measure-
ments because of the weak fullerene emission (vide supra). The
unquenched Fc-H,P-'Cg* undergoes an intersystem crossing
to yield Fc-H,P—Cy* (1.50 eV), which then decays either to
the ground state or to the Fc-*H,P*-C, state (1.40 eV),*** asin
the case of H,P-Cq, (vide supra). Another CS occurs from the
ferrocene to the "H,P* to produce Fc'~H,P""—Cqgg (kgr(css) = 6.1
x 108 57!, @Dgs("H,P*) = 40%), followed by a charge shift to
yield F¢™-H,P-Cg," .

The best fits of eqn. (1) provide 1 = 1.09 eV and V' = 0.019
cm™! for the charge recombination process of the triad systems
7-9 in polar solvents. It should be emphasized here that both
the normal and inverted regions of the Marcus parabola have
been observed for the first time for intramolecular charge
recombination processes in the covalently linked triads. These
examples clearly demonstrate that Cg, is a suitable component
for the construction of photoinduced multi-step electron
transfer systems.

5 Photodynamics of porphyrin—fullerene linked
tetrads

To further prolong the lifetime of the final charge-separated
state, we have designed a ferrocene (Fc)-zinc porphyrin (ZnP)-
free-base porphyrin (H,P)-Cq, tetrad 10.* Taking into account
the similarity in molecular structures of 7, 8, and 10, we can
anticipate the photodynamical behavior of 10 from that of 7

and 8 (Scheme 6). Thus, the lifetime of the charge-separated
state is expected to be improved remarkably without lowering
the efficiency of charge separation, because the eventual
charges (Fc*—ZnP-H,P-C,," ") are separated by R,, = 48.9 A.

The picosecond transient spectroscopic measurements
revealed that an efficient singlet-singlet energy transfer (kgn; ~
3 x 10° s7!, ®Pgy ~ 83%), stemming from the initially excited
1ZnP* to the adjacently located and energetically lower-lying
'H,P*, governs the rapid deactivation of 'ZnP* (absorption
ratio of Fc : ZnP : H,P : C¢o =1 :25:57 : 17 at 532 nm in
PhCN). From this 'H,P* state, a rapid intramolecular electron
transfer occurs with a rate constant of kgrcsy) = 6.2 X 108 57!
(Dcs1("H,P*) = 86%) to yield the primary radical ion pair state
(Fc-ZnP-H,P""~C¢," 7). The primary radical ion pair is then
a starting point for a cascade of short-range charge-shift
reactions along a well-tuned redox gradient. Namely, time pro-
files, which unravel both the formation (ZnP’*) and the decay
(H,P™") kinetics with the same time constant (kgrcsuny = 2.5 X
10° s7") at 650 nm and 555 nm, respectively, corroborate the
subsequent formation of Fc-ZnP'*-H,P-C4,"~, the transient
of which is identical with that of ZnP*'*-H,P-Cg,"~. The rate
constant of the second charge shift could be derived from the
decay of the time-profile at 650 nm (kgrcsmzy = 1.7 X 10° s7).
The two successive charge shifts create eventually the spatially
separated radical ion pair (Fc™~ZnP-H,P-Cq, ") with a total
quantum yield of 24% (PhCN), which was determined from the
transient absorption spectrum of Cy,"~.*° The transient absorp-
tion of Fc'™-ZnP-H,P-C¢,"~ bears no spectral resemblance to
the intermediate species, supporting formation of the final
charge-separated state. A similar diagram can be summarized
for the deactivation pathway of the Cq, excited singlet state, as
in the case of H,P-Cy, and ZnP-H,P-C, (vide supra).

