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Photoinduced intramolecular processes in a tricomponent molecule C60(>(CN)2-DPAF), consisting of an
electron-accepting methano[60]fullerene moiety (C60>) covalently bound to an electron-donating diphenyl-
aminofluorene (DPAF) unit via a bridging dicyanoethylenyl group [(CN)2], were investigated in comparison
with (CN)2-DPAF. On the basis of the molecular orbital calculations, the lowest charge-separated state of
C60(>(CN)2-DPAF) is suggested to be C60

•-(>(CN)2-DPAF•+) with the negative charge localized on the
fullerene cage, while the upper state is C60(>(CN)2•--DPAF•+). The excited-state events of C60(>(CN)2-
DPAF) were monitored by both time-resolved emission and nanosecond transient absorption techniques. In
both nonpolar and polar solvents, the excited charge-transfer state decayed mainly through initial energy-
transfer process to the C60 moiety yielding the corresponding1C60*, from which charge separation took place
leading to the formation of C60

•-(>(CN)2-DPAF•+) in a fast rate and high efficiency. In addition, multistep
charge separation from C60(>(CN)2•--DPAF•+) to C60

•-(>(CN)2-DPAF•+) may be possible with the excitation
of charge-transfer band. The lifetimes of C60

•-(>(CN)2-DPAF•+) are longer than the previously reported
methano[60]fullerene-diphenylaminofluorene C60(>(CdO)-DPAF) with the C60 and DPAF moieties linked
by a methanoketo group. These findings suggest an important role of dicyanoethylenyl group as an electron
mediating bridge in C60(>(CN)2-DPAF).

Introduction

Studies on donor-acceptor systems capable of undergoing
electron- or energy-transfer are of current interest to mimic the
primary events of photosynthetic reaction center and to develop
molecular electronic devices.1,2 Toward constructing such
systems, fullerenes are particularly appealing as electron ac-
ceptors, because of their three-dimensional structures, delocal-
izedπ-electron systems within the spherical carbon framework,
small reorganization energy, low reduction potentials, and
absorption spectra extending over most of the visible region.3-5

The covalent linkage of fullerene (such as C60) to a number of
interesting electro- and photoactive species offers new op-
portunities in the design of new materials that produce long-
lived charge-separated states in high quantum yields. Among
various electron donors, fluorene-based materials are of par-
ticular interest, because of their thermal and chemical stability
along with desirable photoluminescence and electroluminescence
properties.6 The unique chemical and physical characteristics
of fluorene compounds6 make them essential and accessible in
a wide variety of applications ranging from the electrolumi-
nescent devices, plastic solar cells, and photodynamic therapy.7,8

A tremendous amount of attention has been made to the
studies of photoinduced intramolecular electron-transfer pro-
cesses of various C60 compounds covalently linked with
electron-rich amines.9-14 In our recent papers, two-photon
excitation, photoinduced charge-separation (CS), and charge-

recombination (CR) processes of C60(>(CdO)-DPAF), con-
sisting of a C60 cage bonded with diphenylaminofluorene
(DPAF) via a methanoketo group, were reported.15,16 In this
molecular system, the intramolecular charge-separation process
was observed to occur via singlet excited state of the C60 moiety
in polar solvents that generated the corresponding radical ion
pairs C60

•-(>(CdO)-DPAF•+).16 The lifetime (τRIP) of
C60

•-(>(CdO)-DPAF•+) was evaluated to be long (150 ns)
in DMF despite a quite short value (<10 ns) in benzonitrile
(PhCN). This order was interpreted by the Marcus theory.17

In this report, we describe synthesis and photophysics of 7-
(1,2-dihydro-1,2-methano[60]fullerene-61-{1,1-dicyanoethylenyl})-
9,9-di(methoxyethyl)-2-diphenylaminofluorene C60(>(CN)2-
DPAF), in which the DPAF and C60 moieties are interconnected
with a dicyanoethylenyl group [(CN)2]. On the C-9 position of
fluorene, two methoxyethyl groups were introduced to increase
the solubility of the material (Figure 1). For the purpose of
comparison, 7-[1-(1,1-dicyanoethylene)-1-methyl]-9,9-dimethoxy-
ethyl-2-diphenylaminofluorene [(CN)2-DPAF] was also syn-
thesized as a reference model compound. Photochemical events
of all materials were investigated through the correlation among
steady-state spectra, time-resolved fluorescence spectra,
and nanosecond laser flash photolysis data taken in PhCN,
o-dichlorobenzene (DCB), anisole (ANS), and toluene (TN).

