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Photoinduced charge-separation and -recombination processes in two series of oligo(thienyleneethynyl)–fullerene
dyads (abbreviated as nTE–C60), in which the nTE moiety has a linear (n�TE) or zigzag structure (n�TE), have been
investigated by using transient absorption spectroscopy with sub-picosecond laser flash photolysis. Based on the transi-
ent absorption spectra, charge separation occurs in nTE–C60 with the rate constants on the order of 1011 s�1, indicating
almost quantitative charge separation. For all nTE–C60 dyads, the charge-separation rate-constants in toluene were larger
than those in benzonitrile, suggesting that the charge-separation process is a solvent-controlled adiabatic process. On the
other hand, the charge-recombination processes going back to the ground state occurred with the rate constants on the
order of 108–109 s�1. The charge-recombination rate of n�TE–C60 was faster than that in n�TE–C60 with a zigzag struc-
ture, in spite of similar free energy change for the charge recombination.

Recently, photoinduced charge-separation and -recombina-
tion processes of fullerene molecules linked with an electron-
donor molecule via a covalent bond have been extensively
investigated by several groups.1–52 For fullerene molecules
linked with a donor, fast charge-separation and slow charge-
recombination processes have been reported.9 As for donors
of the dyad molecules including C60, aromatic amino com-
pounds,3–5 carotenoid,6 porphyrins,7–15 tetrathiafulvalenes,16–19

and oligothiophenes20–31 have been employed. Some of the
fullerene–donor linked molecules on an electrode exhibited ex-
cellent photovoltaic effects upon photo-irradiation.10,22 These
interesting properties can be attributed to high efficiency of
the charge-separation process and stability of the charge-sepa-
rated states in the fullerene–donor linked molecules.32–43

Oligomers of �-conjugated polymers, such as oligothio-
phenes, are good electron donors in the ground and excited
states. It has been showed that the photoinduced charge-sepa-
ration processes occurred almost quantitatively in the dyad
molecules of oligothiophene and C60, in which the charge-sep-
arated states have long lifetimes in microsecond region.20,21,25

Photocurrent generation in the photovoltaic cell including a
gold electrode modified with oligothiohene–C60 dyad was also
demonstrated by Hirayama et al.22 Photoinduced charge-sepa-
ration processes in the dyad and triad composed with oligothio-
phene and C60 were also indicated by Janssen and his co-work-
ers.23,24,27–31 Furthermore, Janssen et al. observed the efficient
charge-separation processes in the C60 dyad molecules involv-
ing oligo(thienylenevinyl) as a donor moiety.44–52

Recently, we investigated the photoexcited states and elec-

tron-transfer properties of two series of oligo(thienyleneeth-
ynyl)s, in which thiophene rings were connected with ethynyl
groups at the 2,5- or 2,3-positions (n�TE or n�TE, respec-
tively, Chart 1).53 These oligomers exhibited moderate do-
nor-ability; they showed photoinduced intermolecular electron
transfer to triplet excited states of C60 and C70.

53 These find-
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ings indicate that these oligomers are also candidates for the
donor moiety of the dyad molecules including fullerenes. In
our previous paper,54 syntheses and preliminary steady-state
fluorescence study of the dyad molecules including C60 and
oligo(thienyleneethynyl) (nTE–C60, Chart 1) were reported.
In the present paper, by employing sub-picosecond laser flash
photolysis, we quantitatively investigated the photoinduced
intramolecular charge-separation and charge-recombination
processes in nTE–C60.