In contrast to the case of the dyad 1 and triads 7-9, the decay
dynamics of the charge-separated radical pair (Fc*™~ZnP-H,P-
Cq ), followed by use of the time profile at 1000 nm in various
polar solvents, obeys second-order kinetics rather than first-
order kinetics. This indicates that the intramolecular electron
transfer is too slow to be observed in competition with the
diffusion-limited intermolecular electron transfer from Cgq, ™ in
one tetrad to Fc* in another tetrad in fluid solvents. To preclude
the intermolecular electron transfer against intramolecular
electron transfer processes in Fc™~ZnP-H,P-Cq, ~, electron
spin resonance (ESR) measurements were performed in frozen
PhCN (1.0 x 1075 M) of 10 at various temperatures under
photoirradiation. The ESR spectrum shows a characteristic
broad signal of the Cg," ™ (g =2.0004) at 163 K under the irradi-
ation. The lack of appearance of the ferricenium ion (Fc") in
the ESR spectrum of 10 is supported by the fact that Fc* itself
exhibits no significant ESR signal under the same conditions,
due to the fast relaxation of the signal. The ESR signal
appeared immediately upon irradiation of the frozen PhCN
solution of 10 and fell slowly with a rate constant (kgrcrs) of
2.6 571 (0.38 s at 163 K) via first-order kinetics when the irradi-
ation was turned off. This clearly shows that the ESR signal of
10 results largely from intramolecular radical ion pair (Fc™—
ZnP-H,P-C¢," 7). From the analysis of temperature depend-
ence of the ET rate constants, the reorganization energy (1) and
electronic coupling matrix element (7)) were determined as 1.37
eV and 1.6 x 107* cm ™! in PhCN.*® The electron transfer rate
constants (Kgroptimap) Of the tetrad (10, R, =48.9 A), triad (7-9,
R, =30.3 A), and dyad (1, R, = 11.9 A) systems in the top
region of the Marcus curve are correlated with the edge-to-edge
distance (R,,) according to eqn. (2),

27.[3/2 1% 2
1n(kET(oplimal)) = In 707 — PRee (2)
h (A kgT)'?

where V, is the maximal electronic coupling element and f is
the decay coefficient factor (damping factor), which depends
primarily on the nature of the bridge molecule. The f value
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Scheme 6 Reaction scheme and energy diagram for 10 in PhCN.
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Scheme 7 Reaction scheme and energy diagram for 11 in PhCN.

0.60 A7) is located within a boundary of nonadiabatic
electron transfer reactions for saturated hydrocarbon bridges
(0.8-1.0 A™") and unsaturated phenylene bridges (0.4 A™").%
These results clearly demonstrate that the intramolecular
charge recombination process of 10 was observed successfully
by the ESR measurements under the photoirradiation. The life-
time (0.38 s at 163 K in PhCN) is the longest one ever reported
for intramolecular charge recombination in donor-acceptor
linked molecules using photoinduced multi-step ET. More
importantly, the value is comparable to the lifetimes (~1 s™') of
bacteriochlorophyll dimer radical cation ((Bchl), ")-secondary
quinone radical anion (Qg~) ion pair in bacteria photo-
synthetic reaction centers. In the case of ferrocene-zinc
porphyrin—zinc porphyrin—fullerene tetrad 11*° (Fig. 4), where
a zinc atom is inserted into the free-base porphyrin moiety of
10, the radical ion pair, Fc*-ZnP-ZnP-Cy, ~, produced by
photoinduced electron transfer (Scheme 7), was detected by
means of transient absorption spectra as well as the ESR spec-
tra. The lifetime of a final charge-separated state in 11 (1.6 s in
DMF at 163 K) has been further prolonged, compared with
that of 10, under the similar experimental conditions for 10.
The A value of F¢*™~ZnP-ZnP-Cy,'~ (4 = 1.16 €V) in DMF is
similar to that of Fc*™~ZnP-H,P-Cy,"~ (1 = 1.27 eV), because
the electron donor (Cg," ") and acceptor (Fc*) moieties are the
same in Fc¢*-ZnP-ZnP-Cg,'~ and Fc*-ZnP-H,P-Cy'~. In
contrast, the V value of Fc*~ZnP-ZnP-Cy,'~ (V' = 5.6 X 1073
cm ') in DMF is significantly smaller than that of Fc™—ZnP-
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H,P-C,"~ (V=19 x 107* cm™"). Such a smaller ¥ value may
result from the smaller orbital overlap between ZnP and Cq, ™
in Fc*-ZnP-ZnP-Cg,’~ than that between H,P and Cq,'~ in
Fc'-ZnP-H,P-Cy,"~ because of the higher LUMO level (lower
E°.) of the zinc porphyrin compared to the free-base
porphyrin. The present far distant radical ion pair is formed
with a total quantum yield of 34%. It should be emphasized
here that both the lifetime and the quantum yield of the
final charge-separated state are improved in 11 relative to the
corresponding ferrocene-zinc porphyrin—free-base porphyrin—
fullerene tetrad 10.

