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Competition between Intramolecular Electron-Transfer and Energy-Transfer Processes in
Photoexcited Azulene-C60 Dyad
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Photoinduced intramolecular processes in a dyad of azulene and C60 (Az-C60) were compared with those of
a dyad of naphthalene and C60 (Naph-C60) on the basis of laser flash photolysis experiments. Upon
photoexcitation of C60 in the presence of azulene, intermolecular electron transfer proceeded from azulene to
the triplet state of C60 (C60(T1)), although the rate constant was small (107 M-1 s-1), because of the small
free-energy change for electron transfer via C60(T1). In Az-C60, it was revealed that the S2 state of the Az
moiety (Az(S2)-C60(S0)) donates the excited energy to the C60 moiety, effectively generating Az(S0)-C60(S1).
In polar solvents, a charge-separated state (Az•+-C60

•-) was generated from Az(S0)-C60(S1), from which the
S1 state of the Az moiety (Az(S1)-C60(S0)) was also generated by competitive energy transfer. The lifetimes
of the charge-separated states were on the order of nanoseconds. Successive energy-transfer processes{Az(S2)-
C60(S0) f Az(S0)-C60(Sn), Az(S0)-C60(S1) f Az(S1) -C60(S0), wheren g 2} demonstrate that the multiple
energy transfer is achieved in a simple dyad molecule. On the other hand, Naph-C60 dyad did not show
charge separation upon excitation of the C60 moiety, but deactivated via intersystem crossing, generating
almost quantitatively the C60(T1) moiety. These findings indicate the favorable donor ability of azulene compared
to that of naphthalene, even though both azulene and naphthalene have the same 10-π-electron system.

Introduction

Studies on dyad systems containing redox-active and pho-
toactive chromophores are valuable for designing light-energy-
harvesting systems as well as for developing molecular devices
such as optoelectronic devices.1 Many researchers have at-
tempted to optimize the charge-separation processes by mimick-
ing the natural photosynthesis systems including reaction centers
and antenna groups, in which highly efficient and long-lived
charge separation and multiple-step energy transfer have been
attained.1 Recently, fullerenes have been employed as electron
acceptors of the dyad compounds owing to their three-
dimensional structure, reduction potentials comparable to those
of benzoquinones, absorption spectra covering most of the
visible region, and a small reorganization energy for electron-
transfer reactions.2-10 For the donor of the dyads, various
compounds such as aromatic amino compounds,2 carotenoids,3

porphyrins,4 tetrathiafulvalenes,5 oligothiophenes,6 and so on7-10

have been employed. For these dyad molecules including
fullerene, fast charge separation and long-lived charge-separated
states have been reported.2-10

Azulene has a 10-π-electron system as does naphthalene.
However, the properties of azulene in the ground and excited
states are quite different from those of naphthalene. Azulene is
an electron donor, and has the absorption band in the visible
region. These properties are attributed to the small HOMO-
LUMO gap of azulene.11 Furthermore, azulene is one of the
molecules exhibiting S2-S0 fluorescence. It has been reported
that the S1 state decays to the ground state within 1 ps by a
nonradiative pathway.12 It is interesting to investigate the
photoinduced processes, to which the S2 state of azulene
contributes. Recently, Yeow and Steer reported intramolecular
energy transfer from the S2 state of azulene to the S2 state of
zinc porphyrin.13

In the presence of an electron acceptor such as fullerene, C60,
contributions of the S1 and S2 states of azulene to the photo-
induced intramolecular and intermolecular processes will be
elucidated. In the present study, we have studied the photoin-
duced processes of a dyad molecule including azulene and C60

(Az-C60; Chart 1) by primarily using laser flash photolysis.
Intramolecular charge-separation and energy-transfer processes
in Az-C60 dyad were investigated as a function of solvent
polarity. These results were compared with a naphthalene-C60

dyad (Naph-C60; Chart 1), which has a donor moiety with the
same 10-π-electron system. Furthermore, a multiple-energy-
transfer process was observed in the present dyad. In addition,
the intermolecular processes between C60 and azulene were
compared with the intramolecular processes of Az-C60 dyad.
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Experimental Section

Materials. Buckminsterfullerene, C60 (+99.95%), was ob-
tained from Terms Co. 1,6-Di-tert-butylazulene (BuAz) was
synthesized according to the procedure reported previously.14

