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Abstract: A pentapod deca(aryl)[60]fullerene, Cgo(CsHsCO2H)s(CsHasFC)sMe, (4; Fc = ferrocenyl), bearing
five carboxylic acid and five ferrocenyl groups was synthesized through top and bottom functionalization of
[60]fullerene by means of copper-mediated penta-addition reactions. For electrochemical measurements
(i.e., Eox = 0.08 V, five-electron oxidation of the ferrocenyl groups; E;.q¢ = —1.89 and —2.28 V for the fullerene
part vs Fc/Fc™), we used an ester-protected compound, Ceo(CeH4CO,Et)s(CsHaFC)sMe; (2), and 4 was probed
by performing femtosecond flash photolysis experiments in a variety of organic solvents. Importantly, the
formation of a radical ion pair state was corroborated with lifetimes of up to 333 ps in toluene. In
complementary studies, penta(carboxylic acid)—penta(ferrocenyl) compound 4 was deposited on indium—tin
oxide (ITO) electrodes with a surface coverage (i.e., 0.14 nmol/cm?) that corresponded to a unique bilayer
structure. Decisive for the bilayer motif is the presence of five ferrocenyl groups, which are assembled with
a merry-go-round-shaped arrangement on the [60]fullerene. The novel 4/ITO photoelectrode gave rise to
a cathodic photocurrent with a 12% quantum yield in the presence of methyl viologen, whereas an anodic
photocurrent was generated in the presence of ascorbic acid for a Cgo(CsHsCO2H)s(CsHs)sMe, (5)/ITO
photoelectrode. Photophysical investigations revealed that the difference in photocurrent, that is, cathodic
versus anodic photocurrents, is related to the nature of the excited state feature in 4 (i.e., charge separated
state) and 5 (i.e., triplet excited state). The unique molecular architecture of 4, in combination with its
remarkable donor—acceptor properties, validates the use of the pentapod deca(aryl)[60]fullerene in

photoelectrochemically active molecular devices.

Introduction

Harnessing the inexhaustible light of the sun—as observed
in the natural photosynthetic machinery—offers myriad incen-
tives to convert solar power into chemical energy.* Notably, in
photosynthesis, cascades of short-range energy transfer and
electron transfer events occur between well-arranged organic
pigments and other cofactors. Thereby, the antenna portion
captures light and transduces the resulting excitation energy,
via singlet—singlet energy transfer, to the reaction center. In
the latter, charges are then separated with remarkable efficiency
toyield aspatialy and electronically well-isolated radical pair.

In recent years, there has been considerable interest in electron
donor—acceptor systems, in which Cg serves as electron and
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energy acceptors upon photoexcitation.> While a large variety
of such systems have been synthesized and subjected to
photophysical investigation,®® the greatest attention has been
paid to linked systems, in which Cg, derivatives are molecular
architectures ideally suited for devising integrated, multicom-
ponent-model systems for transmitting and processing solar
energy.* The implementation of Cg as a three-dimensional
electron acceptor holds great hopes because of its small
reorganization energy in electron transfer reactions, which has
exerted a noteworthy impact on the development of Cgp-based
materials for applications involving light-induced charge separa-
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tion. In fact, in multicomponent electron donor—acceptor
conjugates, the successful mimicry of the primary events in
photosynthesis has been realized. Once embedded in a highly
viscose environment, Cgo-HoP-(ZNnP); revea s the following key
processes: (i) light harvesting by the antennas, (ii) unidirectional
energy transfer to the reaction center, (iii) efficient charge
separation to yield a transient radical ion pair, (iv) charge
migration to generate spatialy distant radical ion pairs, and
finally, (v) charge recombination in a time regime that enables
the utilization of its chemical potentia for catalytic reactions.
These examples indicate that the donor and acceptor choices
and their tailored arrangement are essential for controlling the
photoelectrochemical functions.®®

The construction of multifunctional hybrid cells, which are
integrated using electron donor—acceptor conjugates/hybrids and
can be employed in photoelectrochemical solar energy conver-
sion, constitutes one of the most ambitious research objectives
of our time® However, to produce electrica energy as a
consequence of light-triggered charge separation, a judicial
arrangement of the molecules against the electrodes isimportant.
In this context, the preparation of a self-assembled monolayer
(SAM)” is particularly promising. In fact, we recently reported
on a novel photocurrent conversion system based on SAMs of
pentapod penta(organo)[60]fullerene derivatives® on an indium—
tin oxide electrode.® Interestingly, the photocurrent direction was
found to depend distinctly on the positiona relationship between
the electron-accepting Ceo and the metal atoms as electron
donors.

