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Intramolecular photoinduced charge-separation and recombination processes in a covalently connected
tetrathienylethylene-quaterthiophene-C60 (TTE-4T-C60) triad have been studied by time-resolved fluorescence
and transient absorption spectral methods. The observed low fluorescence intensity and the short fluorescence
lifetime of the C60 moiety of the triad in benzonitrile (PhCN) indicate that charge separation takes place via
the singlet excited state of the C60 moiety in quite fast rate and high efficiency. The nanosecond transient
absorption spectra in PhCN showed the broad absorption bands in the 600-1500 nm region, which were
attributed to (TTE-4T)•+-C60

•-, in which the radical cation (hole) delocalizes both on the TTE and 4T
moieties. The charge-separated state decays to the neutral triad with a lifetime of 18 ns in PhCN at room
temperature. From temperature dependence of the charge-recombination rate constants, the reorganization
energy was evaluated to be 0.74 eV, which indicates that the charge-recombination process is in the inverted
region of the Marcus parabola. In toluene, TTE-4T-1C60* predominantly descends to TTE-4T-3C60*, which
decays to the ground state.

Introduction

Since buckminsterfullerene C60 has been discovered as a very
attractive electron acceptor with unique photophysical and
electrochemical properties,1,2 considerable efforts have been
devoted in recent years to develop the systems in which C60 is
covalently linked to electron donors,3-12 in addition to the
mixture systems of C60 and donor.13-20 Such molecular as-
semblies are of particular interest, because they can exhibit
characteristic electronic properties in the excited-states;3-20 thus,
a lot of researches have been conducted to the photoinduced
electron-transfer processes including C60.3-20 In the intra-
molecular processes involving electron or energy transfer
between electroactive entities, C60 has been employed as an
electron or energy acceptor of special interest, because of its
symmetry, large spherical shape, and the properties of its unique
π-electron system.3-12 These phenomena open the potential
applications in the realization of new artificial photosynthetic
systems, molecular electronic devices, and photovoltaic cells.3,5-7

Among the wide variety of donor molecules that can be
covalently linked to C60, one of the fascinating donors is
tetrathiafluvalene (TTF) and its derivatives; various TTF-
connected C60 dyads have been synthesized and the photo-
induced processes were revealed.21-24 Recently, tetrathienyl-
ethylenes (TTEs) were synthesized as two electron donors.25,26

It is reported that TTEs act as good electron donors for C60 in
the mixture system in benzonitrile (PhCN).27 Other interesting
donors are oligothiophenes (nT); various nT-connected C60

dyads have been investigated.11,12 In our previous studies, we
reported that the 4T-C60 dyad showed a quite persistent charge-
separated state in PhCN.11 In the present study, a tetrathienyl-
ethylene-quaterthiophene-C60 triad (TTE-4T-C60 in Scheme
1) was synthesized; it is expected that the TTE and 4T moieties
act as electron donors to the singlet excited state of C60 acting
as electron acceptor. The charge-separation and recombination
processes were investigated by the time-resolved fluorescence
and absorption spectra in the visible and near-IR regions. The
temperature effect on the charge-recombination rate-constants
gave valuable information for electron-transfer process of the
triad.

Experimental Section

Materials. [60]Fullerene (C60) was obtained from MER
Corporation, (99.5% purity). PhCN, toluene,n-hexane, benzene-
d6, N-methyl gulycine, andR-cyano-4-hydroxycinnamic acid
were purchased from Aldrich Chemicals (Milwaukee, WI).