Results and Discussion

MO Calculations. Based on B3LYP/3-21G(d) level cal-
culations,55 the n�TE moieties of 5�TE–C60 and 9�TE–C60

have linear structures, which are favorable for the extension of
�-conjugated systems (Fig. 1). Actually, the HOMO of 5�TE–
C60 is expanded over the whole 5�TE moiety. As for 9�TE–
C60, the HOMO is delocalized over the central 6–7 repeating
units of the 9�TE. The limited delocalization on the 9�TE
moiety will be related to a general tendency; that is, various
properties of the oligomers, such as absorption and fluores-
cence peaks, showed saturation behavior around six or seven

repeating units, although these properties show a substantial
dependence on the chain lengths up to hexamer or heptamer.25

On the other hand, the LUMO is delocalized over the C60-moi-
ety for the dyads. It should be stressed that a linear structure of
n�TE makes the interaction between n�TE moiety and C60

moiety weak, because spatial interaction is effectively inhibit-
ed by the pyrrolidine ring.

In the cases of n�TE–C60, on the other hand, the optimized
structures have zigzag oligomer moieties with a unit of two
thiophenes connected by an acetylene bond. Since the planar
entities are connected by one or two repeating units, �-conju-
gation in the oligomer moieties is limited to the planar entities.
Accordingly, the HOMOs of the n�TE moieties are localized
on one planar unit as clearly seen with 13�TE–C60. On the
other hand, the LUMO is delocalized over the C60-moiety
for all the dyads. Thus, although charge-separation processes
from the nTE moiety to the C60 moiety are expected upon pho-
toexcitation of the nTE–C60 dyads, the character of the radical
cation on the n�TE moiety may be quite different from that of
the n�TE moiety.

Ground State Properties of nTE–C60. Steady-state

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 1. (Left) HOMO’s and (right) LUMO’s of (a) 5�TE–C60, (b) 9�TE–C60, (c) 5�TE–C60, (d) 9�TE–C60, and (e) 13�TE–C60

calculated at B3LYP/3-21G(d) level.
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absorption spectrum of 5�TE–C60 is shown in Fig. 2a as well
as those of 5�TE and NMPC60, which are the components
of the 5�TE–C60 dyad. In the spectrum of 5�TE–C60, there
were absorption bands at 702, 410, and 330 nm with a shoulder
around 435 nm. These absorption bands can be interpreted by
superposing the spectra of the components. The absorption
bands at 702, 435, and 330 nm are thus attributed to the C60

moiety, while the band at 410 nm is assigned to the 5�TE-
moiety. Since the spectrum of 5�TE–C60 is essentially the
same as the superposition of the components, interaction be-
tween the 5�TE moiety and the C60 moiety seems to be weak
in the 5�TE–C60 dyad. Similarly, weak interaction between
the 9�TE moiety and the C60 moieties was confirmed in an ab-
sorption spectrum of 9�TE–C60, in which the main peak of the
9�TE moiety appeared at 450 nm and is red shifted ca. 40 nm
from that of 5�TE.

On the other hand, the absorption spectrum of 5�TE–C60

(Fig. 2b) does not show a clear peak, because the peak of the
5�TE-moiety at 310 nm overlaps with that of the C60-moiety
at 320 nm. The absorption spectrum of 5�TE–C60 cannot be
reproduced by the superposition of spectra of the components:
(i) in the 300–400 nm region the absorption spectrum of
5�TE–C60 is structure-less compared to the spectral superpo-
sition of the components and (ii) the absorption band around
700 nm of 5�TE–C60 is red shifted by 9 nm. Similar spectral
features were also confirmed for the absorption spectra of
9�TE–C60 and 13�TE–C60. These findings indicate that the

interaction between the n�TE moiety and the C60 moiety is
not negligible in n�TE–C60. These features of n�TE–C60 can
be attributed to the zigzag structure of n�TE-moiety, which
takes various conformations by rotation around the pyrroli-
dine–thiophene bond; some of these conformations will induce
interaction between the n�TE- and C60-moieties due to their
close proximity between the n�TE- and the C60-moieties. On
the other hand, n�TE–C60 showed quite weak interaction due
to the linear structures of the n�TE moiety normal to the C60

sphere as indicated by the MO calculation (Fig. 1).
Electrochemical Measurements. Oxidation and reduction