Because of the placement of the 10 aryl groups, which create
large, rigid, hand-drum-shaped dendritic structures, deca-
(organo)[60]fullerene derivatives'® offer a unique platform to
gain full control over the positional relation of the donor and
acceptor components.™ In addition, the core is an attractive
alternative for the hoop-shaped 40s-electron cyclophenacene
system, which exhibits outstanding photophysical properties.*?
Herein, we report on anovel pentapod deca(organo)[60]fullerene
electron donor—acceptor conjugate that has been immobilized
on semiconducting I TO electrodes; the conjugate consists of a
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core'® cyclophenacene structure, used as a hoop-shaped ben-
zenoid acceptor and five ferrocenyl groups as donors. A key
asset for the new pentapod deca(organo)[60]fullerene is the
dendritic arrangement of the five ferrocene moieties on the top
part of the Cg. In particular, this assists in retarding energy
wastage and undesired charge recombination and in achieving
aunique bilayer structure on the ITO. Both features are crucial
for efficient photocurrent generation.

Results and Discussion

Synthesis and Electrochemical Properties. We first describe
the synthesis of deca(aryl)[60]fullerenes bearing five ferrocenyl
and five ester groups. The regioselective reaction of an ethoxy-
carbonylphenyl copper reagent (10 equiv) with [60]fullerene at
35 °C under the previously described conditions,* followed by
methylation, produced the penta adduct 1 in 80% yield (Scheme
1). Compound 1 was subjected to the second-stage penta-
addition of a ferrocenylphenyl copper reagent in the presence
of pyridine and the subsequent methylation process to obtain
the decaaryl adduct Cgo(CeH4CO,EL)s(CeH4FC)sMe; (2; Fc =
ferrocenyl), its regioisomer, and octaaryl adducts.*® The product
2 was purified by the use of preparative HPLC. The isolated
yield of 2 was low (7%) because of the predominant formation
of the regioisomer in the addition.’® A reference decaaryl
compound Cgo(CeH4CO,EL)sPhsMe, (3) that we used as a
reference compound for the photophysical study was synthesized
in the same manner.

A cyclic voltammetric (CV) analysis of 2 was performed to
investigate the donor—acceptor properties of the molecule
(Figure 1a). Compound 2 showed a single reversible five-
electron oxidation wave because of the five ferrocenyl groups
at 80 mV vs Fc/Fct, which is slightly shifted to the positive
side against the ferrocene/ferrocenium couple reference. The
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Figure 1. Electrochemical and photophysical properties of 2. (a) CV of 2
at 25 °C in THF solution containing "BusNClO, as supporting electrolyte.
Exx = 0.08V, Ejeg1 = —1.89 V, Erep = —2.28 V vs Fc/Fct. (b) UV —vis
absorption spectrum of 2.

results indicate that the five ferrocene groups exert an electron-
withdrawing effect on the fullerene moiety.

The compound also showed two reversible one-electron
reduction waves because of the fullerene part at —1.89 and
—2.28 V. The first and second reduction potentials for the
fullerene core shifted to the positive side compared with those
of the reference compound 3 (—2.03 and —2.48 V) because of
the electron-withdrawing nature of the ferrocenyl unit in the
ground state.