Synthesis of TTE-4T-C60. TTE-4T-C60 was synthesized
from C60 (40 mg, 0.056 mmol), TTE-4T-CHO (30 mg, 0.027
mmol; see Supporting Information about the preparation), and
N-methylglycine (25 mg, 0.28 mmol) in toluene (50 mL) by
the Prato method according to eq 1.28 A reaction mixture was
refluxed in the dark for 1 day, then the solvent was evaporated
under vacuum. The reaction mixture was purified by column
chromatography (silica gel, toluene/n-hexane) 1:1). Recrys-
tallization from toluene-methanol gave TTE-4T-C60 as a
brown solid in 30% yield.1H NMR (400 MHz, C6D6) δ 7.34
(s, 1H), 7.21-6.65 (overlapped peaks, 13H), 4.95 (s, 1H), 4.83
(s, 1H), 3.75 (s, 1H), 2.65 (s, 3H), 2.57 (t, 4H), 1.98 (s, 3H),
1.97 (s, 3H), 1.95 (s, 3H), 1.40 (m, 4H), 1.20 (m, 20H), 0.88
(m, 6H); 13C NMR (100 MHz, C6D6) δ 6.76, 18.01, 30.95,
43.02, 55.12, 57.01, 63.46, 65.47, 67.07, 79.14, 81.15, 82.76,
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84.36, 89.65, 91.60, 93.21, 94.82, 103.67, 105.277, 110.51,
112.11, 113.73, 115.56, 118.95, 129.08, 137.86, 139.75, 145.10,
146.70, 147.10, 151.92, 153.53, 164.00, 165.60; MALDI-TOF-
MS m/z 1847.86 (M•+).

Measurements.Electrochemical Measurements.Reduction
potentials (Ered) and oxidation potentials (Eox) were measured
by cyclic voltammetry with a potentiostat (BAS CV50W) in a
conventional three-electrode cell equipped with Pt-working and
counter electrodes with an Ag/Ag+ reference electrode at scan
rate of 100 mV/s. TheEredandEox were expressed vs. ferrocene/
ferrocenium (Fc/Fc+) used as internal reference. In each case,
a solution containing 0.2 mM of a sample with 0.05 M ofn-Bu4-
NClO4 (Fluka purest quality) was deaerated with argon bubbling
before measurements.

Steady-State Measurements.Steady-state absorption spectra
in the visible and near-IR regions were measured on a Jasco
V570 DS spectrophotometer. Steady-state fluorescence spectra
were measured on a Shimadzu RF-5300 PC spectrofluoropho-
tometer equipped with a photomultiplier tube having high
sensitivity in the 700-800 nm region.

Time-Resolved Fluorescence Measurements.The time-
resolved fluorescence spectra were measured by single photon
counting method using a streakscope (Hamamatsu Photonics,
C4334-01) as a detector and the laser light (second harmonic
generation (SHG), 410 nm) of a Ti:sapphire laser (Spectra-
Physics, Tsunami 3950-L2S, 1.5 ps fwhm) as an excitation
source.11,17,29Lifetimes were evaluated with software provided
with the equipment.

Nanosecond Transient Absorption Measurements.Nano-
second transient absorption measurements were carried out using

SHG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta-
Ray GCR-130, 5 ns fwhm) as an excitation source. For transient
absorption spectra in the near-IR region (600-1200 nm) and
the time profiles, monitoring light from a pulsed Xe lamp was
detected with a Ge-APD (Hamamatsu Photonics, B2834). For
spectra in the visible region (400-1000 nm), a Si-PIN
photodiode (Hamamatsu Photonics, S1722-02) was used as a
detector.11,17,27,29

Molecular Orbital Calculations.The optimized structure,
energy levels of the molecular orbitals, and electron densities
were calculated usingGAUSSIAN 98at the B3LYP/3-21G level.

Results and Discussion

Molecular Orbital Calculations. In Figure 1, the optimized
structure and the electron densities of the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) of TTE-4T-C60 triad are shown. The
optimized structure shows that one thiophene ring of TTE and
4T moieties are coplanar, suggesting possible delocalization of
the electrons over these moieties. Indeed, the calculated electron
densities of the HOMO indicate the delocalization of electrons
in both 4T and TTE moieties, indicating that the 4T and TTE
moieties behave as one-donor groups, which also suggests the
hole distribution in the charge-separated state. On the other hand,
the electron densities in the LUMO are all located on the C60

moiety, suggesting that C60 acts as the acceptor in the triad.
Electrochemical Measurements.The cyclic voltammogram

of TTE-4T-C60 in PhCN is shown in Figure 2. An almost
reversible pattern was observed, suggesting the stability of the
radical ions. TheEox values were evaluated to be 0.21 and 0.52
V vs. Fc/Fc+. Compared with theEox values of the pristine TTE
(Eox ) +0.15 V vs Fc/Fc+) and pristine 4T (Eox ) +0.59 V vs
Fc/Fc+), theEox values of the TTE-4T moiety in TTE-4T-
C60 shifted so that the potential difference became small,
suggesting appreciable interaction between 4T and TTE moieties
in TTE-4T-C60. In addition, these peaks are broader than those
of the corresponding isolated components, which also suggests
a considerable interaction between the TTE and 4T moieties.