Experimental Section
Materials. Synthesis of 7-[1-(1,1-dicyanoethylene)-1-methyl]-

9,9-dimethoxyethyl-2-diphenylaminofluorene (CN)2-DPAF. In
a reaction flask, 7-acetyl-9,9-dimethoxyethyl-2-diphenylami-
nofluorene (500 mg, 1.0 mmol) and malononitrile (150 mg, 2.2
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mmol) were added under nitrogen atmosphere, followed by
anhydrous chloroform (20 mL) to give a clear yellow solution.
It was then added pyridine (320 mg, 4.0 mmol) and an excess
amount of titanium tetrachloride (∼3.0 mL) with continuous
stirring. The reaction mixture turned immediately to deep brown.
The solution was stirred for an additional 10 min and subse-
quently quenched with water (50 mL). The liquid was concen-
trated in a vacuum and purified using preparative thin-layer
chromatography (silica gel) with a solvent mixture of hexane:
ethyl acetate (3:2) as eluent. A chromatographic band atRf )
0.34 was isolated to give (CN)2-DPAF as bright yellow solids
in 67% yield (400 mg).

Spectroscopic data of (CN)2-DPAF: 1H NMR (200 MHz,
CDCl3, ppm)δ 7.71-7.59 (m, 4H), 7.34-7.28 (m, 4H), 7.17-
7.06 (m, 12H), 3.06 (s, 6H), 2.87-2.77 (m, 4H), 2.72 (s, 3H),
and 2.33-2.19 (m, 4H);13C NMR (200 MHz, CDCl3, ppm)δ
175.3, 151.9, 150.1, 149.6, 147.8, 146.8, 132.1, 132.2, 129.8,
127.9, 125.1, 124.6, 123.9, 123.2, 122.8, 122.0, 119.8, 118.3,
113.9, 113.7, 83.5, 68.9, 58.8, 52.1, 39.5, 30.1, and 24.5.

Synthesis of 7-(1,2-dihydro-1,2-methanofullerene[60]-61-
{1,1-dicyanoethylene})-9,9-dimethoxyethyl-2-diphenylamino-
fluorene C60(>(CN)2-DPAF).To a mixture of C60(>(CdO)-
DPAF) (500 mg, 0.04 mmol) and malononitrile (60 mg, 0.91
mmol) in anhydrous chloroform (75 mL) were added pyridine
(131 mg, 1.6 mmol) and an excess amount of titanium
tetrachloride (∼1.0 mL) with continuous stirring under nitrogen
atmosphere. This deep black blue solution was stirred for an
additional 10 min and quenched with water (100 mL). The liquid
was concentrated in a vacuum to give crude dark red solids,
which were purified by column chromatography (silica gel)
using chloroform as eluent. The product C60(>(CN)2-DPAF)
at Rf ) 0.11 was obtained as red solids in 63% yield (325 mg).

Spectroscopic data of C60(>(CN)2-DPAF): FT-IR (KBr)
νmax 3430, 2920, 2865, 2222, 1591, 1536, 1489, 1465, 1427,
1344, 1318, 1277, 1185, 1114, 821, 751, 697, 574, 525, and
480 cm-1; UV-vis (CHCl3) λmax (ε) 255 (1.4× 105), 322 (6.5
× 104), and 502 nm (2.4× 104 L/mol/cm); 1H NMR (500 MHz,
CDCl3, ppm)δ 8.18 (dd,J ) 8 Hz, J ) 1.6 Hz, 1H), 8.16 (d,
J ) 1.6 Hz, 1H), 7.82 (d,J ) 8 Hz, 1H), 7.62 (d,J ) 8 Hz,
1H), 7.33-7.28 (m, 4H), 7.16-7.13 (m, 5H), 7.12-7.07 (m,
3H), 5.57 (s, 1H), 3.01 (s, 6H), 2.78 (t,J ) 3 Hz, 4H), and
2.38-2.24 (m, 4H);13C NMR (500 MHz, CDCl3, ppm)δ 168.7,
152.3, 150.8, 150.1, 147.8, 147.7, 146.7, 146.3, 145.8, 145.7,
145.6, 145.3, 145.1, 144.9, 144.7, 144.2, 144.1, 143.5, 143.4,
143.4, 143.3, 142.9, 142.5, 142.4, 141.9, 141.5, 137.9, 137.5,
132.8, 129.9, 129.1, 125.3, 124.1, 123.4, 123.1, 122.4, 120.3,
118.1, 113.7, 113.6, 88.5, 72.9, 68.9, 58.9, 52.1, 41.7, and 39.8.