Other chemicals and solvents used in the present study were
all the purest grade commercially available. Az-C60 was
synthesized from 3,6-di-tert-butylazulene-1-carbaldehyde14 by
the Prato method:15 The mixture ofN-methylglycine (49.8 mg,
0.42 mmol), 3,6-di-tert-butylazulene-1-carbaldehyde (5.2 mg,
0.028 mmol), and C60 (30 mg, 0.042 mmol) in toluene (40 mL)
was refluxed for 15 h under a nitrogen atmosphere. Then,
solvent was evaporated, and the residue was purified by the
column chromatography (silica gel, toluene:hexane) 1:1). After
recrystallization using a hexane-methanol mixture, brown solid
(7.4 mg, 26.4%) was obtained. Spectroscopic data:1H NMR
(400 MHz, C6D6) δ/ppm 1.21 (s, 9H), 1.58 (s, 9H), 2.61 (s,
3H), 4.26 (s, 1H), 4.64 (d,J ) 9.3 Hz, 2H), 6.97 (d,J ) 7.3
Hz, 1H), 7.01 (d,J ) 7.3 Hz, 1H), 7.12 (d,J ) 10.5 Hz, 1H),
7.13 (s, 1H), 8.49 (d,J ) 10.5 Hz, 1H); MALDI-TOF-MSm/z
found 1005.73 (M+ (calcd 1005.04) or M+ + H+ (calcd
1006.05)). Naph-C60 was synthesized in the same manner from
C60 and naphthalene-1-carbaldehyde.N-Methylpyrrolidino-C60

(NMPC60; Chart 1) was synthesized according to the reported
procedure.16

Apparatus. The subpicosecond transient absorption spectra
were observed by the pump and probe method. The samples
were excited with the laser light (second harmonic generation
(SHG), 388 nm) from a femtosecond Ti:sapphire regenerative
amplifier seeded by SHG of an 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) equipped with a polychromator
(Acton Research, SpectraPro 150). For detection of the near-
IR light, an InGaAs linear image sensor (Hamamatsu Photonics,
C5890-128) was employed. The spectra were obtained by
averaging on a microcomputer.6f

Nanosecond transient absorption measurements were carried
out using the laser light (SHG, 532 nm) of a Nd:YAG laser
(fwhm 6 ns) as an excitation source. The probe light from a
pulsed Xe lamp was detected with a Ge-avalanche photodiode
equipped with a monochromator after passing through the
sample in a quartz cell (1 cm× 1 cm). Phenomena on a long
time scale were observed using a photomultiplier tube as a
detector. Sample solutions were deaerated by bubbling Ar gas
through the solutions for 15 min. Details of the transient absorp-
tion measurements were described in our previous papers.6b,c,f

Fluorescence lifetimes were measured by a single-photon-
counting method using a streakscope (Hamamatsu Photonics,
C4334-01). The samples were excited with the laser light (SHG,
410 nm) 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 fluorescence
spectra of the samples were measured on a Shimadzu RF-
5300PC spectrofluorophotometer.

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

Cyclic voltammetry measurements were carried out using a
BAS CV50W voltammetric analyzer in a conventional three-
electrode cell employing Pt working and counter electrodes and
an Ag/Ag+ reference electrode at a 100 mV s-1 of scan rate.
Sample solutions containing 0.1 M tetrabutylammonium per-
chlorate were deaerated by Ar-bubbling before measurements.

Molecular Orbital Calculations. All calculations were made
using the Gaussian 98 package.17 Geometry optimization and
calculations of molecular orbital coefficients were performed
at the ab initio B3LYP/6-31G* level.

Results and Discussion

Steady-State Spectra of the Dyads.Steady-state absorption
spectra of Az-C60 dyad, BuAz, and NMPC60 in toluene are
shown in Figure 1. The absorption spectrum of Az-C60 dyad
does not show a significant change within the experimental error
compared to the superposition of the spectra of BuAz and
NMPC60. This finding indicates the absence of significant
interaction between the Az and C60 moieties in the ground state.

In the present study, laser excitation of Az-C60 dyad was
carried out using the 388 or 355 nm laser light. At 388 and 355
nm, the C60 and Az moieties absorbed the laser light at a ratio
of 72:28.

Cyclic Voltammetry. In the cyclic voltammogram, Az-C60

dyad showed oxidative and reductive waves at 0.65 and-0.90
V vs Ag/Ag+, which are assigned toE(Az/Az•+) andE(C60

•-/
C60), respectively, by comparison to the corresponding model
compounds (Table 1). These oxidation and reduction potentials
are essentially the same as those of the model compounds,
suggesting a small interaction between the Az and C60 moieties
as indicated by the steady-state absorption spectra. In the case
of Naph-C60 dyad, two oxidative waves were confirmed at 0.76
and 1.19 V vs Ag/Ag+, due to E(C60/C60

•+) and E(Naph/
Naph•+), respectively, in addition to the reductive wave at-0.88

CHART 1

Figure 1. Steady-state absorption spectra of Az-C60, NMPC60, and
BuAz and a superposition of the spectra of NMPC60 and BuAz in
toluene.