The reduction potential (Ered) of TTE-4T-C60 was evaluated
to be-1.08 V vs Fc/Fc+; this value corresponds toEred of the
C60 moiety, since a quite similar value was reported for NMPC60

(Ered ) - 1.10 V vs Fc/Fc+).30 From these observedEox and
Ered values for TTE-4T-C60, the free-energy changes for

SCHEME 1

TTE-4T-CHO + C6098
N-methylglycine

TTE-4T-C60 (1)

Figure 1. Optimized structures and electron distributions of LUMO
and HOMO calculated at the B3LYP/3-21G level.
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charge-separation (∆GCS) and charge-recombination (∆GCR) can
be calculated from the Weller equation:31

where∆E0-0 is referred to energy of the 0-0 transition,R+ to
radii of the radical cations,R- to radius of the radical anion,
andRcc to center-to-center distance between donor and acceptor
(Table 1). The termse, ε0, εs, andεr refer to elementary charge,
vacuum permittivity, and static permittivities of the solvents
used for rate measurements and redox potential measurements,
respectively. The∆GCS and∆GCR values for TTE-4T-C60 in
PhCN are summarized in Table 1.

Steady-State Absorption Measurements.Steady-state ab-
sorption spectra of TTE-4T-C60 and its components in toluene
are shown in Figure 3. The broad absorption bands at 640 and
710 nm of TTE-4T-C60 are characteristic of the 58 conjugated
π-electrons of the C60 moiety. These absorption bands in the
visible region are essentially the same as those of NMPC60.17e

The absorption intensities of TTE-4T-CHO in the region of
300-550 nm are quite larger than the summation of the
absorptions of the TTE and 4T, which suggests appreciable
interaction between the TTE and 4T moieties in TTE-4T-
CHO. For TTE-4T-C60, the absorption intensity around 450-
550 nm was almost the same as that of TTE-4T-CHO,
indicating that delocalization of the electrons between the TTE
and 4T moieties is kept in TTE-4T-C60. From the MO

calculation, the charge-transfer band would be anticipated in a
wavelength region longer than 700 nm; however, the absorption
intensity is too low to observe explicitly.

Steady-State Fluorescence Measurement.The steady-state
fluorescence spectrum of TTE-4T-C60 in toluene exhibits the
fluorescence peak (λf) at 720 nm as shown in Figure 4a. Since
the spectral shape of the fluorescence band of TTE-4T-C60 is
almost the same as that of NMPC60 in the same solvent (λf )
717 nm), the origin of the observed fluorescence of TTE-4T-
C60 is the C60 moiety. From the fluorescence peak, the lowest
singlet excited energy of the C60 moiety was estimated to be
1.72 eV. The fluorescence intensity of TTE-4T-C60 in toluene
is almost the same as that of NMPC60, when the absorbance at
excitation wavelength was matched.

In polar solvents such as PhCN, the fluorescence intensity
of TTE-4T-C60 becomes lower than those of NMPC60 in the
same solvent as shown in Figure 4b. Such a decrease in the
fluorescence intensity of TTE-4T-C60 in polar solvent suggests
the electron transfer via the singlet excited state of the C60

(1C60*) moiety.
Fluorescence Lifetimes.In Figure 5, the time profiles of the

fluorescence intensity at the peak position of the1C60* moiety
in TTE-4T-C60 in toluene and PhCN are shown. In toluene,
after quick decay, the fluorescence decay of the1C60* moiety
obeys a single-exponential function, yielding the fluorescence
lifetime of 1300 ps, which is the same as that of NMPC60.17e

This finding indicates that both energy- and electron-transfers
do not take place. In PhCN, the fluorescence of the1C60* moiety
in TTE-4T-C60 shows biexponential decay, giving a short
fluorescence lifetime (τf < 10 ps) and long one (τf ) 63 ps). In
both solvents, an initial quick decay of less than 10 ps was
observed; since such a quick decay is almost the same as the
instrumental limit, further analysis was not performed. Probably,
energy transfer and/or electron transfer may be possible from
the singlet excited states of the TTE and 4T moieties.