6 Photodynamics of ferrocene—porphyrin
oligomer—fullerene linked systems

We have achieved the longest-lived charge-separated state in the
ferrocene-zinc porphyrin—zinc porphyrin—fullerene (Fe—ZnP-—
ZnP-C, in Fig. 4) tetrad, which reveals a cascade of photo-
induced energy transfer and multi-step electron transfer within
a molecule in frozen media as well as in solutions. The lifetime
of the resulting charge-separated state (i.e., ferricenium ion—Csg,
radical anion pair) in a frozen PhCN is as long as 1.6 s, which is
comparable to that observed for the bacterial photosynthetic
reaction center.*” However, the quantum yield of formation of
the charge-separated state (34%) is still much lower than that
of the natural system (100%). Thus, the charge separation



efficiency remains to be much improved. Moreover, the light-
harvesting efficiency should also be enhanced. In this context,
meso,meso-porphyrin arrays are good candidates to improve
both efficiencies, since the length of meso,meso-porphyrin
arrays can be extended easily by facile oligomerization of the
porphyrin monomer.*! In addition, they can collect visible light
more widely than a linear combination of the corresponding
porphyrin monomer due to the exciton coupling of the
porphyrins, as seen in molecular assemblies of chlorophylls in
antenna complex.*?

First, we have incorporated meso-,meso-linked porphyrin
dimer [(ZnP),] as an improved light-harvesting chromophore,
instead of porphyrin monomer, into photosynthetic ET model
8 to construct the ferrocene-meso,meso-linked porphyrin
dimer—fullerene tetrad 12 (Fc—(ZnP),—Cg,) where the Cg, and
the ferrocene (Fc) are tethered at both the ends of (ZnP),
(Fig. 5).>* Photoirradiation of 12 in PhCN (530 nm) results in
photoinduced electron transfer from the singlet excited state of
the porphyrin dimer ['(ZnP),*] to the C,, moiety to produce the
porphyrin dimer radical cation—Cg, radical anion pair Fc—
(ZnP), " —Cg' ™ (kprcsy = 5.0 X 10° 87!, @ ('ZnP*) = 85%).
The excitation of (ZnP), is exclusive under the conditions. The
unquenched '(ZnP),* may undergo intersystem crossing to
yield 3(ZnP),*, which is converted into Fc~(ZnP), *~Cq, ™
quantitatively. In competition with the back electron transfer
from Cq,"~ to (ZnP), " to the ground state (kgrcgyy = 1.9 % 10°
s7'), an electron transfer from Fc to (ZnP),”" (kgrcsan = 1.3 X
107 57", @y = 87%) occurs to give the final charge-separated
state (Fc™—(ZnP),~Cg, 7). Another CS occurs from the Fc
moiety to the porphyrin dimer to yield Fc™—(ZnP)," —Cq,
(kgrcszy = 3.5 X 10° 87!, Pegy('ZnP*) = 6%), followed by the
charge shift from the (ZnP),"” to the Cq, to generate the final
charge-separated state quantitatively. The total quantum yield
of formation of the final charge-separated state was determined
to be 88% in benzonitrile on a basis of Scheme 8. The final
charge-separated state decays obeying first-order kinetics with a
lifetime of 19 ps (5.3 x 10* s7") in PhCN at 295 K. The lifetime
is far shorter than the value expected from the long edge-to-
edge distance (R, = 38.6 A) as compared to the R,, value of
Fc™-ZnP-Cg,’~ radical ion pair (R, = 30.3 A), which has a
lifetime of 7.7 pus in PhCN. The activation energy for the charge
recombination process was determined to be 0.15 eV in benzo-

Ar=3,5-(t-BU)QCGH3

12 (n=2)
13 (n=3)

Fig. 5 Ferrocene-zinc porphyrin oligomer—Cg, linked tetrad 12 and
pentad 13.
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Scheme 8 Reaction scheme and energy diagram for 12 in PhCN.

nitrile, which is much larger than the value expected from the
direct charge recombination process to the ground state. This
value is rather comparable to the energy difference between the
initial charge-separated state (Fc—(ZnP), *~Cg, ) and the final
charge-separated state (Fc™—(ZnP),~Cg, 7). This suggests that
the back electron transfer to the ground state takes place via the
reversed stepwise processes, i.e., a rate-limiting electron transfer
from (ZnP), to Fc* to give the initial charge-separated state
(Fc~(ZnP),""—Cg, "), followed by a fast electron transfer from
Ceo ~ to (ZnP)," " to regenerate the ground state, Fc—(ZnP),~
Cq- This is in sharp contrast with the extremely slow direct
charge recombination from Q"™ to (Bchl),”" in the bacterial
reaction centers, where 60% of the input energy is lost to avoid
the stepwise back electron transfer.>?