potentials of the dyads measured by cyclic voltammetry are
summarized in Table 1. The oxidation potentials (Eox) of the
nTE moieties of the nTE–C60 dyads are essentially the same
as those of corresponding nTE molecules. In both n�TE–C60

and n�TE–C60, the Eox values of the nTE moieties became less
positive with an increase in n, which suggests that the �-con-
jugation along n�TE and n�TE increases with n. The differ-
ences in the observed Eox values of the nTE moieties seem
to be due to the delocalization length of the HOMO in Fig. 1.
As for the reduction potentials (Ered) of the fullerene moieties,
the deviations from NMPC60 were quite small (<0:02V).
These finings indicate that the interaction between the chromo-
phores of the nTE–C60 dyads is not so strong as in the ground
states. Based on the estimated redox potentials, free energy
changes for the charge-separation and -recombination process-
es (�GCS and �GCR, respectively) were calculated employing
the Weller equation (Eqs. 1–3):56

��GCS ¼ �E0{0 � ð��GCRÞ; ð1Þ
��GCR ¼ Eox � Ered þ�GS; ð2Þ
�GS ¼ e2=ð4�"0Þ½ð1=ð2rþÞ þ 1=ð2r�Þ � 1=RccÞ

� ð1="sÞ � ð1=ð2rþÞ þ 1=ð2r�ÞÞð1="rÞ�; ð3Þ

where �E0{0 is excitation energy, rþ and r� are ionic radii of
donor and acceptor, respectively, Rcc is center-to-center dis-
tance, and "s are "r are dielectric constants of solvent for
the rate measurements and redox measurements, respectively.
Estimated driving force values are summarized in Tables 2
and 3. Geometrical parameters employed are summarized in
the footnote of Table 2. As indicated above, we employed
the center-to-center distance to calculate �GCS and �GCR.
This treatment seems to be adequate for the n�TE–C60, be-
cause the LUMO of n�TE is delocalized over the central part
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Fig. 2. Absorption spectra of (a) 5�TE–C60 and (b) 5�TE–
C60 in benzonitrile (1:5� 10�5 M) as well as those of the
components.

Table 1. Oxidation (Eox) and Reduction Potentials (Ered) of
nTE–C60 and Related Compoundsa)

nTE–C60 E/V vs Ag/Agþ

Eox(nTE
þ1=0) Ered(C60

0=�1)

5�TE–C60 0.86 �0:88
9�TE–C60 0.77 �0:88
5�TE–C60 0.86 �0:91
9�TE–C60 0.72 �0:91
13�TE–C60 0.69 �0:91

a) The values were estimated in deaerated benzonitrile
containing 0.1M of tetrabutylammonium perchlorate.
Eox(5�TE) = 0.88V, Eox(9�TE) = 0.74V, Eox(5�TE) =
0.84V, Eox(9�TE) = 0.72V, Eox(13�TE) = 0.69V, and
Ered(NMPC60) = �0:90V.
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of n�TE moiety. In the case of n�TE–C60, the LUMO of n�TE
is localized on a planar entity of the n�TE. Furthermore, the
zigzag structure of n�TE allows various conformers. Thus,
the estimated �GCS and �GCR values for n�TE–C60 (Tables 2
and 3) should be regarded as a typical value. By assuming that
the LUMO of 13�TE is localized on a planar entity of n�TE
close to C60, a �GCS value of �0:98 eV is expected in benzo-
nitrile. On the other hand, a �GCS value of �0:93 eV is ex-
pected when the LUMO of 13�TE is localized on the other
end of the n�TE chain. A similar variation in �GCS is expect-
ed for other n�TE–C60 dyads. As a whole, the charge-separa-
tion processes from the excited nTE moiety in the nTE–C60

dyads are exothermic in benzonitrile as indicated in a schemat-
ic energy diagram (Fig. 3). Even in nonpolar toluene, negative
�GCS values were calculated, although a large error may be
included. On the other hand, the �GCS values via the excited
singlet state of the C60 moiety, which can be calculated em-
ploying �E0{0 ¼ 1:74 eV and �GCR in Table 3, are only