Figure 2. Cyclic voltammogram of TTE-4T-C60 (0.2 mM) in Ar-
saturated PhCN containing Bu4NClO4 (0.05 M) as a supporting
electrolyte at scan rate of 0.1 V s-1.

TABLE 1: Center-to-Center Distance (RCC), Free-Energy Change for Charge Separation (-∆GCS), and Free Energy Change
for Charge Recombination (-∆GCR) of TTE-4T-C60

initial state final state solvent RCC/Å a -∆GCS/eV b -∆GCR/eVb

TTE-4T-1C60* TTE-4T•+-C60
•- PhCN 13 0.20 1.52

TTE-4T-1C60* TTE•+-4T-C60
•- PhCN 30 0.49 1.23

TTE-4T-1C60* (TTE-4T)•+-C60
•- PhCN 22 0.50 1.22c

TTE-4T-1C60* TTE-4T•+-C60
•- toluene 13 -0.39 2.11

TTE-4T-1C60* TTE‚+-4T-C60
•- toluene 30 -0.27 1.99

TTE-4T-1C60* (TTE-4T)•+-C60
•- toluene 22 -0.07 1.79c

a Evaluated from the optimized structure (Figure 1) calculated by MO method.b Calculated from eqs 2-4 employing∆E0-0 ) 1.72 eV,Eox )
0.21 V for TTE,Eox ) 0.52 V for 4T, andEred ) 1.08 V for C60 vs. Fc/Fc+. R+ ) 9.6 Å for TTE, 7.5 Å for 4T, and 17.3 Å for (TTE-4T); R-

) 4.2 Å for C60, as evaluated from Figure 1. Permittivities of PhCN and toluene are 25.2 and 2.38, respectively.c Eox for (TTE-4T) ) (Eox for TTE
+ Eox for 4T)/2.

Figure 3. Steady-state absorption spectra of TTE-4T-C60, TTE-
4T-CHO, TTE, 4T and NMPC60 in toluene.

-∆GCS ) ∆E0-0 - (-∆GCR) (2)

-∆GCR ) Eox - Ered + ∆GS (2)

-∆GS )

e2

4πε0 [( 1

2R+ + 1

2R- - 1
Rcc

)(1
εs

) - ( 1

2R+ + 1

2R-)(1
εr

)] (4)
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The difference between theτf values evaluated from the main
decays in 710-730 nm in polar and nonpolar solvents can be
attributed predominantly to charge separation via the1C60*
moiety in TTE-4T-C60, since energy transfer from the1C60*
moiety to the TTE-4T moiety is impossible from the com-
parison of the energies of their excited singlet states (∆E0-0 )
2.70 and 2.76 eV for 4T and TTE, respectively).11b,27 The
intramolecular charge-separation in PhCN may occur from the
TTE, 4T, and/or TTE-4T moieties to the1C60* moiety in TTE-
4T-C60, forming the radical ion-pair states (TTE•+-4T-C60

•-,
TTE-4T•+-C60

•-, and/or (TTE-4T)•+-C60
•-, respectively).

From theτf value (63 ps) of the1C60* moiety in TTE-4T-
C60, the intramolecular charge-separation rate constant (kcs) in
PhCN was evaluated as summarized in Table 2 using eq 511b,c

whereτ0 is the fluorescence lifetime of NMPC60 in PhCN.17e

Thus, thekcs value was evaluated to be 1.5× 1010 s-1 in PhCN,

which indicates that charge separation process via the1C60*
moiety is quite fast in polar solvents. The quantum yield of
charge separation (Φcs) via the1C60* moiety in TTE-4T-C60

in PhCN was evaluated from eq 611b,c

wherek0 is the fluorescence decay rate of NMPC60. Thus,Φcs

) 0.95 was calculated for TTE-4T-C60 in PhCN, which
indicates that charge separation is almost quantitative in PhCN.