TABLE 1: Oxidation and Reduction Potentials of Az-C60,
Naph-C60, NMPC60, and BuAz in Benzonitrile

compound E(C60
•-/C60)a E(D/D•+)a,b E(C60/C60

•+)a

Az-C60 -0.90 0.65 c

Naph-C60 -0.88 1.19 0.76
NMPC60 -0.88 0.76
BuAz 0.70

a Potential vs Ag/Ag+. b D ) Az, Naph, and BuAz.c Difficult to
estimate due to overlap withE(D/D•+).
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V vs Ag/Ag+, due toE(C60
•-/C60). This finding indicates that

the Naph moiety of Naph-C60 dyad has lower electron-donor
ability than the Az moiety of Az-C60 dyad.

MOs of the Dyads. Optimized structures and MOs were
estimated at the B3LYP/6-31G* level. In the case of Az-C60

dyad, the HOMO is on the Az moiety, while the LUMO is
delocalized on the C60 moiety as shown in Figure 2. This fact
accords with the result of cyclic voltammetry, in which the first
oxidative wave was assigned to the Az moiety of the dyad and
the first reductive wave to the C60 moiety. Thus, the absorption
band due to the charge-transfer complex is anticipated to appear
at longer wavelength than 705 nm as the lowest transition,
although the absorption was too weak to observe. This finding
indicates that charge separation was possible upon the excitation
of Az-C60 dyad.

For Naph-C60 dyad, on the other hand, both the HOMO and
LUMO are on the C60 moiety of the dyad. Contribution of the
Naph moiety was confirmed in the HOMO-1. These findings
are also in accord with the cyclic voltammogram, in which the
first oxidative and reductive waves were assigned to the C60

moiety, while the second oxidation was attributed toE(Naph/
Naph•+). Thus, the contribution of the Naph moiety of Naph-
C60 dyad to the lowest excited state will be small in contrast to
that of Az-C60 dyad.

Photoinduced Intermolecular Electron Transfer from
Azulene to C60. At first, photoinduced intermolecular processes
of C60 in the presence of BuAz were investigated to confirm
the donor ability of azulene to the excited state of C60. In the
presence of BuAz in benzonitrile, transient absorption spectra
observed by the excitation of C60 with the 355 nm laser are
shown in Figure 3, in which the transient absorption band
appeared at 740 nm immediately after the laser irradiation. The
740 nm band was attributed to the triplet state of C60 (C60(T1)).
With the decay of C60(T1), an absorption band of the radical
anion of C60 (C60

•-) appeared at 1080 nm. In the spectrum
observed at 10µs after the laser pulse, the absorption band
remained in the 400-800 nm region, which can be attributed
to the overlap of absorption of BuAz•+ with that of C60

•- in
this visible region, where both radical ions have the absorption
band. Since C60

•- does not exhibit a substantial absorption band
in the 600-800 nm region, the band around 780 nm may be
due to BuAz•+ mainly as well as the peak around 550 nm.
Anyway, the absorptions of BuAz•+ are expected to be small
compared with that of C60

•- at 1080 nm, because of a quite
small extinction coefficient of BuAz•+ (<300 M-1 cm-1 for

the peak around 800 nm)18,19compared to that of C60
•- (16100

M-1 cm-1 at 1080 nm).20 These findings support that intermo-
lecular electron transfer proceeded from BuAz to C60(T1) as
shown in eq 1, whereket

T is a rate constant for the electron-
transfer process.

The decay rate of C60(T1) and the rise rate of C60
•- increased

with an increase in the concentration of BuAz. From the pseudo-
first-order plot, the triplet quenching rate constant (kq

T) was
estimated to be 1.0× 108 M-1 s-1. The quantum yield (Φet

T)
for the intermolecular electron transfer via C60(T1) can be
calculated from the ratio of the maximal concentration of C60

•-

to the initial concentration of C60(T1). The Φet
T value was

evaluated to be 0.6 for the present mixture system. Thus, the
ket

T value was calculated to be 6.0× 107 M-1 s-1 from the
relationket

T ) Φet
Tkq

T.21 The estimatedkq
T andket

T values are
quite small compared to the diffusion-limiting rate of the solvent
(kdiff ) 5.3 × 109 M-1 s-1 in benzonitrile).22 The smallkq

T,
Φet

T, andket
T values are in accord with a prediction based on

the free-energy change for the intermolecular electron-transfer
process (∆Get

T), which was calculated to be-0.02 eV.23 These
findings indicate that BuAz is a weak donor to C60(T1). In the
case of a mixture system of C60 and naphthalene, no electron
transfer was observed even when the concentration of naph-
thalene was increased, indicating that naphthalene does not work
as an electron donor to C60(T1).