Photophysics and Intramolecular Charge Separation Proper-
ties. Initialy, non-ferrocenyl and ferrocenyl compounds 3 and
2 were examined in depth by both steady-state and time-resolved
fluorescence spectroscopy in a variety of solvents at room
temperature. Compound 3, which gives rise to a characteristic
fluorescence maximum at 568 nm (Figure S1, Supporting
Information), fluorescence quantum yield of 6 x 1072, and
fluorescence lifetime of 75 nsin toluene, was used as an internal
reference system. Notably, there is a marked increase in the
fluorescence quantum yield and lifetime relative to those of
pristine Cgp (2 x 10~* and 1.4 ns);* this increase is attributed
to its extensive functionalization, which alters its electronic
structure.*® Compound 2 showed a significant quenching of the
fullerene-centered fluorescence (quantum yield ~107%). It is
important to note that despite the overal quenching, the
fluorescence patterns of 2 and 3 are superimposable (data not
shown). However, a closer look reveals subtle changes in the
fluorescence of 2 as the solvent polarity is increased from
toluene to THF. In fact, the lower fluorescence quantum yields
in THF compared with toluene are indicative of an increasingly
accelerated singlet excited state decay. Implicit is an intramo-
lecular charge transfer deactivation induced by the electron-
donating ferrocenes. This hypothesis was further supported by
the lack of detectable fluorescence beyond 0.1 ns, which is the
temporal resolution of our instrumental setup. A notable
exception is the outcome in methylcyclohexane with a quantum
yield of 3 x 1072 and a lifetime of 11 ns.

Next, transient absorption measurements™ were performed
in cyclohexane, toluene, anisole, THF, and benzonitrile to
provide mechanistic insights into the singlet excited state
deactivation in the absence and presence of the ferrocene groups.
Following the time evolution of the characteristic singlet excited
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Figure 2. Time-resolved photophysical data for the reference compound
3. (a) Differential absorption spectra (visible and near-infrared) obtained
upon femtosecond flash photolysis (387 nm) of 3 (106 M) in toluene with
several time delays between 0 and 3000 ps (time course: from gray, red,
blue, yellow to black lines; see figure legend for time evolution) at room
temperature. (b) Time-absorption profiles of spectra at 850 nm.

state features of Cgp is @ sensitive means to identify spectral
features of the resulting photoproducts and to determine absolute
rate constants for the intramolecular decay.

We first looked at the transient absorption spectra following
the 387 nm excitation of 3. Figure 2a illustrates, for example,
the differential absorption changes that were recorded in the
visible and near-infrared region spectrain toluene. Commencing
with the conclusion of the photoexcitation, the excited-state
features are seen, especially in the near-infrared region, where
distinct maxima evolve at 820 and 870 nm. The visible region,
on the other hand, is dominated by maxima at 475 and 565
nm. These spectra attributes are indicative of the singlet excited
state of 3, which is formed nearly instantaneoudly (i.e. >1 ps)
(Figure 2b); this state presumably involves an internal deactiva
tion commencing with higher-lying electronic or vibrational
excited states. However, a multiwavelength analysis of the
singlet decay in the visible and near-infrared region indicates
that the singlet excited state is long-lived. The absence of any
appreciable decays infer that its lifetime is well beyond the
experimental time window of 3.0 ns. In line with the fluores-
cence measurements, a rather inefficient intersystem crossing
is likely to be operative. In fact, a complementary nanosecond
experiment confirmed the slow nature of the spin-forbidden
singlet-to-triplet transformation. From the spectral changes, as
they were recorded with a time delay of, for example, 10 ns
(see Figure S2, Supporting Information), we derive an extraor-
dinarily long-lived singlet excited state (i.e., 100 4= 5 ns). On
the other hand, the energetically lower-lying triplet excited state
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reveals atransient maximum at 610 nm (Figure S2, Supporting
Information). Under anaerobic conditions, the triplet lifetimes
are ~20 us.

When probing 2 in transient absorption measurements, it is
of particular importance that the Cqy singlet excited state with
maximaat 475, 565, 820, and 870 nm isdiscernible. Thisfinding
attests the successful photoexcitation of Cg, despite the presence
of several ferrocenes. In stark contrast to 3, the singlet excited
state features in 2 are metastable, even on the 3 ns time scale.
In particular, we observed the occurrence of a solvent-dependent
decay, which ranges from 5 psin benzonitrile to approximately
11000 ps in methylcyclohexane.