A meso-,meso-linked porphyrin trimer [(ZnP),] as a light-
harvesting chromophore has been also incorporated into a
photosynthetic multi-step electron transfer model 8 including
ferrocene (Fc) as an electron donor and fullerene (Cg) as an
electron acceptor to construct the ferrocene-meso,meso-linked
porphyrin trimer—fullerene system 13 (Fc—(ZnP),;~Cg,).** The
light harvesting efficiency in the visible region is much improved
in Fc~(ZnP);—Cq, due to the exciton coupling in the porphyrin
trimer as well as an increase in the number of the porphyrins.
Photoirradiation of Fc—(ZnP);—Cg, in PhCN (560 nm) results in
photoinduced electron transfer from both the singlet excited
state (kgpcsy = 2.7 X 10° 87!, @, ('(ZnP);*) = 81%) and triplet
excited state (kgpcssy = 2.5 X 107 57", @cg5('(ZnP);*) = 100%) of
the porphyrin trimer ['(ZnP);*, 3(ZnP);*] to the Cq, moiety to
produce the porphyrin trimer radical cation—Cg, radical anion
pair (Fc~(ZnP),""~Cq," 7). The excitation of (ZnP); is exclusive
under the conditions. In competition with CR from Cg,"~ to
(ZnP);™* to the ground state (kgrcryy = 1.5 X 10°s7"), an elec-
tron transfer from Fc to (ZnP);"" (kgrcsany = 5.2 % 10° 87,
DPesy = 78%) occurs to give the final charge-separated state
(Fc*~(ZnP);—C¢," ") (Scheme 9). Another minor CS process
occurs from the Fc moiety to the porphyrin trimer excited sing-
let state to yield Fc'~(ZnP);" —Cgy (kgpcszy = 8.9 x 107 87,
Dcsy('ZnP*) = 3%), followed by the charge shift from the
(ZnP)," ™ to the Cg, to generate the final charge-separated state
quantitatively. The total quantum yield of formation of the
final charge-separated state was determined to be 83% in benzo-
nitrile by using transient absorption spectrum of Cg, . The
final charge-separated state decays obeying first-order kinetics
with a lifetime of 0.53 s (1.9 s7') in frozen DMF at 163 K.*
Such a long lifetime of the charge-separated state is comparable
with that of the natural bacterial photosynthetic reaction
center. More importantly, the quantum yield of formation of
the final charge-separated state (ie., 83% in benzonitrile)
remains high despite the large separation distance between the
Fc* and Cq'~ moieties. The remarkably high quantum yield
results from the efficient charge separation through the
porphyrin trimer, whereas a slow charge recombination is
associated with the localized porphyrin radical cation in the
porphyrin trimer. This is in sharp contrast with the rather
short lifetime of Fc*—~(ZnP),~Cq,"~ 12 which is related to the
delocalized radical cation in the porphyrin dimer.*

Ketcsz) Fc-'(ZnP)y-Cq,  (1.956V)

(l)csz le(,r (DISC
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@
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Scheme 9 Reaction scheme and energy diagram for 13 in PhCN.
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7 Conclusion and outlook

Porphyrins and fullerenes have been found to be excellent
building blocks as artificial photosynthetic models by exam-
ining photoinduced intramolecular electron transfer in the
porphyrin—fullerene linked systems using time-resolved
spectroscopic methods covering from picosecond to second
time regions. We have proposed and demonstrated, for the first
time, that the acceleration and deceleration effects of fullerenes
result from their small reorganization energies as compared
to those of conventional planar acceptors. The porphyrin—
fullerene linked triads, tetrads, and pentad display stepwise
electron transfer relay, mimicking the primary charge separ-
ation in the photosynthetic reaction center together with the
antenna function. In particular, highly efficient photosynthetic
electron transfer has been realized in the ferrocene-zinc
porphyrin—Cg, triad, in which the relatively long-lived charge-
separated state (up to 16 ps) can be produced with an extremely
high quantum yield (nearly unity). More importantly, the
ferrocene—zinc porphyrin trimer—fullerene pentad exhibits not
only the longest lifetime (0.53 s in PhCN at 163 K) of the
charge-separated state ever reported for intramolecular charge
recombination in donor—acceptor linked molecules using multi-
step electron transfer, but also an extremely high CS efficiency
(83%), which is comparable to the ET properties of bacterio-
chlorophyll dimer radical cation ((Bchl), *)-secondary quinone
radical anion (Qg'") ion pair in the bacteria photosynthetic
reaction center. These results clearly show that porphyrins and
fullerenes are good building components for the construction
of artificial photosynthetic multicomponent systems.

Applying our novel strategies to construct solar energy
conversion systems has been carried out in self-assembled
monolayers on metal nanoclusters as well as gold and ITO elec-
trodes.>*** Our approach using porphyrin and fullerenes as well
as molecular technologies on electrodes using self-assembly will
open a door to the development of photoactive molecular
devices and machines as well as novel organic solar cells.
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