The absorption intensity of C60
•- at 1080 nm decayed slowly

after reaching a maximum (inset of Figure 4). This decay obeyed
second-order kinetics and was attributed to the back-electron-
transfer process because any evidence for other reaction

Figure 2. HOMOs and LUMOs of Az-C60 and Naph-C60 calculated
at the B3LYP/6-31G* level.

Figure 3. Transient absorption spectra observed by 532 nm laser light
excitation of C60 (0.1 mM) in the presence of BuAz (1 mM) in deaerated
benzonitrile. Inset: absorption-time profiles.

Figure 4. Second-order plot for decay of the radical anion of C60 at
1080 nm in deaerated benzonitrile. Inset: absorption-time profile.

C60(T1) + BuAz98
ket

T

C60
•- + BuAz•+ (1)
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processes was not confirmed from the steady-state absorption
of the solution after laser irradiation. From the slope of the
second-order plot, a rate constant for the back electron transfer
(kbet) was evaluated to be 4.2× 109 M-1 s-1. Thekbet value is
almost the same as thekdiff value, because of a sufficiently
negatively large free-energy change for the back electron transfer
(∆Gbet ) -1.5 eV).

Fluorescence Spectra of Az-C60 Dyad. Figure 5a shows
that S2-S0 fluorescence bands of Az-C60 dyad appeared in the
370-600 nm region upon excitation at 345 nm in toluene.
Although the peak position is almost identical to that of BuAz,
the intensity of the S2-S0 fluorescence of Az-C60 dyad is quite
weak compared to that of BuAz by a factor of 1/5; thus, the
fluorescence quantum yield of Az-C60 dyad was evaluated as
0.005. This finding indicates the existence of a deactivation
process other than fluorescence and internal conversion. Figure
5b shows fluorescence spectra of Az-C60 dyad and NMPC60

observed around 720 nm in toluene upon excitation with the
380 nm light, at which 72% of the photon is absorbed by the
C60 moiety of the dyad. The fluorescence band from the C60

moiety of Az-C60 dyad was quenched extensively (<1/10) in
a comparison with NMPC60, the absorption intensity of which
was adjusted so the same number of photons are absorbed by
the C60 moiety at the excitation wavelength. This finding
indicates that the deactivation pathway exists in the lowest
singlet excited state of the C60 moiety such as an energy-transfer
process, since the charge-separated state of Az-C60 dyad in
toluene is expected to be at a higher energy level than Az(S0)-
C60(S1) by 0.78 eV as indicated in a schematic energy diagram
calculated by the Weller equation (Figure 6a).24 In the energy
diagram, the higher excited energy levels of the C60 moiety have
not been revealed precisely yet; thus, Az(S0)-C60(Sn) may be
Az(S0)-C60(S2) or Az(S0)-C60(S3).

In benzonitrile, the fluorescence band from the C60 moiety
of Az-C60 dyad was completely quenched. This result suggests
an additional quenching process of Az(S0)-C60(S1) in polar
solvents such as a charge-separation process. In Az-C60 dyad,
fast photoinduced intramolecular charge separation would be

expected for the singlet excited state of the Az or C60 moieties,
because the charge-separated state is lower than the singlet
excitation energies, which makes the driving force of the
electron transfer large.

Time-Resolved Fluorescence Studies.A decay profile of
the S2-S0 fluorescence of the Az moiety of Az-C60 dyad at
380 nm was obtained as shown in the inset of Figure 5a. The
fluorescence decay needed two exponential functions for an
adequate fit, although the contribution of the long-lifetime
component was quite small (<10%). The fluorescence lifetime
(τF) of the main fast decay component of Az(S2)-C60(S0) at
380 nm was 0.26 ns in toluene, which is far shorter than that of
BuAz (1.4 ns), indicating energy transfer predominantly occurs.
In benzonitrile, theτF value was 0.27 ns, which is almost the
same as that in toluene. These results show that the quenching
pathway from the S2 state of the Az moiety in Az-C60 does
not depend on the solvent polarity; i.e., no charge separation
via the Az(S2) moiety. Therefore, it was concluded that energy
transfer from the S2 state of the Az moiety to the C60 moiety
generating finally Az(S0)-C60(S1) is a main process (Figure 6),
in which Az(S0)-C60(Sn) should be included as shown in the
energy diagram (Figure 6, vide supra). The rate constant
(ken