The picosecond experiments in toluene and benzonitrile
(Figure 3a,b) exhibited a series of absorption bands that include
a strong maximum at 620 nm followed by a weaker maximum
at 855 nm. The former almost corresponds to the absorption
because of reduced species'® for the central 7z-conjugated system
([10]cyclophenacene). The latter evolve with practically identical
kinetics to that of the singlet excited state decay. It isimportant
to note that complementary pulse radiolytic reduction experi-
mentswith 3 resulted in atransient maximum at 615 nm formed
under pseudo first-order conditions. In accordance with these
results, we propose that, indeed, a charge transfer evolves from
the Cgo Singlet excited state and, in turn, creates the radical ion
pair state, which is responsible for the fast intramolecular
deactivation of photoexcited 2.

Figure 3c shows that in methylcyclohexane, the radical ion
pair state does not form. Instead, we confirmed the excited state
features of the long-lived (5 us) triplet (605 nm) in comple-
mentary nanosecond experiments (data not shown).

It is safe to assume that the driving force for charge transfer
in methylcyclohexane is insufficient to compete with the
intersystem crossings. In fact, consideration of the energies of
theradical ion pair state and the singlet excited state, with values
of 1.97 and 2.18 €V, respectively, supports the notion of an
endothermic charge transfer but exothermic intersystem crossing.
This is apparently different in toluene, anisole, THF, and
benzonitrile—with energies of the radical ion pair state as low
as 1.64 eV—where the charge separation occurs with kinetics
that are nearly 2 orders of magnitude faster than the intersystem
crossing.

Theradical ion pair statesin the different solvents decay back
to the ground state on a time scae of several hundred
picoseconds (Figure 3d). In toluene, anisole, THF, and ben-
zonitrile, we determined radical ion pair lifetimes of 333, 233,
135, and 162 ps, respectively.

Deposition of 4 on ITO and Photocurrent Generation. As
described above, the hand-drum-shaped compound 2 has a
longer lifetime for the charge separated state (up to 333 ps)
than the previous pentapod penta(organo)[60]fullerene systems
(30—40 ps).*® This feature raises the important question of
whether the merry-go-round-like structure constructed on the
top part of the fullerene favorably influences the assembled
structures on the substrate, thereby increasing the efficiency of
the photocurrent generation. To address this question, we hydro-
lyzed the five ester moieties of 2 and 3 with NaOH to obtain
pentacarboxylic acid molecules, Cgo(CsH4COH)s(CeHaFC)sMe, (4)
and Cgy(CsH4COH)s(CeHs)sM e, (5), so that we could deposit these
molecules on the ITO surface, forming COO—meta bonds. The
deposition was done by theimmersion of an ITO substrate (trested

(16) Matsuo, Y.; Tahara, K.; Nakamura, E. J. Am. Chem. Soc. 2006, 128,
7154-7155.

by ozone just before use) in a THF solution (0.1 mM) of 4 and 5
as described previoudy for our related studies.®>*®

CV andlysis of 4/ITO gave usinformation on the time course
of the deposition of 4 and the number of the molecules per cm?.
A reversible oxidation process occurred at 0.17 V (vs Ag/Agh),
almost equal to the value determined for the solution of 2, and
was assigned to the oxidation of the five ferrocenyl groups. The
surface coverage of 4 on the ITO was determined by the
integration of anodic charge in the voltammogram at a sweep
rate of 0.1 V/s (Figure 4a, black dots). The speed of deposition
was qualitatively the same as that observed previously for
pentapod carboxylic acid molecules,® except that the surface
coverage continued to increase after the first two layers were
deposited and stopped after the formation of approximately four
layers. Thus, the density of the molecules increased first to
~0.15 nmol/cn? then to ~0.29 nmol/cn? (Figure 4a, black dots).
The former value is ailmost twice as large, and the latter about
4times aslarge, asthat reported for amonolayer of the pentapod
derivatives (0.07—0.1 nmol/cn?).® Subsequent measurements
on the properties of the thick layer tended to give erratic data,
suggesting that it is physically or chemically unstable. Hence,
the samples were sonicated to check if more stably deposited
samples could be obtained.

