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Photoinduced charge separation and recombination processes in a tetrathiophene-C60 dyad molecule (4T-
C60) in various solvents were investigated by observing transient absorption spectra in the near-IR region. In
polar solvents such as tetrahydrofuran and benzonitrile, charge separation occurred at a rate on the order of
1010 s-1, which decreased down to the order of 109 s-1 in moderately polar solvents. In nonpolar toluene,
charge separation was not observed. The quantum yields for the charge separations were nearly unity in polar
solvents. Charge recombination occurred in 100 ps- 10 ns; the shorter lifetimes occurred in the highly polar
solvents. After recombination, the triplet excited state of C60 was generated predominantly. In polar solvents
such as benzonitrile, the charge-separated state was also observed in the microsecond time region. To explain
the unprecedented long lifetime of the second charge-separation step, an equilibrium between the charge-
separated state and the triplet excited state was taken into consideration.

Introduction

Recently, fullerene (C60) has been adopted in several donor-
acceptor-linked molecules in order to realize an efficient
photoinduced charge-separation process.1-6 In such dyad mol-
ecules, fullerene acts as an electron acceptor. As for the donor
of the dyad molecules, aniline,1 carotenoid,2 porphyrin,2b,3,4

pyrazine,5 and so forth6 have been employed. In these molecules,
the quantum yields of the charge-separation processes were close
to unity. The lifetimes of the charge-separated states were on
the order of subnanoseconds. Imahori et al. reported that the
reorganization energy of the dyad molecule including the
fullerene acceptor is small compared with other reported electron
acceptors.4b This feature seems to be one of the advantages of
the fullerene-containing dyad molecules, the use of which is
aimed at attaining a long-lived charge-separated state with high
quantum yield for application to energy-storage systems or other
sensitized reactions. As for the donor moiety of the dyad
molecule, several candidates are expected in addition to those
listed above because many examples of photoinduced electron-
transfer reactions between fullerene and donors have been
reported.7-12 Studies on various donor-fullerene dyad molecules
are expected to give important information in optimizing the
charge-separation yield and lifetime.

In the present study, we examined the photoinduced charge-
separation and recombination processes in a novel tetrathiophene-
C60 linked dyad molecule (Figure 1) by time-resolved absorption
and fluorescence measurements. Oligothiophenes have been
confirmed to donate an electron to the triplet-excited fullerenes
in solution in previous studies.13,14 In the polythiophene film
doped with C60, ultrafast photoinduced charge generation was
reported.15 The present dyad molecule has a rather strict structure
due to a stiff oligothiophene structure, although the alkyl chain

was introduced to realize higher solubility of the dyad molecule
in various organic solvents. Furthermore, oligothiophenes are
stable compared with other olefins such as carotenoid because
of stabilization of theπ-conjugated chain by the sulfur atom.
By applying pico- and nanosecond laser flash photolysis
techniques to the present dyad molecule, absorption bands due
to the charge-separation species were successfully observed in
the near-IR region. The solvent dependence of charge-separation
and recombination rates are disclosed. Furthermore, unprec-
edentedly long charge separation in the microsecond time region
is reported.

Experimental Section

Materials. Syntheses of the dihexyltetrathiophene-C60 dyad
(4T-C60), N-methylpyrrolidino-C60 (NMPC60), and dihexyl-
tetrathiophene (4T) were described in a previous paper (Figure
1).16 Other chemicals were of the best commercial grade
available.
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Figure 1. Molecular structures of 4T-C60, NMPC60, and 4T.
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Apparatus. The time-resolved fluorescence spectra were
measured by a single-photon counting method using the second
harmonic generation (SHG, 410 nm) of a Ti:sapphire laser
(Spectra-Physics, Tsunami 3950-L2S, 1.5 ps fwhm) as an
excitation source and a streakscope (Hamamatsu Photonics,
C4334-01) equipped with a polychromator (Acton Research,
SpectraPro 150) as a detector.

The picosecond laser flash photolysis was carried out using
a SHG (532 nm) of an active/passive mode-locked Nd:YAG
laser (Continuum, PY61C-10, fwhm 35 ps) as the excitation
light. A white continuum pulse generated by focusing the
fundamental of the Nd:YAG laser on a D2O/H2O (1:1 volume)
cell was used as the monitoring light. The visible monitoring
light transmitted through the sample was detected with a Dual
MOS detector (Hamamatsu Photonics, C6140) equipped with
a polychromator (Acton Research, SpectraPro 150). For detec-
tion of the near-IR light, an InGaAs linear image sensor
(Hamamatsu Photonics, C5890-128) was employed as the
detector. The spectra were obtained by averaging 80 events on
a microcomputer. The time resolution of the present system was
ca. 35 ps.