S2(Az/-C60)) for intramolecular energy transfer generating
Az(S0)-C60(Sn) from Az(S2)-C60(S0) is estimated to be 3.1×
109 s-1 from eq 2, whereτF

S2(Az/-C60) andτF
S2(BuAz/) are lifetimes

of the S2-S0 fluorescence of the Az moiety of Az-C60 dyad
and BuAz, respectively. Theken

S2(Az/-C60) value contains energy
transfer to Az(S0)-C60(Sn), wheren may be 1, 2, and 3. In our
measurements employed in the presence study, then value was
not discriminated.

Figure 5. (a) Fluorescence spectrum of Az-C60 (excitation 345 nm)
in the 350-600 nm region and (b) Az-C60 and NMPC60 (excitation
380 nm) in the 650-900 nm region in toluene. Inset: fluorescence
decay profiles of Az-C60 and NMPC60.

Figure 6. Schematic energy diagrams for photoinduced intramolecular
processes in Az-C60 in (a) toluene and (b) benzonitrile. The numbers
indicate energies (eV) relative to that of the ground state, andknr is
rate constant for nonradiative decay. In Az(S0)-C60(Sn), n may be 2
or 3.

ken
S2(Az/-C60) ) 1/τF

S2(Az/-C60) - 1/τF
S2(BuAz/) (2)
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As for the fluorescence from the C60 moiety of Az-C60 dyad
in toluene and benzonitrile, the decay profiles were fitted to
two-exponential functions (inset of Figure 5b). TheτF values
of the fast components were shorter than the present instrumental
limit (<20 ps). Such shortτF values suggest efficient intramo-
lecular energy transfer and/or charge separation. For detailed
analyses of the excited singlet processes of the C60 moiety,
subpicosecond laser flash photolysis was carried out in the next
section.

In the case of Naph-C60 dyad, theτF value of the C60 moiety
was 1.3 ns in toluene, THF, and benzonitrile, which is the same
as that of NMPC60, indicating that no additional deactivation
pathway exists in the singlet excited state of the C60 moiety
other than the intersystem crossing to the C60(T1) moiety.

Picosecond Laser Flash Photolysis.Upon excitation of Az-
C60 dyad in benzonitrile with the femtosecond laser at 388 nm,
which excited the C60 and Az moieties at a ratio of 72:28,
transient absorption spectra were observed as shown in Figure
7a. At 1 ps an absorption band in the 420-450 nm region and
a broad band in the 850-1100 nm region appeared. These
absorption bands are attributed to the S1 f Sn transition of the
C60 moiety.25 At 15 and 80 ps after the laser irradiation, the
flat absorption in the near-IR region changes to the round
absorption band characteristic of the radical anion of the
NMPC60 moiety. The small absorption band appearing in the
500-600 nm region can be attributed to the radical cation of
the Az moiety. Combining these observations, generation of
Az•+-C60

•- via Az(S0)-C60(S1) can be concluded. Compared
with the sharp absorption of pristine C60

•- at 1080 nm in Figure
3, the absorption of the C60

•- moiety of Az•+-C60
•- at 850-

1000 nm in Figure 7 was broad and weak, because the extinction
coefficient of the radical anion of NMPC60 was quite small.26

The small quantum yield for the charge separation also makes
the observation of the absorption band of the radical ions
difficult (vide infra).

As shown in Figure 7b, the absorption band at 420 nm of
Az(S0)-C60(S1) showed rapid decay in the initial time region
until 5 ps followed by slow decay until 100 ps. The absorption-
time profile at 550 nm of Az•+-C60

•- showed a rise in the initial
time region followed by slow decay until 100 ps, which
continues over a few nanoseconds. At 1000 nm, the decay of
Az(S0)-C60(S1) was observed. The least-squares fittings for the
rising profile at 550 nm and the decaying profiles at 420 and
1000 nm in the initial time region with consideration of the
rises indicate that the decay rate constant of the Az(S0)-C60(S1)
state is 1.4× 1011 s-1, which is referred to askobs

S1(Az-C60/) as
listed in Table 2. Similar intramolecular charge separation was
also observed in THF, and thekobs

S1(Az-C60/) value is listed in
Table 2.