slightly negative in benzonitrile and positive in toluene.
Fluorescence Properties of nTE–C60. Fluorescence spec-

tra of the nTE–C60 dyads in toluene were estimated for the
nTE moiety and the C60 moiety separately as shown in Fig. 4.
Note that the spectra in the regions of 400–650 and 670–850
nm were measured with different sample concentrations in
order to make clear the contribution of each excited state to
the photoinduced process, such as charge separation. For the
spectra in the 400–650 nm region, the concentrations of the
samples were adjusted so that the same number of photons is
absorbed by the nTE-moiety. In the 450–650 nm region, fluo-
rescence intensities of the nTE moieties of the nTE–C60 dyads
are quite low when compared to the corresponding nTE refer-
ences. For example, fluorescence intensity of the 5�TE moiety
of 5�TE–C60 is 1/10000 of 5�TE. This finding indicates that a
photoinduced process, such as charge transfer, occurs in nTE–
C60 via the singlet excited states of the nTE moieties (1nTE�)
of the nTE–C60 dyads. As for the fluorescence spectra in the
670–850 nm region, the fluorescence intensities of the C60

moiety of nTE–C60 are similar to that of NMPC60, even after
careful adjustment of the concentration of the sample so that
the same number of photons is absorbed by C60 moiety. These
observations indicate that both new deactivation process via
the singlet excited state of the C60 moiety (1C60

�) and energy
transfer from 1nTE� to the C60 moiety are not included.

Fluorescence spectra were also measured in polar solvents,
such as benzonitrile. Extensive fluorescence quenching of the
nTE moieties was also confirmed for the nTE–C60 dyads. Sim-
ilar to the observation in toluene, the C60 moiety of nTE–C60

did not show any appreciable change in the fluorescence inten-
sities compared with that of NMPC60 even after the sample
concentrations were adjusted so that the same number of the
photons was absorbed by the C60 moiety.

These findings do not support an energy-transfer process
from the 1nTE� moiety to the C60 moiety in both solvents,
since no increase in the fluorescence intensity resulting from
the accumulation of 1C60

� by the energy transfer from 1nTE�
was observed.

Table 2. Free-Energy Changes (�GCS), Rate Constants
(kCS), and Quantum Yields (�CS) for Charge-Separation
Processes of nTE–C60 Dyads in Benzonitrile and Toluene

Dyad Solvent ��GCS/eV
a) kCS/s

�1 �CS

5�TE–C60 benzonitrile 0.93 1:2� 1011 0.97
toluene 0.47 3:6� 1011 0.97

9�TE–C60 benzonitrile 0.80 2:8� 1011 0.97
toluene 0.38 4:0� 1011 0.97

5�TE–C60 benzonitrile 1.02 1:4� 1011 0.99
toluene 0.56 4:9� 1011 0.99

9�TE–C60 benzonitrile 0.98 1:1� 1011 0.98
toluene 0.52 2:8� 1011 0.98

13�TE–C60 benzonitrile 0.94 1:5� 1011 0.98
toluene 0.50 3:9� 1011 0.97

a) �GCS values were calculated assuming that the radii of C60,
5�TE, 9�TE, 5�TE, 9�TE, and 13�TE are to be 4.2, 13.4,
24.0, 8.8, 14.7, and 20.6 Å, respectively. The center to center
distances are 16.8, 26.5, 11.0, 15.7, and 23.0 Å for 5�TE–C60,
9�TE–C60, 5�TE–C60, 9�TE–C60, and 13�TE–C60, respec-
tively. The respective singlet energies were 2.61, 2.50, 2.81,
2.64, and 2.56 eV.