Nanosecond transient absorption measurements were carried
out using a SHG (532 nm) of a Nd:YAG laser (Spectra-Physics,
Quanta-Ray GCR-130, fwhm 6 ns) as an excitation source. For
transient absorption spectra in the near-IR region (600-1600
nm), monitoring light from a pulsed Xe lamp was detected with
a Ge-avalanche photodiode (Hamamatsu Photonics, B2834).
Photoinduced events in micro- and millisecond time regions
were estimated by using a continuous Xe lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu Photonics, G5125-10)
as a probe light and detector, respectively. Details of the transient
absorption measurements were described in our previous
papers.12 All the samples in a quartz cell (1× 1 cm) were
deaerated by bubbling Ar through the solution for 15 min.

Steady-state absorption spectra in the visible and near-IR
regions were measured on a Jasco V570 DS spectrophotometer.

Results and Discussion

Steady-State Absorption Spectra.Figure 2 shows an
absorption spectrum of 4T-C60 in toluene as well as those of
4T and NMPC60, which correspond to components of 4T-C60.
The absorption peaks and shoulders of 4T-C60 were interpreted
from the superposition of the components as indicated in Figure
2. A slight broadening of the absorption band of 4T-C60 was
observed in the region of 380-470 nm compared with the
superposition of the components, which indicates very weak
interaction among the components due to a close distance. In
the present laser flash photolysis study, excitation was carried

out by the 532-nm laser light, which predominantly excites the
C60 moiety of the dyad. Very weak interaction between C60 and
4T moieties is in accord with the results of electrochemical
analysis: Oxidation and reduction potentials of 4T-C60 (1.04
and -0.63 V vs Ag/AgCl in benzonitrile, respectively) are
almost the same as the oxidation potential of 4T (1.07 V) and
the reduction potential of NMPC60 (-0.63 V).16 The rigid
tetrathienyl group may exclude structural variation, which brings
about a weak interaction in the ground state, although in a film
mixture composed of C60 and polythiophene or oligothiophene,
substantial interaction among them was confirmed in the
absorption spectra.15

Time-Resolved Fluorescence Measurement.In a previous
paper, it was reported that the fluorescence peaks of unbonded
4T at 460 and 484 nm disappeared because of the connection
with C60 in toluene.16 Thus, the fluorescence bands due to the
C60 moiety were observed at 712 and 790 nm, which have the
same lifetime as that of NMPC60 (Figure 3a). These findings
indicate that the fast energy transfer from the singlet excited
state of 4T to C60 occurs (eq 1) to generate the singlet-excited
C60 moiety but not electron transfer in toluene:

Furthermore, no apparent acceleration of the decay rate of
fluorescence from the C60 moiety excludes photoinduced
reactions from 4T-1C60* in toluene.

When 4T-C60 was excited in more polar solvents, such as
benzonitrile, the fluorescence band due to the C60 moiety was
quenched. The fluorescence decay profile around 710 nm in
benzonitrile (Figure 3b) can be divided into two components;
from the time-resolved fluorescence spectra, fast- and slow-
decaying parts can be attributed to fluorescence from the C60

moiety and the 4T moiety, respectively. Quenching of 4T-1C60*

Figure 2. Absorption spectra of 4T-C60, NMPC60, and 4T in toluene.
Superposition of NMPC60 and 4T is indicated by dash-dot line.

Figure 3. Fluorescence decay profiles around 710 nm of 4T-C60 in
(a) toluene and (b) benzonitrile. Excitation is at 410 nm. Solid lines
show fitted curves; hatched parts indicate laser profile.
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indicates photoinduced processes including charge separation
in the dyad. The possibility of energy transfer to the 4T moiety
can be excluded because of a higher singlet energy of 4T (2.70
eV) than of C60 (1.74 eV). Actually, the fluorescence lifetime
of 4T-1C60* (τF) in nonpolar toluene was the same as that of
NMPC60 (1.3 ns)17 within experimental error (Figure 3a). The
fluorescence lifetime of 4T-1C60* became shorter with an
increase of the solvent polarity, as listed in Table 1. The reaction
rate constant (kq

S) in each solvent was estimated from the
relation kq

S ) (τF)-1 - (τ0)-1, whereτ0 is the fluorescence
lifetime of NMPC60 in toluene, as summarized in Table 1.