In the time region shorter than 1 ns, the contribution of the
generation of the dissociated radical ions such as Az•+-C60 and
Az-C60

•-, which may be produced by intermolecular photo-
induced electron transfer via Az(S0)-C60(T1), can be neglected,
since the intermolecular process is quite slow as shown in Figure
3. Formation of Az•+-C60 and Az-C60

•- by disproportionation
may be slower, because the bimolecular process with a diffusion-
controlled limit is as slow as the time profile shown in Figure
4.

In toluene, transient spectra observed upon excitation of Az-
C60 dyad with the femtosecond laser at 388 nm showed a flat
absorption band at 1 ps in the 850-1100 nm region (inset of
Figure 8), which is characteristic of the S1 f Sn transition of
the C60 moiety. The flat absorption does not change shape even
after 50 ps. Thus, no absorption band due to the charge-separated
state was confirmed. This observation is supported by the
energetically inaccessible charge-separated state from Az(S0)-
C60(S1) as shown in Figure 6a.

Figure 8 shows the time profile of Az-C60 dyad in toluene
at 900 nm; it decreased quickly till 20 ps to ca. 1/3. This quick
decay can be attributed to intramolecular energy transfer from
the C60(S1) moiety to the Az(S0) moiety in Az(S0)-C60(S1),
generating Az(S1)-C60(S0). By applying the first-order decay
function to the fast decay component, the decay rate constant
(kobs

S1(Az-C60/)) of Az(S0)-C60(S1) was estimated to be 1.2×
1011 s-1 in toluene. Since the charge-separation process is not
included in the deactivation process from Az(S0)-C60(S1) in
toluene, the rate constant (kS1(Az-C60/)) for the energy transfer
generating Az(S1)-C60(S0) can be estimated to be 1.2× 1011

s-1 from eq 3, wherek0
S1(C60/) is referred to as the decay rate

constant for the S1 state of NMPC60 (7.7 × 108 s-1).

As shown in Figure 8, the absorption of the C60(S1) moiety
of Az-C60 dyad did not decrease completely. From the slow
decay of this remaining part, the decay rate constant of the slow
component was 3.9× 109 s-1, which is almost the same as the
fluorescence decay rate of the S2 state of the Az moiety (3.8×
109 s-1). This finding supports that the slow decay of Az(S0)-
C60(S1) is observable via slow energy transfer from Az(S2)-
C60(S0), which is the rate-determining step, followed by the fast
energy transfer, i.e., Az(S0)-C60(S1) f Az(S1)-C60(S0).

The rate constants for charge separation in the Az-C60 dyad
(kCS

S1(Az-C60/)) in polar solvents were estimated from eq 4, where

Figure 7. (a) Subpicosecond transient absorption spectra observed by
388 nm laser light excitation of Az-C60 (0.3 mM) in benzonitrile and
(b) time profiles at 420, 550, and 1000 nm (the solid lines show the
fitting curve).

ken
S1(Az-C60/) ) kobs

S1(Az-C60/) - k0
S1(C60/) (3)

kCS
S1(Az-C60/) ) kobs

S1(Az-C60/) - ken
S1(Az-C60/) - k0

S1(C60/) (4)
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the ken
S1(Az-C60/) value in benzonitrile and THF is assumed to

be equal to that in toluene (1.2× 1011 s-1), since the energy-
transfer rate constant usually does not depend on the solvent
polarity. ThekCS

S1(Az-C60/) values in benzonitrile and THF are
summarized in Table 2. ThekCS

S1(Az-C60/) values in benzonitrile
and THF are on the order of 1010 s-1, which is 1 order smaller
than theken

S1(Az-C60/) value. Furthermore, the quantum yields
(ΦCS

S1(Az-C60/)) for charge separation from the Az(S0)-C60(S1)
state were estimated from eq 5.

As summarized in Table 2, theΦCS
S1(Az-C60/) values were

estimated to be 0.14 and 0.07 in benzonitrile and THF,
respectively. These smallΦCS

S1(Az-C60/) values can be attributed
to smallkCS

S1(Az-C60/) values compared to theken
S1(Az-C60/) value,

because the free-energy changes for charge separation
(-∆GCS

S1(Az-C60/)) are as small as 0.27 and 0.04 eV in
benzonitrile and THF, respectively. The smaller rate constants
and yields for charge separation are consistent with smaller
absorption intensity of the radical ion species in the transient
absorption spectra. Since the reorganization energies of most
of the dyads including the C60 moiety are reported to be 0.6-
0.8 eV in polar solvents,4 the charge-separation processes of
Az-C60 in these solvents are in the “normal region” apart from
the top of the Marcus parabola.27 This consideration is supported
by the fact that thekCS

S1(Az-C60/) value in benzonitrile with

negative∆GCS
S1(Az-C60/) is larger than that in THF with almost

zero∆GCS
S1(Az-C60/).