Table 3. Free-Energy Changes (�GCR), Rate Constants
(kCR) for Charge-Recombination Process, and Lifetimes
of Radical Ion Pair (�ion) of nTE–C60 Dyads in Benzoni-
trile and Toluene

Dyad Solvent ��GCR/eV
a) kCR/s

�1 �ion/ns

5�TE–C60 benzonitrile 1.78 3:6� 109 0.28
toluene 2.24 2:6� 109 0.38

9�TE–C60 benzonitrile 1.70 6:2� 109 0.16
toluene 2.12 5:9� 109 0.17

5�TE–C60 benzonitrile 1.79 2:9� 108 3.4
toluene 2.25 2:6� 108 3.8

9�TE–C60 benzonitrile 1.66 2:5� 108 4.0
toluene 2.12 1:2� 108 8.3

13�TE–C60 benzonitrile 1.62 3:4� 108 2.9
toluene 2.04 1:6� 108 6.3

a) �GCR values were calculated employing the parameters
listed in the caption of Table 2.
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Fig. 3. Schematic energy diagram for the photoinduced
processes of nTE–C60.
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The fluorescence lifetimes of the nTE moieties of nTE–C60

were shorter than our instrumental limit (<20 ps) in toluene
and in benzonitrile, indicating that a fast photoinduced process
occurs via the 1nTE� moieties of the nTE–C60 dyads. This
observation is quite reasonable, because the energy of 1nTE�
is high enough to cause photoinduced charge separation even
in toluene. As for the C60 moieties in nTE–C60, the life-
times were 1.1–1.2 ns, which are almost the same as that of
NMPC60,

57 indicating the absence of a fast deactivation proc-
ess in the 1C60

� moieties. The absence of the fast deactivation
process, such as charge separation, is quite reasonable, since
the driving force for the charge separation from the 1C60

� moi-
ety of the nTE–C60 dyad in toluene is endothermic (Fig. 3).

Transient Absorption Spectra of nTE–C60. In order to
study the processes involving the singlet excited states of the
nTE–C60 dyads in detail, sub-picosecond transient absorp-
tion spectra were measured by exciting samples with 388 nm
laser light from a femtosecond laser (fwhm 150 fs). In Fig. 5,
transient absorption spectra of 9�TE–C60 in benzonitrile are
shown as a representative case. An absorption band appeared
in the 470–600 nm region with an absorption tailing to wave-
lengths longer than 900 nm immediately after laser irradiation.
The spectrum at 2 ps can be attributed mainly to the 19�TE�

moiety from the comparison with the spectrum previously re-
ported for 19�TE�.53 Contribution of the 1C60

� moiety should
be minor in the present case, because the characteristic absorp-
tion band due to the 1C60

� moiety around 900 nm is not clear
in the spectrum.58 This finding agrees with the fact that ca. 3/4
of photons of the 388 nm laser light are absorbed by the 9�TE-
moiety of the dyad. At 40 ps after laser irradiation, a new
absorption band appeared around 560 nm with an increasing
absorption-time profile as shown in the 0–40 ps time region
in Fig. 5b. The absorption band around 560 nm can be attrib-
uted to the radical cation of the 9�TE moiety (9�TE�þ), which
showed the absorption peak at 688 nm during �-ray radiolysis
in 77K glassy matrix.53 The absorption peak shift of 9�TE�þ

between the 77K glassy matrix and solution at room temper-
ature can be attributed to structural relaxation that is dependent
on the temperature change, because n�TE tends to take more
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planar structure at lower temperatures, which is well known
for various conjugated polymers.59 Accordingly, a shoulder
around 980 nm is attributable to the radical anion of function-
alized C60 (C60

��).60 This fact indicates that charge separation
occurred from the 19�TE� moiety to the C60 moiety in benzo-
nitrile. For other n�TE–C60, similar transient absorption spec-
tra were observed indicating the charge-separation process as
shown in Eq. 4:

n�TE{C60 ������!
h�ð388 nmÞ 1n�TE�{C60

������!
ðn¼5;9;13Þ

kCS
n�TE�þ{C60

��; ð4Þ

where kCS denotes a rate constant for the charge separation
of 1n�TE�–C60. In toluene, the appearances of the n�TE�þ

moieties in n�TE–C60 were confirmed in almost the same time
region (ca. 40 ps), supporting the charge-separation process,
Eq. 4. The timescale for the generation of n�TE�þ–C60

��

(<10 ps) agrees with the lifetime of the fluorescence of the
n�TE moiety of n�TE–C60 being less than 20 ps in toluene
and benzonitrile.