Instrumentation. Molecular orbital calculations were carried
out by using Gaussian 98 (HF-6-21G* level). The cyclic voltam-
metry and differential pulse voltammetry measurements were
performed on a BAS CV-50 W electrochemical analyzer in
deaerated solution containing Bu4NPF6 (0.1 M) as a supporting
electrolyte with a scan rate of 100 mV s-1. The potentials were
expressed vs ferrocene/ferrocenium (Fc/Fc+) as an internal
standard.

Steady-state absorption spectra were measured using an
optical cell (0.2-1.0 cm) on a JASCO V-570 spectrophotometer.
Steady-state fluorescence spectra were recorded on a Shimidzu
RF-5300 PC spectrofluorophotometer equipped with a photo-
multiplier tube having high sensitivity up to 800 nm. Emission
spectra of the singlet oxygen (1O2*) in the near-IR regions were
detected by using an InGaAs detector.

Time-resolved fluorescence measurements were preformed
by a single-photon counting method using second harmonic
generation (SHG, 400 nm) of a Ti-sapphire laser (Spectra-
Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope
(Hamamatsu Photonics, C4334-01) equipped with a polychro-
mator as an excitation source and a detector, respectively.18

Nanosecond transient absorption spectra were measured using
a laser light source at the excitation wavelength of 532 nm. In
the near-IR region (600-1700 nm), a Ge avalanche photodiode
module (Hmamatsu Photonics, C5331-SPL) was used as a
detector for monitoring the light from a pulsed Xe flash lamp
(Tokyo instruments, XF80-60). All the measurements were
carried out at 23°C using freshly prepared Ar-saturated solutions
to eliminate the influence of O2 effect.

Results and Discussion

Synthesis and Solubility.Both compounds (CN)2-DPAF
and C60(>(CN)2-DPAF) were synthesized from the corre-
sponding keto-derivatives by the substitution reaction of mal-
ononitrile in the presence of TiCl4, as shown in Figure 1. Both
(CN)2-DPAF and C60(>(CN)2-DPAF) are soluble in common
organic solvents, such as toluene, anisole,o-dichlorobenzene,
and PhCN, however, with less solubility for C60(>(CN)2-
DPAF) in highly polar DMF.

Computational Studies. Computational studies were per-
formed by using Hartree-Fock method at 6-21G(*) level to
obtain insights on the molecular geometry and the electronic
structure. Figure 2 shows the optimized structure of (CN)2-
DPAF, in which the 9-dimethoxyethyl groups were replace by
the 9-ethyl for simplicity. The majority of the electron density
of the highest occupied molecular orbital (HOMO) was found
to be located on the DPAF moiety, whereas the lowest

Figure 1. Molecular structures and synthetic procedures of (CN)2-DPAF and C60(>(CN)2-DPAF).
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unoccupied molecular orbital (LUMO) was located mainly on
the>CdC(CN)2 groups, spreading to one of the phenyl groups
of the fluorene moiety. These MO’s suggest that the charge-
separated state is mainly attributed to (CN)2

•--DPAF•+.
Figure 3 shows the optimized structure for C60(>(CN)2-

DPAF). The center-to-center distance (RCC) between C60 and
DPAF moieties was found to be 12 Å. The majority of the
electron density of HOMO was found to be delocalized over
the DPAF moiety, whereas the LUMO located on the C60

spheroid, suggesting C60
•-(>(CN)2-DPAF•+) as the most stable

charge-separated state. The radii of ion radicals of DPAF (R+)
and C60 (R-) were found to be 7.7 and 4.2 Å, respectively. In
the LUMO+3 level, the electron density concentrates mainly
on the>CdC(CN)2 moiety, whereas the electron distributions
of the LUMO+1 and LUMO+2 levels are almost the same as
that of the LUMO.