When the 4/ITO sample was sonicated for 10 min in between
each measurement during deposition (Figure 4a, red dots), it
was found that the deposition stopped after formation of two
layers. Thus, the coverage density increased only for the first
five days (Figure 4d). Sonication of the sample for 30 min gave
the same density time profile, indicating that the first two layers
of 4 are in fact very stable. The standard peak-scan rate
relationship experiment” carried out for the sonicated (10 min)
sample clearly showed nonlinearity, indicating that more than
one layer of 4 was deposited on ITO (Figure S3, Supporting
Information).

We noted that the hand-drum molecule 4 shows a strong
tendency to aggregate in THF solution (Z-average =127.4 nm)
determined by a dynamic light scattering experiment of the 0.1
mM solution). On the basis of this aggregation behavior, the
strong propensity of structurally related polar fullerenesto form
ahead-to-head bilayer,*® the density of coverage, the time profile
of the deposition, and the sonication effects, we consider that
the molecules deposit as a pair of bilayer, presumably as
illustrated in parts b and ¢ of Figure 4. The second bilayer
deposits on the first through hydrogen bonding (Figure 4d),
which is probably much weaker than the COO-metal bonding
that connects the bottom layer to the ITO surface.

Photocurrent generation experiments on the sonicated 4/ITO
device were carried out in a degassed 0.1 M Na,SO, aqueous
solution containing 50 mM ascorbic acid (AsA) as an electron
donor or methyl viologen (MV?2") as an electron acceptor (Figure
5). The 4/ITO device serves as the working electrode in a cell
that has a platinum counter electrode and a Ag/AgCI (satd. KCI)
reference electrode. In an experiment in the presence of MV2*,
a stable cathodic photocurrent was generated upon light irradia-

(17) Kuramitz, H.; Sugawara, K.; Kawasaki, M.; Hasebe, K.; Nakamura,
H.; Tanaka, S. Anal. ci. 1999, 15, 589-592.
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J. 2009, 4, 1208-1212. (b) Chen, T.; Pan, G.-B.; Yan, H.-J; Wan,
L.-J; Matsuo, Y.; Nakamura, E. J. Phys. Chem. C 2010, 114, 3170-
3174.

(19) (a) zZhou, S.; Burger, C.; Chu, B.; Sawamura, M.; Nagahama, N.;
Toganoh, M.; Hackler, U. E.; Isobe, H.; Nakamura, E. Science 2001,
291, 1944-1947. (b) Isobe, H.; Homma, T.; Nakamura, E. Proc. Natl.
Acad. Sci. U.SA. 2007, 104, 14895-14898.
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Figure 3. Time-resolved photophysical data for compound 2. (a) Dif-
ferential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (387 nm) of 2 (106 M) in methylcyclohexane
with several time delays between 0 and 3000 ps (time course: from gray,
red, blue, yellow to black lines - see figure legend for time evolution) at
room temperature. (b) Differential absorption spectra (visible and near-
infrared) obtained upon femtosecond flash photolysis (387 nm) of 2 (106
M) in toluene with several time delays between 0 and 3000 ps (time course:
from gray, red, blue, yellow to black lines - see figure legend for time
evolution) at room temperature. (c) Differential absorption spectra (visible
and near-infrared) obtained upon femtosecond flash photolysis (387 nm)
of 2 (107% M) in benzonitrile ith several time delays between 0 and 3000
ps (time course: from gray, red, blue, yellow to black lines - see figure
legend for time evolution) at room temperature. (d) Time-absorption profiles
monitoring the charge separation and charge recombination dynamics in
the several solvents at 600 nm.
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Time/s

Figure 5. Photoelectrochemical properties of pentapod moleculeson ITO
electrode surfaces. (a) Cathodic photocurrent generation of 4/ITO (sonicated)
in the presence of MV2* in aqueous solution containing Na,SO, at —100
mV applied bias voltage vs Ag/AgCl reference electrode. (b) Anodic
photocurrent generation of reference system 5/ITO in the presence of AsA.