As for the charge separation from the S2 state of the Az
moiety for the Az-C60 dyad, -∆GCS

S2(Az/-C60) values are
evaluated to be as large as 1.02-1.26 eV in polar solvents.
These large-∆GCS

S2(Az/-C60) values indicate that the charge-
separation process from the S2 state is in the Marcus “inverted
region” apart from the top region of the parabola.27 Thus, the
charge-separation process is also not the major process in the
S2 state of the Az moiety, for which only smallerkCS

S2(Az/-C60)

than that of the competitive energy-transfer process was
expected.

The contribution of the S1 state of the Az moiety of Az-C60

dyad to the charge separation is also considered to be small,
since the-∆GCS

S1(Az/-C60) value is small. Furthermore, existence
of the fast internal conversion from the S1 state to the S0 state
of the Az moiety (<1 ps) makes the charge separation a minor
process via Az(S1)-C60(S0).12

The absorption bands due to the radical anion of the C60

moiety of Az-C60 dyad showed the decay over several
nanoseconds in benzonitrile and THF. The decay can be
attributed to the charge-recombination process. The rate con-
stants for the charge recombination (kCR) were estimated to be
1.0 × 109 and 0.2 × 109 s-1 in benzonitrile and THF,
respectively, by curve fitting of the decay component of the
C60 radical anion in the long time measurements; thesekCR

values correspond to lifetimes of 1 and 5 ns, respectively. Free-
energy changes for charge recombination (∆GCR) generating
the ground state are summarized in Table 3. From these∆GCR

values, the charge-recombination processes are expected in the
Marcus inverted region.27 This consideration is supported by
the fact that thekCR value in benzonitrile is larger than that in
THF.

Nanosecond Laser Flash Photolysis.As described above,
photoinduced charge separation via Az(S0)-C60(S1) and the
decay of Az•+-C60

•- were observed by the picosecond laser
flash photolysis in benzonitrile and THF; however, in the
nanosecond laser flash photolysis using the 532 nm laser pulse,
only the transient absorption band at 720 nm of the Az(S0)-
C60(T1) state was observed without any absorption band
attributable to the charge-separated state as shown in Figure 9.
This finding indicates that the lifetimes of Az•+-C60

•- produced
via Az(S0)-C60(S1) were less than the pulse duration of the
nanosecond laser (ca. 6 ns) even in polar solvents. This finding
also excludes the photoinduced charge separation via the
Az(S0)-C60(T1) state. The decay rate constant of Az(S0)-
C60(T1), which is referred to askT1(Az-C60/), was estimated to be
5.1 × 104 s-1, which is close to the value of NMPC60(T1);

TABLE 2: Free-Energy Changes for Charge Separation (-∆GCS
S1(D-C60/)), Decay Rate Constants of the C60(S1) Moiety

(kobs
S1(D-C60/)), Charge-Separation Rate Constants (kCS

S1(D-C60/)), and Quantum Yields for Charge Separation (ΦCS
S1(D-C60/)) from

the C60(S1) Moieties of Az-C60, Naph-C60, and NMPC60 in Various Solventsa

compound solvent εsolv
b -∆GCS

S1(D-C60/) c/eV kobs
S1(D-C60/) d/s-1 kCS

S1(D-C60/) e/s-1 ΦCS
S1(D-C60/) f

Az-C60 benzonitrile 25.2 0.27 1.4× 1011 0.2× 1011 0.14
THF 7.58 0.04 1.3× 1011 0.1× 1011 0.07
toluene 2.38 -0.78 1.2× 1011 0.00

Naph-C60 benzonitrile 25.2 -0.24 7.7× 108 <107 0.00
THF 7.58 -0.50 7.7× 108 <107 0.00
toluene 2.38 -1.31 7.7× 108 <107 0.00

NMPC60 toluene 2.38 7.7× 108

a D in the superscript indicates Az or Naph.b Dielectric constant of the solvent.c ∆GCS
S1(D-C60/) values were estimated from the Weller equation24

by assuming that the radical radii of C60, Az, and Naph moieties are 4.2, 2.6, and 2.7 Å, respectively. The center-to-center distances of Az-C60 and
Naph-C60 are 8.9 and 8.5 Å, respectively, from Figure 2. The excitation energy of C60 is 1.76 eV.d From the initial decay at 900 and 420-450
nm in the picosecond transient absorption measurements.e kCS