Picosecond Laser Flash Photolysis.To obtain more detailed
information on the photoinduced processes of 4T-1C60*, transient
absorption spectra in the picosecond regime were observed.
Figure 4 shows a transient absorption spectrum of 4T-C60 in
benzonitrile obtained with 532-nm laser light irradiation of the
C60 moiety. At 20 ps after the laser irradiation, sharp and broad
transient absorption bands were observed at 680 and 1140 nm,
respectively. Because of accordance with an absorption spectrum
of the radical cation of 4T (4T•+),14,18both transient absorption
bands can be attributed to the radical cation of the 4T moiety,
indicating photoinduced charge separation in the 4T-C60 dyad
molecule (eq 2):

An absorption band due to the radical anion of C60 moiety,
which would be anticipated to appear around 1000 nm,17 should
be hidden by the intense absorption band of the 4T radical cation
around 1140 nm, because an extinction coefficient of the

absorption band of 4T•+ in this wavelength region is larger than
that of C60

•-.14 Similar charge separations were also observed
in anisole/benzonitrile mixture, tetrahydrofuran, anisole, and
anisole/toluene mixture solvents. Exciplex formation can be
excluded because the absorption bands due to the 4T•+ moiety
did not shift with solvent polarity.

The absorption-time profile at 680 nm (insert of Figure 4)
can be analyzed by assuming the first-order rise and decay
functions. Since the estimated rise rate was close to the value
of the present instrumental resolution, thekq

S values from
fluorescence were adopted as reaction rate constants for the
present charge-separation reaction (kCS). This treatment can be
rationalized by the absence of an energy-transfer reaction from
the 1C60* to the 4T moiety upon 532 nm-laser irradiation. As
mentioned in above section, thekCS value () kq

S) increased
with increasing solvent polarity (Table 1). The quantum yield
for the charge separation (ΦCS) can be calculated from the
relationΦCS ) kCS/(kCS + k0) ) ((τF)-1 - (τ0)-1)/((τF)-1), where
k0 is the fluorescence decay rate of NMPC60. The ΦCS values
are also increased with an increase of solvent polarity, as
summarized in Table 1. The estimatedΦCS value is as high as
0.97 in tetrahydrofuran. TheΦCS values close to unity indicate
efficient charge separation in the dyad molecule with short
donor-acceptor linkage in polar solvents. As for the dyad
molecule including fullerene, theΦCS values close to unity have
been reported for the zinc porphyrin-C60 dyad and the
carotene-C60 dyad,2-4 indicating a potential for application to
light-harvesting systems or solar cells.4c Furthermore, theΦCS

and kCS values of the present dyad molecule are similar in
tetrahydrofuran, anisole/benzonitrile mixture, and benzonitrile.
This finding indicates that charge separation in these solvents
corresponds to those around the top region of the Marcus
parabola. Free-energy changes for the charge separation (∆GCS)
were estimated as listed in Table 1 using the Born equation.
ThekCS values are plotted against the∆GCS values as shown in
Figure 5. SincekCS values show maximum values with small
∆GCS values, reorganization energy for the present dyad
molecule is considered to be small, as proposed by Imahori et
al. for the C60-porphyrin dyad molecule.4b

As shown in the inserted figure of Figure 4, generated radical
ions decreased after reaching a maximum at ca. 20 ps. The decay
of the absorption bands of the radical ions can be attributed to
the charge recombination in the dyad molecule. By applying
the first-order decay function, the rate for the charge recombina-
tion (kCR

I), in which suffix I refers to the first step of charge
recombination, was estimated to be 1.5× 1010 s-1. The kCR

I

values estimated for the other reaction media are listed in Table
2 as well as the free-energy changes for the charge recombina-

TABLE 1: Free-Energy Changes for Charge Separation (-∆GCS), Fluorescence Lifetimes (τF), Singlet Quenching Rate
Constants (kq