tion (Le = 400 £ 10 nm, with a power of 307 uW) at an applied
potential of —100 mV versus Ag/AgCl (Figure 5a). The
observed photocurrent density of —250 nA/cm? is about 4 times
as large as that reported for a monolayer of pentacarboxylic
acid molecules lacking the pentaferrocenyl groups (e.g., —65
nA/cm?), and the quantum yield per molecule was 12%, which
is nearly twice as large (up to 6.3%).%® Photocurrent action
spectra at a —100 mV bias versus Ag/AgCl were measured
(Figure $4, Supporting Information), which matched well with
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Figure 6. A plausible energy diagram for photoexcitation of each layer of
the bilayer of 4/ITO that contributes to the increase in photocurrent
generation. The LUMO of 4 is based on the CV data. The work function
of 1TO was obtained by using photoelectron yield spectrometry.?®

the corresponding absorption spectrum of 2 in solution (Figure
1b), indicating that the fullerene compound 4 is responsible for
the photocurrent conversion.

No anodic photocurrent was observed for 4 in an experiment
in the presence of AsA, while the reference compound 5
generated an anodic photocurrent (Figure 5b). Thus, the presence
of ferrocene groups is responsible for the generation of the
cathodic photocurrent.

We ascribe the generation of high current density in part to
the molecular properties of 4 itself and in part to the bilayer
structure. We suggest that the higher performance per molecule
is due to the long lifetime of the charge-separated excited state,
from which electron and hole dissociate intermolecularly to
generate the photocurrent. In addition, the high current density
suggests that there is additivity of the photocurrent generation
by each layer in the bilayer (Figure 6); that is intermolecular
excited state quenching within the bilayer does not intervene
in the photocurrent generation process due to the very fast
intramolecular conversion of the singlet excited state to the long-
lived charge-separated state (see above).

Conclusion

In this study, we synthesized the pentapods: deca(organo)[60]
fullerene bearing five ferrocenyl groups (2 and 4) and studied
their photophysical and photochemical properties in solution
and on an electrode surface. The multiple-donor—acceptor
molecule 2 exhibited a charge separation lifetime that was
approximately 10 times longer (up to 333 ps) than the previous
pentapod penta(organo)[60]fullerene systems. The pentacar-
boxylic acid molecule 4 was fixed on the ITO electrode
surface to form a bilayer device. This device generated a
cathodic photocurrent that shows a 4 times larger current
density and a twice larger density/molecule (quantum yield
of 12%) than those reported for the devices using similar
pentapod fullerenes lacking the pentaferrocenyl groups. Given
the above results and the unique photoelectrochemical
properties of the cyclophenacene framework, we expect that
this hand-drum motif will be useful for the construction of a
variety of photoel ectrochemically active molecular devices*
and photocurrent generating devices.??

Experimental Section

General. Syntheses were carried out under a nitrogen or argon
atmosphere with standard Schlenk techniques. The water contents
of the solvents were determined, using a Karl Fischer moisture

(20) Niinomi, T.; Matsuo, Y.; Hashiguchi, M.; Sato, Y.; Nakamura, E. J.
Mater. Chem. 2009, 19, 5804-5811.

titration (MK-210, Kyoto Electronics Co.), to be less than 30 ppm.
All of the reactions were monitored by HPLC (column, RP-
FULLERENE, 4.6 mm x 250 mm, Nacalai Tesque; flow rate, 2.0
mL/min; eluent, toluene/acetonitrile; detector, Shimadzu SPD-
M10Avp). Preparative HPL C was performed on a RP-FULLERENE,
column (20 mm x 250 mm) using toluene/acetonitrile as the eluent
(detected at 350 nm with a UV spectrophotometric detector,
Shimadzu SPD-6A). The isolated yields were calculated on the basis
of the starting fullerene compounds. The NMR spectra were
measured with JEOL ECA-500 (500 MHz) instruments. Spectra
are reported in parts per million from the internal tetramethylsilane
(6 0.00 ppm) or residual protons of the deuterated solvent for *H
NMR, and from solvent carbon (e.g., 6 77.00 ppm for chloroform)
for 3C NMR. Mass spectra were measured on a JEOL JMS-
T100LC APCI/ESI-TOF mass spectrometer.