Contribution of the 1C60
� moiety to the charge-separation

process can be neglected, since the fluorescence lifetime of
the C60 moiety (1.2 ns) was quite longer than the timescale
for the generation of n�TE�þ–C60

�� (<10 ps), which corre-
lates to the lifetime of the fluorescence of the n�TE moiety.
Because there is no contribution from the 1C60

� moiety in
the charge-separation process, the main deactivation pathway
of the 1n�TE� moiety is charge separation but not energy
transfer. This is consistent with the fact that the 1C60

� moiety
cannot access the charge-separated state especially in nonpolar
solvents (vide infra).

Assuming that the generation of 9�TE�þ–C60
�� and the de-

cay of the 19�TE� moiety are included in the absorption-time
profile of Fig. 4b, the kCS value was estimated to be 1:1� 1011

s�1 in benzonitrile by using curve-fitting method. Similarly,
the kCS values were evaluated for other n�TE–C60 in benzo-
nitrile and toluene as listed in Table 2. Large kCS values indi-
cate almost quantitative generation of the charge-separated
state from the 1n�TE� moiety as shown in a schematic energy
diagram (Fig. 3). The quantum yields for the charge separation
(�CS) were estimated to be 0.97–0.99 from the relation �CS ¼
kCS=ðkCS þ kSÞ, where kS is a singlet decay rate of the n�TE
moiety estimated from the fluorescence lifetime of the n�TE
model. Negligible contribution of the 1C60

� moiety is attribut-
ed to the higher energy levels of the charge-separated states
than the 1C60

� moiety for all n�TE–C60 in toluene. In benzo-
nitrile, even for 9�TE–C60 and 13�TE–C60, the energy levels
of the charge-separated states are similar to the energy level
of the 1C60

� moiety as evaluated from the �GCR values in
Table 3, indicating a negligible charge-separation process.

The photoinduced processes of the n�TE–C60 dyad mole-
cules were also investigated with sub-picosecond laser flash
photolysis. In the case of 9�TE–C60 in benzonitrile, generation
of the 19�TE� moiety was confirmed by observation of an
absorption band in the near-IR region (800–1100 nm) as shown
in Fig. 6a.53 The 19�TE� moiety decayed within 20 ps as
shown in Fig. 6b, leaving the absorption bands around 740
and 520 nm in the spectrum at 40 ps, which can be attributed
to the 9�TE�þ moiety,53 indicating that the charge-separation

process takes place via the 19�TE� moiety, Eq. 5, in a similar
manner to the process in Eq. 4.

n�TE{C60 ������!
h�ð388 nmÞ 1n�TE�{C60

������!
ðn¼5;9Þ

kCS
n�TE�þ{C60

��: ð5Þ

The absorption peak of the C60
�� moiety appeared in the

900–1000 nm region, which seems to be overlapped with an
absorption tail of the band for the 9�TE�þ moiety at 740 nm.
The kCS value was estimated to be 2:8� 1011 s�1 from the
decay curve of the 19�TE� moiety in Fig. 6b. In the case of
9�TE–C60, the contribution of the singlet excited state of the
C60 moiety can be also neglected, because a sufficiently large
��GCS cannot be expected from energetic consideration even
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Fig. 6. (a) Transient absorption spectra of 9�TE–C60 in
benzonitrile upon excitation with 388 nm laser light (fwhm
150 fs), (b) and (c) absorption-time profiles at 920 and
740 nm, respectively.
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in benzonitrile. For 5�TE–C60, the charge-separation process
from the 15�TE� moiety was also confirmed. Furthermore,
the charge-separation process was also confirmed in non-polar
toluene solvent.