S), and Quantum Yields for Charge Separation (ΦCS) in a 4T-C60 Dyad in Various Solvents

fullerene solventa εsolv
b -∆GCS/eVc τF/s kq

S/s-1d ΦCS
e

4T-C60 BN 25.2 0.11 5.5× 10-11 1.7× 1010 0.96
ANS/BN 14.8 0.08 7.8× 10-11 1.2× 1010 0.94
THF 7.58 -0.03 3.4× 10-11 2.8× 1010 0.97
ANS 4.33 -0.19 1.9× 10-10 4.5× 109 0.85
ANS/Tol 3.36 -0.29 4.6× 10-10 1.4× 109 0.65
Tol 2.38 -0.48 1.3× 10-9 <108 <0.1

NMPC60
f Bz 2.28 1.3× 10-9

a BN, benzonitrile; ANS/BN, anisole/benzonitrile (1:1) mixture; THF, tetrahydrofuran; ANS, anisole; ANS/Tol, anisole/toluene (1:1) mixture;
Tol, toluene; Bz, benzene.b Data from ref 23.c -∆GCR

II ) Eox - Ered + ∆Gs, -∆GCS ) ∆E0-0 - (-∆GCR), ∆Gs ) e2/(4πε0)[(1/(2R+) + 1/(2R-)
- 1/Rcc)(1/εs) - (1/(2R+) + 1/(2R-)) (1/εr)] where∆E0-0 is the energy of the 0-0 transition of C60; Eox andEred are the first oxidation potential
of the donor and the first reduction potential of the acceptor in benzonitrile, respectively.R+ and R- are radii of 4T (7.5 Å) and C60 (4.2 Å),
respectively;Rcc is the center-to-center distance between the two moieties (13.0 Å); andεs andεr are static dielectric constants of solvents used for
the rate measurements and the redox-potential measurements.d kq

S ) (τF)-1 - (τ0)-1, whereτ0 is the fluorescence lifetime of NMPC60 in toluene.
eΦCS ) ((τF)-1 - (τ0)-1)/((τF)-1). f Data from ref 17.

Figure 4. Picosecond transient absorption spectrum of 4T-C60 in
benzonitrile at 20 ps after 532-nm laser irradiation. Insert is absorption-
time profile at 680 nm. Solid line shows fitted curve.

4T-C6098
hν(532 nm)

4T-1C60* 98
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4T•+-C60
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tion process (∆GCR
I) for generating triplet excited C60 (4T-

3C60*), since the charge recombination of 4T•+-C60
•- generates

4T-3C60* predominantly, as mentioned in the next section. The
kCR

I values increased with an increase in solvent polarity, that
is, the dielectric constant (εsolv). Fast charge recombination for
less negative∆GCR

I values indicates that the charge recombina-
tion process is in the Marcus inverted region (Figure 5).

As for 4T-C60 in toluene, transient absorption bands due to
charge separation were not observed (Figure 6). A broad
absorption band around 900 nm can be attributed to 4T-1C60*
from similarity with an SnrS1 absorption band of C60.19 The
absorption band decreased slowly, as indicated in the insert
figure of Figure 6. The finding indicates that no charge
separation takes place in nonpolar toluene because of an unstable
charge-separated state relative to the 4T-1C60* state. The decay
of 4T-1C60* can be attributed to the intersystem crossing to 4T-
3C60*.

Nanosecond Laser Flash Photolysis.Figure 7 shows a
transient absorption spectrum of 4T-C60 in anisole after nano-
second laser excitation. Absorption bands with a peak at 700
nm can be attributed to 4T-3C60*.17 Actually, the whole
absorption band was quenched efficiently in the presence of
oxygen, a triplet quencher. Similarly, 4T-3C60* formation was
observed in the anisole/toluene mixture and in toluene, that is,
moderately polar and nonpolar solvents. The generation of 4T-
3C60* can be attributed to recombination of 4T•+-C60

•- as well
as the intersystem crossing from 4T-1C60*. Since the quantum
yield for the intersystem crossing process of NMPC60 is reported
to be 0.95,17 quantum yields for 4T-3C60* formation by the
intersystem crossing from 4T-1C60* are 0.14, 0.33, and 0.95 in
anisole, anisole/toluene mixture, and toluene, respectively, from
(1 - ΦCS) values. From the relative actinometry method using
3C70* as an internal standard (T-T peak 980 nm,ε ) 6500
M-1cm-1, andΦisc ) 0.9( 0.15)20 and the reported extinction
coefficient for triplet excited NMPC60,17 the quantum yields for
4T-3C60* formation (ΦT), which are the total of deactivation
from 4T-1C60* and 4T•+-C60

•-, were estimated to be 0.7, 1.0,
and 1.0 in anisole, anisole/toluene mixture, and toluene, respec-
tively. These quite large quantum yields indicate that 4T•+-C60