Materials. Methyl viologen (MV?") was purchased from Sigma-
Aldrich Co. and used as received. "BusNCIQ,, for electrochemical
measurements, was purchased from Kanto Chemicals and used after
recrystallization from ethanol. N&,SO, and ascorbic acid were
purchased from Kanto Chemicals and used as received. A THF
solution of KO'Bu was purchased from Sigma-Aldrich Co. Trans-
parent indium—tin oxide (ITO) eectrodes (10 W/cm?, ITO on glass
plate) were obtained from GEOMATEC Inc. (Japan).

Preparation of Molecular Layerson ITO. The preparation of
self-assembled molecular layers of fullerene compounds was carried
out using a simple dipping method: an ITO electrode (25 mm x20
mm; UV —0O; treated before use) was immersed in a0.1 mM THF
solution of the fullerene derivatives at room temperature. Then the
ITO electrode was washed with THF and dried in an argon gas
Stream.

Electr ochemical M easurements. Electrochemical measurements
were carried out with a Hokuto HZ-5000 voltammetric analyzer.
A glassy-carbon, a platinum coil, and a Ag/Ag" electrode were
used as the working, counter, and reference electrodes, respectively,
in THF with 0.1 M "BusNCIO, as the supporting electrolyte. CV
was performed at a scan rate of 100 mV/s. The potential was
corrected against a standard reference, the ferrocene/ferrocenium
couple (Fc/Fct).

Procedure for the Synthesis of Cg(CeH4FC)sMe(CgHy-
COOEt)sMe (2). A solution of Cgy(CeH4COOEL)sMe (147 mg, 0.100
mmol) in o-dichlorobenzene (3 mL) was added to a mixture of an
organocopper reagent prepared from FcCeH4MgBr (3.5 mL of a
0.40 M solution in THF, 1.40 mmol) and copper bromide dimethyl
sulfide (293 mg, 1.43 mmol) in THF (1.0 mL) and pyridine (1.2
mL) at room temperature. The resulting mixture was stirred until
the starting material disappeared, as monitored by HPLC. Mel (0.5
mL) was then added, and the mixture was stirred for 2 h at 40 °C.
After the removal of volatile materials under reduced pressure, the
mixture was diluted with toluene (20 mL), filtered through a pad
of silica gel, and concentrated. Purification by preparative HPLC
afforded ayellow solid (2; 18.4 mg, 7% yield). APCI-HRMS (+):
caled for Cig7H117010Fes [MT 4 H] 2801.5388, found 2801.5400.

Procedure for the Synthesis of CgPhsMe(CsH4,COOEL)sMe
(3). A solution of Cgo(CsH4COOEt)sMe (150 mg, 0.100 mmol) in
o-dichlorobenzene (25 mL) was added to a mixture of an organo-
copper reagent prepared from PhMgBr (1.15 mL of a 0.96 M
solution in THF, 1.1 mmol) and copper bromide dimethyl sulfide
(246 mg, 1.20 mmoal) in THF (25 mL) and pyridine (1.2 mL) at
room temperature. The resulting mixture was stirred until the

(21) (a) Hasobe, T.; Imahori, H.; Kamat, P. V.; Fukuzumi, S. J. Am. Chem.
Soc. 2003, 125, 14962-14963. (b) Cho, Y.-J.; Ahn, T. K.; Song, H.;
Kim, K. S,; Leg, C. Y.; Seo, W. S;; Lee, K.; Kim, S. K.; Kim, D.;
Park, J. T. J. Am. Chem. Soc. 2005, 127, 2380-2381. (c) Kira, A.;
Umeyama, T.; Matano, Y.; Yoshida, K.; Isoda, S.; Park, J. K.; Kim,
D.; Imahori, H. J. Am. Chem. Soc. 2009, 131, 3198-3200. (d)
Subbaiyan, N. K.; Wijesinghe, C. A.; D’ Souza, F. J. Am. Chem. Soc.
2009, 131, 14646-14647.