The kCS values as well as the �GCS values are summarized
in Table 2. Both in benzonitrile and toluene, kCS is quite large.
One of the reasons for the fast charge separation can be attrib-
uted to a process near the Marcus top region.61–63 The solvent
reorganization energy (� s) in the present charge-transfer sys-
tem can be estimated using the structural parameters listed in
the footnote of Table 2 and following Eq. 6,

�S ¼ e2=ð4�"0Þ½ð1=ð2rþÞ þ 1=ð2r�Þ � 1=RccÞ
� ð1="op � 1="SÞ�; ð6Þ

where "op is the dielectric constant for the optical region. For
dyads in benzonitrile and toluene, the �S value was estimated
to be 0.39–0.57 and 0.26–0.38 eV, respectively. Since the
internal reorganization energy for the donor–fullerene dyad
was reported to be �0:3 eV,4 total reorganization energy is
0.7–0.9 and 0.6–0.7 eV in benzonitrile and toluene, respec-
tively. These values are similar to the ��GCS values listed
in Table 2, indicating that the present charge-separation proc-
ess proceeds with almost no barrier in both solvents.

Since kCS is on the order of 1011 s�1, the electronic coupling
matrix element (V) is on the order of 10 to 100 cm�1. This val-
ue seems to be adequate since the Williams et al. reported
V ¼ 28 cm�1 for the covalently bonded dyad including N,N-
dimethylaniline and C60.

4 By assuming V ¼ 50 cm�1 and
�S ¼ 0:5 eV, the adiabaticity parameter (� ¼ 4�V2�l=h��S, h� :
Planck’s constant, �l: longitudinal dielectric relaxation time) is
calculated to be 7.3, indicating that the present charge-transfer
process proceeds as a solvent-controlled adiabatic reaction.64

Actually, the observed kCS values ((3.6–9.1 ps)�1 and (2.0–
3.6 ps)�1 in benzonitrile and toluene, respectively) are almost
the same as the �l values (5.1 and 2.7 ps in benzonitrile and
toluene, respectively).65,66 Therefore, the faster charge separa-
tion in toluene than in benzonitrile can be attributed to fast
solvation in toluene. Previously, we reported that, from the
steady-state fluorescence, n�TE seems to expand its �-conju-
gation system in the excited state.53 The larger �-conjugation
causes a larger electronic coupling matrix element in the
charge-transfer process, since it makes hopping of excitation
energy to the vicinity of the fullerene moiety possible. The
solvent-controlled adiabatic reaction and delocalization of
the excited state seem to explain the weak dependence of
charge-separation rate on the charge-separation distance in
the present dyads.

As shown in an absorption-time profile of Fig. 6c, the ab-
sorption band due to the radical ion pair shows decay over sev-
eral nanoseconds. The decay can be attributed to the charge-
recombination process (Eq. 7):

nTE�þ{C60
�� ��!

kCR
nTE{C60; ð7Þ

where kCR denotes the rate constant for the charge-recombina-
tion process generating the ground state of the dyad as shown
in the energy diagram (Fig. 3). The decays of the radical ion
pairs over several nanoseconds were also confirmed for other
n�TE–C60 dyads molecules as shown in Fig. 5c. The observed
kCR values as well as �GCR values are summarized in Table 3.

The kCR values are 6:2� 109–1:2� 108 s�1, indicating that
charge-separated states have lifetimes of 0.16–8.3 ns.