•-

deactivates to generate 4T-3C60* predominantly in less polar
solvents. That is, deactivation from 4T-1C60* and 4T•+-C60

•-

to the ground state is a minor process in the present dyad
molecule. Charge recombination processes, to give mainly the
triplet excited states, are also reported for a fullerene-tris(2,2′-
bipyridine)ruthenium dyad molecule by Maggini et al.6b and
for a carotene-porphyrin fullerene triad molecule by Liddell
et al.21 Charge separation and recombination processes of the
present dyad molecule in polar solvents are summarized in a
schematic energy diagram (Figure 8a), in addition to energy
transfer processes in a nonpolar solvent (Figure 8b).

In polar solvents, the formation of34T*-C60 by the deactiva-
tion from 4T•+-C60

•- can be excluded from the energetic

TABLE 2: Free-Energy Changes (-∆GCR
I and -∆GCR

II ) and Rate Constants (kCR
I and kCR

II ) for Charge Recombination,
Quantum Yields for Triplet Formation ( ΦT), and Triplet Decay Rate Constants (kT) of 4T-C60 in Various Solvents

fullerene solventa -∆GCR
I/eVb kCR

I/s-1 -∆GCR
II/eVc kCR

II/s-1 ΦT kT/s-1

4T-C60 BN 0.13 1.5× 1010 1.63 1.6× 105 d d

ANS/BN 0.16 1.2× 1010 1.66 1.2× 105 d d

THF 0.22 2.4× 1010 1.77 e e e

ANS 0.43 4.2× 109 1.93 0.7( 0.15 3.9× 104

ANS/Tol 0.53 8.7× 108 2.03 1.0( 0.15 3.4× 104

Tol 0.72 f 2.22 1.0( 0.15 3.2× 104

NMPC60
g Bz 0.95 4.1× 104

a Abbreviations for solvents: see caption of Table 1.b ∆GCR
I ) ∆GCR

II - ET, whereET is the energy level of 4T-3C60*. c See caption of Table
1. d A transient absorption band due to 4T-3C60* was not observed.e Estimation was difficult due to overlap with 4T•+-C60

•-. f Transient absorption
bands due to 4T•+-C60

•- were not observed.gData from ref 17.

Figure 5. Relation between rate constants and free energy changes in
various solvents. Filled circles, open circles, and triangles indicatekCS,
kCR

I, andkCR
II, respectively.

Figure 6. Picosecond transient absorption spectra of 4T-C60 in toluene
at 70 ps after 532-nm laser irradiation. Insert is absorption-time profile
at 980 nm. Solid line shows fitted curve.

Figure 7. Nanosecond transient absorption spectrum of 4T-C60 in
anisole at 100 ns after 532-nm laser irradiation. Insert is absorption-
time profile at 720 nm.
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consideration: Triplet energy of 4T is as high as 1.9 eV,14 which
is larger than 4T•+-C60

•- and 4T-1C60* (Figure 8a). Actually,
absorption bands due to the34T* moiety, which are reported to
appear at 550 and 620 nm,18 were not observed in the
nanosecond transient absorption spectrum.

The decay rate constants of 4T-3C60* (kT) were estimated from
the transient absorption band at 700 nm to be 3-4 × 104 s-1 in
anisole, anisole/toluene mixture, and toluene, which are quite
close to values of the triplet decay rate constant of NMPC60 in
benzene (4.1× 104 s-1).17 The finding indicates that generated
4T-3C60* deactivates to the ground state by intersystem crossing
without further reaction processes in these less polar solvents
and in the nonpolar solvent. The estimated decay rate constants
are summarized in Table 2.

In the case of 4T-C60 in benzonitrile, a transient absorption
spectrum observed by the nanosecond laser flash photolysis
shows peaks at 1140 and 680 nm, which undoubtedly indicate
existence of 4T•+-C60

•- in the microsecond time region (Figure
9). An absorption band due to the radical anion of the C60 moiety
may be hidden by the absorption band of the radical cation of
the 4T moiety, as in the case of the picosecond laser flash
photolysis. The shoulder around 840 nm is assigned to 4T-3C60*
from comparison with the transient absorption spectra of 4T-
3C60* (Figure 7) and 4T•+-C60

•- (Figure 4). From the absorp-
tion-time profile at 1140 nm, the decay rate constant of 4T•+-
C60