Nanosecond Transient Absorption Measurements.Tran-
sient absorption spectra observed by the nanosecond laser
excitation (532 nm) of TTE-4T-C60 in PhCN are shown in
Figure 6. The broad absorption bands were observed in the
region of 600-1600 nm, which is the overlapping region of
the absorption bands of C60

•- (1000 nm),17eTTE•+ (1100 nm),27

and 4T•+ (680 and 1100 nm) moieties.32 However, these radical
ions do not have absorption bands longer than 1100 nm, which
suggests appreciable interaction between these radical ions of
TTE and 4T, producing the (TTE-4T)•+ moiety. After photo-
excitation, conformation of the TTE-4T moiety may change
to be favorable to the delocalization of hole. From the time
profile at 1000 nm, the charge-recombination rate constant (kCR)
was evaluated to be 5.5× 107 s-1, from which the lifetime of
the charge-separated state was calculated to be 18 ns at room
temperature.33 Thus, the ratio ofkCS/kCR was evaluated to be

Figure 4. Fluorescence spectra of TTE-4T-C60 (0.1 mM; solid line)
and NMPC60 (0.1 mM; dot line) in (a) toluene and (b) PhCN; excitation
at 560 nm, where the absorbance of both compounds was matched.

TABLE 2: Fluorescence Lifetime (τf at 710-730 nm),
Charge-Separation Rate Constant (kCS), Quantum Yield for
Charge Separation (ΦCS), Charge-Recombination Rate
Constant (kCR) of TTE-4T-C60

compound solvent τf /s kCS/s-1 ΦCS kCR/s-1

TTE-4T-C60 PhCN 6.3× 10-11 1.5× 1010 0.95 5.5× 107

kcs ) 1
τf

- 1
τ0

(5)

Figure 5. Fluorescence decay profiles around 710-730 nm of TTE-
4T-C60 in (a) toluene and (b) PhCN after 410-nm laser irradiation.
Solid lines indicate laser profile. Red curves are fitting curves.

Φcs )
kcs

kcs + k0
)

(τf)
-1 - (τ0)

-1

(τf)
-1

(6)
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270, which is larger than that reported for TTF-C60 dyads (kCS/
kCR ) 50-150 in PhCN),24b indicating that TTE-4T-C60 is
an efficient charge-separation system in polar solvents.

After quick decay of the charge-separated state, the absorption
bands remained around 700 nm at 250 ns (Figure 6), which
indicates that the absorption band of TTE-4T-3C60* was
hidden in the broad absorption in 600-1600 nm at 25 ns. The
decay time profile at 700 nm has two components as shown in
inset of Figure 6b; the fast decay part with short lifetime
(18 ns) is attributed to the charge-recombination process between
the (TTE-4T)•+ and C60

•- moieties, while the slow decay part
is ascribed to the decay of the3C60* moiety, because the slow
decay rate was accelerated on addition of O2 due to energy
transfer.13,17e In the transient spectrum at 250 ns, other weak
absorption bands in the 900-1500 nm region are difficult to
assign.

By the excitation with the 355-nm laser light, transient
absorption spectra similar to Figure 6 were observed. Since the
355-nm laser light excites three moieties of the triad in almost
equal amounts, as estimated from Figure 3, it is difficult to
presume that charge separation takes place via the singlet excited
states of the TTE and 4T moieties in addition to1C60*. Since
the excitation with the 355-nm light seems to slightly induce
photodissociation, further study was not performed.