(22) Matsuo, Y.; Sato, Y.; Niinomi, T.; Soga, |.; Tanaka, H.; Nakamura,
E. J. Am. Chem. Soc. 2009, 131, 16048-16050.
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starting material disappeared, as monitored by HPLC. Mel (0.5 mL)
was then added, and the mixture was stirred for 2 h at 40 °C. After
the removal of volatile materials under reduced pressure, the mixture
was diluted with toluene (100 mL), filtered through a pad of silica
gel, and concentrated. Purification by preparative HPLC afforded
yellow solids (3; 25 mg, 14% yield). APCI-HRMS (+): calcd for
Cia7H77010 [M* 4 H] 1881.5511, found 1881.5524.

Procedure for the Synthesis of Cg(CeH4FC)sMe(CgHs-
COOH)sMe (4). A solution of NaOH in MeOH (0.5 M, 0.1 mmol,
0.2 mL) was added to a solution of 2 (18.0 mg, 0.006 mmol) in 5
mL of toluene. The mixture was heated to 60 °C and stirred for
1 h. After cooling to room temperature, the precipitate was collected
by filtration and washed with hexane. The solid obtained was then
treated with 2 mL of a1 N HCI aqueous solution. After filtration
and washing with water, the obtained solid was dried under vacuum
(4; 16.8 mg, 98% yield). APCI-HRMS (+): caled for Cy77Hg7O10F €5
[M* + H] 2661.3823, found 2661.3863.

Procedure for the Synthesis of Cgo(CeHs)sM e(CsH4,COOH)sMe
(5). A solution of NaOH in MeOH (0.5 M, 0.1 mmol, 0.2 mL) was
added to a solution of 3 (25.0 mg, 0.006 mmol) in 5 mL of toluene.
The mixture was heated to 60 °C and stirred for 1 h. After cooling
to room temperature, the precipitate was collected by filtration and
washed with hexane. The solid obtained was then treated with 2
mL of a1 N HCl aqueous solution. After filtration and washing
with water, the obtained solid was dried under vacuum (5; 23.0
mg, 96% yleld) APCI-HRMS (+) calcd for C127H57010 ['\/lJr +
H] 1741.3946, found 1741.3955.

Photophysical Studies. Femtosecond transient absorption studies
were performed using 387 nm laser pulses with a 150 fs pulse width,
generated by a -barium borate crystal upon higher-order nonlinear
processes from an amplified Ti:sapphire laser system (CPA 2001
Laser, Clark-MXR Inc.) The white light was generated by a 2-mm
sapphire crystal, and with the help of a delay line, a time delay
between the pump and probe beam was created with high precision.
Finally, the change in optical density (AOD) was measured against
the wavelength in both the visible and near-infrared regions.
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Nanosecond laser flash photolysis experiments were performed with
337-nm laser pulses from a nitrogen laser (8-ns pulse width) using
a front-face excitation geometry.

Characterization of the Molecular Layers. CV of the ITO
modified with fullerene derivatives was carried out using an ITO
working electrode, a Pt wire counter electrode, and a Ag/Ag"
reference electrode in a 0.1 M CH3CN solution containing
"Bus;NCIO, as the supporting electrolyte in a standard one-
compartment cell under argon. Figure 4a indicates the dependence
of the surface coverage on the period of immersion for the assembly
of 4 on the ITO electrode.

Photocurrent M easurement. Photoel ectrochemical measurements
of the fullerene molecules on the ITO electrodes were carried out
in aqueous media containing the Na,SO, electrolyte in a one-
compartment cell, irradiated with monochromatic excitation light
(the light intensity at 400 nm was 307 &= 5 mW for systems of
ITO electrodes). The photocurrent was detected with an HZ-5000
voltammetric analyzer. Bias voltages were applied against a Ag/
AgCl reference electrode.
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