•- (kCR
II), in which suffix II refers to the second charge

recombination step, was estimated to be 1.6× 105 s-1, which
corresponds to 6.3µs of lifetime. In the tetrahydrofuran and
anisole/benzonitrile solvents the absorption bands due to 4T•+-
C60

•- were also observed overlapping with 4T-3C60* in the
microsecond time region (Figure 10). ThekCR

II value in anisole/
benzonitrile mixture was estimated to be 1.2× 105 s-1, whereas
thekCR

II value in tetrahydrofuran was difficult to estimate due
to spectral overlap with 4T-3C60*. The estimated lifetimes for

the second charge separation step are quite longer than other
reported donor-acceptor dyad molecules, for which the radical
ions show lifetimes in the subnanosecond region.2-6

It is worth mentioning that the absorption bands due to 4T•+-
C60

•-, as well as that of 4T-3C60*, were quenched in the presence
of oxygen, as indicated in the inserted figure of Figure 9. It has
been reported that the radical anion of C60 in a triad molecule
was not quenched by oxygen, indicating that electron transfer
does not occur to O2 from the C60

•- moiety after complete
charge transfer.22 Therefore, such oxygen-sensitive radical ions
in the present dyad molecule may be attributed to radical ion
pair generation from triplet excited state; a triplet exciplex, that
is, 3(4Tδ+-C60

δ-)*; or an equilibrium between the radical ion
pair (4T•+-C60

•-) and 4T-3C60*. In the present case, the last
mechanism seems to be plausible, because the absorption band
due to 4T-3C60* was observed in polar solvents as well as those
of 4T•+-C60

•- (Figures 9 and 10). A typical case is shown in
Figure 10; in the transient absorption spectrum, 820- and 720-
nm bands are due to 4T-3C60*, whereas 1140- and 680-nm bands
are due to 4T•+-C60

•-. Furthermore, this mechanism will be
rationalized by the fact that the decay rate of 4T•+-C60

•- is the
same as that of 4T-3C60* in anisole/benzonitrile mixture (insert
of Figure 10). The energy difference between 4T•+-C60

•- and
4T-3C60* becomes large in less polar solvents, in which 4T-
3C60* becomes dominant in the equilibrium, as observed in the
nanosecond transient absorption spectrum (Figure 10).

For radical ion pairs, state3(4T•+-C60
•-) may be in equilibrium

with 1(4T•+-C60
•-) as illustrated in Figure 8a. The deactivation

of these radical ion pairs to the ground state is considered to
proceed via1(4T•+-C60

•-), of which the rate should be faster

Figure 8. Schematic energy diagrams for charge separation and charge
recombination processes in the 4T-C60 dyad (a) in polar (benzonitrile)
and (b) nonpolar (toluene) solvents. Numbers indicate energy levels in
eV units relative to the ground state.

Figure 9. Nanosecond transient absorption spectrum of 4T-C60 in
benzonitrile at 100 ns after 532-nm laser irradiation. Insert is absorp-
tion-time profile at 680 nm in the (a) absence and (b) presence of
oxygen.

Figure 10. Nanosecond transient absorption spectrum of 4T-C60 in
anisole/benzonitrile mixture at 100 ns after 532-nm laser irradiation.
Insert is absorption-time profile at 680 and 820 nm.
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thankT due to the same spin multiplicity. In Table 2, free-energy
changes for the deactivation from1(4T•+-C60

•-) to the ground
state (∆GCR

II) in various solvents are also listed. SmallerkCR
II

values thankCR
I seem to be reasonable, since∆GCR

II values
are more negative than∆GCR

I and the charge recombination
processes are in the inverted region (Figure 5).

Conclusion

The present 4T-C60 dyad produced a high yield of a charge-
separated state upon laser irradiation of the C60 moiety in polar
solvents, even though the small free-energy change was expected
for this charge separation. This finding accords with small
reorganization energies of dyad molecules, including C60. The
first charge-recombination step in the dyad was found to
generate triplet excited C60 at a yield close to unity. Furthermore,
in polar solvents in which the energy level of the charge-
separated state locates at close to the triplet excited state, the
lifetime of the second charge-separated state was on the order
of microseconds. The unprecedentedly long lifetime of the
charge-separated state in the dyad molecule was considered to
result from an equilibrium between the charge-separated state
and the triplet excited state. Such a long lifetime of the charge-
separated state seems to be useful to further applications such
as novel sensitized reactions.
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