In toluene, a transient absorption band was observed around
700 nm at 50 ns (Figure 7a). The possible species of the
absorption band are the3C60* moiety (700 nm) and the 4T•+

moiety (680 nm);11b in the present case, the absorption band at
700 nm was ascribed to TTE-4T-3C60*, since the decay rate
at 700 nm was accelerated on addition of O2 (Figure 7b).17e

The weak absorption near 1000 nm was also ascribed to the
tail of the huge 700 nm band of the3C60*-moiety, since the
decay time profile was quite similar to that at 700 nm. Thus,
the charge-separated state was not observed in the time region
longer than the laser light pulse (ca. 5 ns) in the present study.
This observation was supported by the positive∆GCS value in
toluene (Table 1), suggesting difficulty of charge separation. It
should be noted that the time profile at 700 nm seems to have
two components; the lifetime evaluated from the fast component
of TTE-4T-3C60* (0.12 µs) was quite shorter than lifetimes
of the triplet states of pristine3C60* and the 3NMPC60*
derivatives (10-30 µs),17ealthough the lifetime evaluated from
minor slow decay part was as long as ca. 10µs. Although the
mechanism for the fast decay process is unclear in the present
stage of our study, the following possibilities can be pointed
out. (1) The fast decay part may result from the mixing of TTE-
4T-3C60* with the charge-separated states; thus, the very short
lifetime of the charge-separated states in toluene may be
crippling the lifetime of TTE-4T-3C60*. (2) A bimolecular
process such as triplet-triplet annihilation between TTE-4T-
3C60* molecules in toluene may shorten the apparent triplet
lifetime.

Temperature Effect. The energy barrier for the charge-
recombination process can be estimated by measuring the
temperature dependence ofkCR. From the semiclassical Marcus
equation,34 the electron-transfer rate constant (k) can be
described as follows:

Figure 6. (a) Nanosecond transient absorption spectra of TTE-4T-
C60 (0.1 mM) in Ar-saturated PhCN at 25 and 250 ns after 532-laser
irradiation. (b) Time profiles at 1000 and 700 nm in Ar-saturated and
O2-saturated PhCN.

Figure 7. (a) Nanosecond transient absorption spectra of TTE-4T-
C60 (0.1 mM) in Ar-saturated toluene at 50 and 500 ns after 532-laser
irradiation. (b) Time profiles at 700 and 1000 nm in Ar-saturated and
O2-saturated PhCN.

ln(kxT) ) ln(2π3/2|V|2
hxλkB

) - ∆G*

kBT
(7)
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where T, |V|, h, λ, kB, and ∆G* are referred to as absolute
temperature, electron coupling matrix element, Planck constant,
reorganization energy, Boltzmann constant, and the Gibbs
activation energy in the Marcus theory,34 respectively. The
observedkCR values decreased with temperature from 2× 108

s-1 at 40 °C to 4.5× 107 s-1 at -15 °C, which were larger
changes than the experimental error ((5%). Figure 8 shows
the modified Arrhenius plot for the semiclassical Marcus eq
7,34 which shows a linear relation between ln(kCRT1/2) values
and 1/T. From the slope, i.e., (-∆GCR

* / kB), the∆GCR
* value

was estimated to be 0.081 eV (Table 3). Theλ value for the
charge-recombination process was calculated to be 0.74 eV from
the following relation:34

From the comparison of theλ () 0.74 eV) with∆GCR value
(-1.22 to -1.52 eV in PhCN in Table 1), the charge-
recombination processes are considered to be in the Marcus
“inverted region”.34 These findings indicate that the rate constant
of charge recombination is relatively slower than those of other
dyads.35 The |V| value was calculated to be 2.3 cm-1 from the
intercept of the slope in Figure 8. This|V| value is similar to
the value of the dyad (3.9 cm-1 for ZnP-C60)6c rather than that
of the triads (0.019 cm-1 for ZnP-H2P-C60),6c supporting the
assumption that the charge-separated state is predominantly
(TTE-4T)•+-C60

•-.
Energy Diagram. Figure 9 shows an energy diagram of

TTE-4T-C60 in PhCN when the 532-nm laser light is used as
the excitation light. Energy levels of the radical ion pairs were
cited from Table 1. The charge separation takes place via TTE-
4T-1C60* as indicated by the weak fluorescence intensity and
short fluorescence lifetime, since the energy levels of TTE-
4T•+-C60

•-, TTE•+-4T-C60
•-, and (TTE-4T)•+-C60

•- were
lower than TTE-4T-1C60*. In (TTE-4T)•+-C60

•-, hole de-
localization may occur between TTE-4T•+-C60

•- and TTE•+-
4T-C60

•- as indicated by the broad transient absorption bands
in the nanosecond transient spectra in Figure 6. Since∆GCR