S1(D-C60/) ) kobs
S1(D-C60/) - ken

S1(D-C60/) - k0
S1(C60/) (eq 4), whereken

S1(D-C60/) andk0
S1(D-C60/)

are the energy transfer rate (1.2× 1011 s-1) and singlet decay rate of NMPC60 (7.7× 108 s-1), respectively.f ΦCS
S1(D-C60/) ) kCS

S1(D-C60/)/(kCS
S1(D-C60/)

+ ken
S1(D-C60/) + k0

S1(C60/)) (eq 5).

Figure 8. Time profile at 900 nm observed after 388 nm laser light
excitation of Az-C60 (0.3 mM) in toluene (the solid line shows the
fitting curve). Inset: subpicosecond transient absorption spectra.

ΦCS
S1(Az-C60/) ) kCS

S1(Az-C60/)/

(kCS
S1(Az-C60/) + ken

S1(Az-C60/) + k0
S1(C60/)) (5)
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kT1(C60/) ) 4.1× 104 s-1. Thus, the lifetime of Az(S0)-C60(T1)
was ca. 20µs. This finding indicates that the generated Az(S0)-
C60(T1) deactivates to the ground state by intersystem crossing
without further reaction pathways even in the polar solvent as
indicated in the energy diagram (Figure 6b). Similar spectra
and time profiles were observed in THF and toluene.

As shown in Table 3, the quantum yields for the Az(S0)-
C60(T1) formation (ΦT1(Az-C60/)) were estimated to be 0.048,
0.047, and 0.051 in benzonitrile, THF, and toluene, respectively,
by relative actinometry using C70(T1) as an internal standard
(T-T peak at 980 nm,ε ) 6500 M-1 s-1, andΦisc ) 0.9 (
0.15).28 These quite smallΦT1(Az-C60/) values indicate that most
parts of the Az(S0)-C60(S1) state transfer its excited energy to
the S1 state of the Az moiety, producing Az(S1)-C60(S0), which
is a more efficient process than the intersystem crossing process
to Az(S0)-C60(T1). Furthermore, the Az•+-C60

•- state deacti-
vates to the ground state (Az(S0)-C60(S0)) predominantly
without generating the Az(S0)-C60(T1) state. These findings
indicate that the Az(S0)-C60(T1) state was mainly generated
by the intersystem crossing from the Az(S0)-C60(S1) state
because theΦT1(Az-C60/) values did not depend on the polarity
of the solvents.

Naph-C60 dyad also showed the transient absorption band
at 720 nm due to the triplet excited state of the C60 moiety upon
excitation in benzonitrile. The decay rate constant was estimated
to be 5.2× 104 s-1, which is close to those of Az-C60 dyad
and NMPC60, indicating the absence of further photoinduced
processes from the triplet excited state (Naph(S0)-C60(T1)). The
intensity of the transient absorption band of Naph(S0)-C60(T1)
was quite larger than that of Az(S0)-C60(T1). TheΦT1(Naph-C60/)

value was estimated to be 0.92 in benzonitrile, which is close
to that of NMPC60.26 This finding supports the consideration
that the Naph(S0)-C60(S1) state generates the Naph(S0)-C60(T1)
state almost quantitatively via the intersystem crossing, indicat-
ing the absence of the charge separation. These findings show
that the donor ability of naphthalene is quite weak compared
to that of azulene. The absence of energy transfer from Naph-
(S0)-C60(T1) to Naph(T1)-C60(S0) was also confirmed by such

a largeΦT1(Naph-C60/) value, which is reasonable because the
energy level of C60(T1) is lower than that of Naph(T1).

Conclusion

In the present study, the favorable donor ability of azulene
was confirmed in the comparison with naphthalene both in the
mixture systems and in the dyad molecules, even though both
azulene and naphthalene have the same 10-π-electron systems.
In the mixture system, intermolecular electron transfer takes
place via C60(T1), while intramolecular charge separation for
the Az-C60 dyad takes place via Az(S0)-C60(S1) in polar
solvents. Furthermore, in the Az-C60 dyad, two successive
energy-transfer processes were confirmed, i.e., Az(S2)-C60(S0)
f Az(S0)-C60(Sn) and Az(S0)-C60(S1) f Az(S1)-C60(S0), in
which the C60 moiety acts as an energy reflector from the S2

state to the S1 state of the Az moiety.
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