The kCR values of n�TE–C60 are smaller than those of
n�TE–C60 even if the ��GCR values are similar. As a reason
of the different kCR values between n�TE–C60 and n�TE–C60,
the following possibilities can be pointed out. (1) There is a
difference in the internal reorganization energy between
n�TE–C60 and n�TE–C60. A slight change in the reorganiza-
tion energy can result in a large difference in charge-separation
and -recombination rates. (2) Delocalization of hole in the con-
jugated chain causes the difference in kCR values. In the case of
n�TE–C60, the radical cation is expected to be delocalized
over the oligomer chain, while a localized radical cation is ex-
pected for n�TE–C60. The delocalized radical cation of n�TE–
C60 is expected to cause fast charge recombination, since the
radical ion pair can be recombined at rather close proximity
to each other. (3) Difference in the hopping rate of the radical
cation along the oligomer chain causes the difference in kCR
values. For the oligomer of conjugated polymer, hopping of
the radical cation is expected. If the hopping rate is faster than
kCR expected from Marcus theory, charge recombination after
the hopping of the radical cation becomes important, because
due to hopping the radical cation can be in close proximity of
the radical anion. Hopping in the linear oligomer chain should
effectively increase kCR. At the present stage of our study,
we cannot evaluate the contribution of each factor. However,
the dependence of kCR on molecular structure rather than the
driving force is an interesting property of these conjugated
oligomers.

Conclusion

In the present study, we showed that fast charge-separation
processes occur in the two series of nTE–C60 dyads, in which
the nTE moiety has a linear or a zigzag structure. The kCS val-
ues were on the order of 1011 s�1, indicating almost quantita-
tive charge separation. For all dyads, kCS in toluene was larger
than that in benzonitrile, because charge-separation is a
solvent-controlled adiabatic process. The kCR of the n�TE–
C60 was greater than that of n�TE–C60 reflecting the molecular
structure rather than the driving force for the recombination.

Experimental

Materials. Syntheses of n�TE, n�TE, n�TE–C60, n�TE–C60,
and NMPC60 in Chart 1 were performed by the methods previous-
ly described.54 Other chemicals were of the best commercial grade
available.

Apparatus. The sub-picosecond transient absorption spectra
were measured by the pump and probe method. The samples were
excited with a second harmonic generation (SHG, 388 nm) of out-
put from a femtosecond Ti:sapphire regenerative amplifier seeded
by SHG of a Er-doped fiber laser (Clark-MXR CPA-2001 plus,
1 kHz, fwhm 150 fs). The excitation light was depolarized. A
white continuum pulse generated by focusing the fundamental
light on a H2O cell was used as a monitoring light. The visible
monitoring light transmitted through the sample was detected
with a dual MOS detector (Hamamatsu Photonics, C6140) equip-
ped with a polychromator (Acton Research, SpectraPro 150).
For the spectra in the near-IR region, InGaAs photodiode array
(Hamamatsu Photonics, C5890-128) was employed as the detector.
The spectra were obtained by averaging on a microcomputer.26
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Fluorescence lifetimes were measured by a single photon
counting method using a streakscope (Hamamatsu Photonics,
C4334-01). The samples were excited with a SHG (410 nm, Spec-
tra-Physics, GWU-23PS) of a Ti:sapphire laser (Spectra-Physics,
Tsunami 3950-L2S, fwhm 1.5 ps) pumped by an argon-ion laser
(Spectra-Physics, BeamLok 2060-10-SA). Steady-state fluores-
cence spectra of the samples were measured on a Shimadzu RF-
5300PC spectrofluorophotometer.

Steady-state absorption spectra in the visible and near-IR re-
gions were measured on a Jasco V530 spectrophotometer.

Electrochemical measurements were carried out using a BAS
CV50W voltammetric analyzer with a three-electrodes system in
benzonitrile containing 0.1M tetrabutylammonium perchlorate.
A platinum or glassy carbon electrode was used as the working
electrode. A platinum wire served as the counter electrode and a
Ag/AgCl was used as the reference electrode. All the solutions
were purged prior to electrochemical and spectral measurements
using argon gas.

Molecular Orbital Calculations. All molecular orbital calcu-
lations were performed using the Gaussian 03 package.55 Geome-
try optimization and calculations of molecular orbital coefficients
were performed using the density functional theory at B3LYP/
3-21G(d) level.

The present work was partly supported by a Grant-in-Aid on
Scientific Research for Priority Aria (417) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan.
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