*

) 0.081 eV is smaller than the energy difference between

TTE•+-4T-C60
•- and TTE-4T•+-C60

•- (0.30 eV), the step-
wise charge-recombination from TTE•+-4T-C60

•- via TTE-
4T•+-C60

•- may not be possible. Thus, charge recombination
via (TTE-4T)•+-C60

•- is most probable. As for the generation
of TTE-4T-3C60*, intersystem crossing from TTE-4T-1C60*
is most probable; however, it is also possible to generate TTE-
4T-3C60* via charge recombination of TTE-4T•+-C60

•-,
because of downhill process.15bWith the excitation of the TTE-
4T moiety of TTE-4T-C60 in PhCN, the charge-separation
processes may take place too; however, in the present study,
information about the processes was not obtained. In toluene,
charge separation from1C60

* did not occur, since the energy
levels of TTE-4T•+-C60

•-, TTE•+-4T-C60
•-, and (TTE-

4T)•+-C60
•- are higher than that of TTE-4T-1C60*.

Comparison with Other Systems. The lifetime of the
charge-separated state of 4T-C60 (4T•+-C60

•-) was evaluated
to be 620 ns in PhCN,11b which is quite longer than that of the
charge-separate states of TTE-4T-C60. In the case of 4T•+-
C60

•-, energy level of 4T•+-C60
•- is similar to that of 4T-3C60*;

thus, 4T•+-C60
•- gains the triplet radical ion-pair character by

mixing with 4T-3C60*, leading to the long lifetime for charge
separation.11b In the case of TTE-4T-C60, the energy levels
of TTE•+-4T-C60

•-, and (TTE-4T)•+-C60
•- are far lower

than that of TTE-4T-3C60*; thus, TTE•+-4T-C60
•- and (TTE-

4T)•+-C60
•- may keep the singlet character. Contribution of

TTE-4T•+-C60
•- to the charge-separation states may be small,

because of its higher energy level. Thus, the lifetime of 18 ns
for the charge-separate states of TTE-4T-C60 is shorter than
that of 4T•+-C60

•- with triplet character. However, since the
usual donor-acceptor dyads with short distances have lifetimes
for the charge-separated states shorter than 1 ns,35 the observed
18 ns for lifetime of the charge-separated state of TTE-4T-
C60 is quite long; this can be explained by far negative∆GCR

thanλ, which means that the charge-recombination process is
far deep in the inverted region of the Marcus parabola.34

Figure 8. Semiclassical Marcus (modified Arrhenius) plots of the
temperature dependence ofkCR for TTE-4T-C60 in PhCN.

TABLE 3: Gibbs Activation Energy ( ∆GCR
*),

Reorganization Energy (λ), and Electron-Coupling Matrix
Element (|V|) for Charge-Recombination Process of
TTE-4T-C60

compound solvent ∆GCR
*/eV λ /eV |V|/cm-1

TTE-4T-C60 PhCN 0.081 0.74 2.3

∆G* )
(∆GCR + λ)2

4λ
(8)

Figure 9. Schematic energy diagram for electron-transfer processes
of TTE-4T-C60 in PhCN.
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Summary

For TTE-4T-C60, the photoinduced charge separation via
the excited singlet state was observed in highly polar solvent.
The lifetime of 18 ns was evaluated for the radical ion pair(s)
of TTE-4T-C60 in PhCN at room temperature. Broad transient
absorption bands suggest hole delocalization between the TTE
and 4T moieties. The stable charge-separated states such as
TTE•+-4T-C60

•- and (TTE-4T)•+-C60
•- lose a chance to mix

with TTE-4T-3C60* with energy higher than TTE•+-4T-
C60

•- and (TTE-4T)•+-C60
•-, which makes the lifetime of the

charge-separated states relatively short. However, high ratio of
kCS/kCR ) 270 indicates that TTE-4T-C60 is an efficient
photoinduced charge-separation system in polar solvents such
as PhCN.
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