Electrochemical Studies.Determination of the redox poten-
tials in donor-acceptor systems is essential for the evaluation of
the energetics of electron-transfer reactions. In the case of
(CN)2-DPAF in benzonitrile, the first oxidation potential (Eox)
of the DPAF moiety and the first reduction potential (Ered) of
the>CdC(CN)2 moiety were observed at+0.62 and-1.34 V
vs Fc/Fc+, respectively. Similar measurements of C60(>(CN)2-
DPAF) showed the firstEox value of the DPAF moiety and the
first Ered value of the C60 moiety at 0.64 V and-0.76 V vs
Fc/Fc+, respectively, in benzonitrile. Driving forces for charge-
recombination (-∆GCR) and charge-separation (-∆GCS) can be
calculated based on the electrochemical data by eqs 1 and 2:19

Here,∆E0-0 is defined as the energy of the 0-0 transition
between the lowest excited state and ground state and deter-

mined from the fluorescence emission.Τhe static energy (∆GS)
was calculated as-e2/(4πε0εRRCC), in which the termse, ε0,
andεR are defined as elementary charge, vacuum permittivity,
and static dielectric constant of the solvent used in the rate and
redox potential measurements, respectively. The values of
-∆GCS and -∆GCR are listed in Tables 1 and 2. From the
estimated-∆GCS values, the generations of (CN)2

•--DPAF•+

and C60
•-(>(CN)2-DPAF•+), via the excited CT state and1C60*,

are exothermic in polar and less polar solvents. The charge-
separation process, via the excited triplet state of C60 (3C60*),
is sufficiently exothermic only in benzonitrile.

In a nonpolar solvent such as toluene, the energy level of
the CS state is lower than that of1CT*, but higher than1C60*
suggesting exothermic characteristics for the CS process from
1CT* and endothermic from1C60*. However, the∆GCS value
of the CS state in toluene may not be reliable since the Rehm-
Weller model is oversimplified.

Steady-State Absorption Measurements.The absorption
spectrum of DPAF displayed a band centered at 400 nm in the

Figure 2. Optimized structure and the HOMO and LUMO of the di-
ethyl-C9 analogous of (CN)2-DPAF calculated by HF(6-21G*) basis set.

Figure 3. Optimized structure and the HOMO, LUMO, and LUMO+3
of the diethyl-C9 analogous of C60(>(CN)2-DPAF) calculated by
HF(6-21G*) basis set.

-∆GCR ) Eox - Ered - ∆GS (1)

-∆GCS ) ∆E0-0 - (-∆GR) (2)
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visible region, as shown in Figure 4. In the case of (CN)2-
DPAF, a new band appeared at 430 nm, which was attributed
to the CT transition from the DPAF to the CdC(CN)2 moiety,
corresponding to the transition from the HOMO level to the
LUMO level of (CN)2-DPAF as shown in Figure 2. Upon the
addition of FeCl3 as a strong oxidizing agent to the solution
containing (CN)2-DPAF, a new band appeared at 874 nm
corresponding to the DPAF radical cation moiety (Supporting
Information). When (CN)2-DPAF is covalently bound with C60

in close vicinity, the C60 moiety influences the CT transition
from the DPAF to CdC(CN)2 moiety, showing a band red-
shifted to 490 nm in the absorption spectrum of C60(>(CN)2-
DPAF). This band is attributed to the transition from the HOMO
level to the LUMO+3 level of C60(>(CN)2-DPAF) shown in
Figure 3. Appreciable solvent polarity effect was found in the
absorption spectra of (CN)2-DPAF and C60(>(CN)2-DPAF)
(Supporting Information).

Steady-State Fluorescence Measurement.Steady-state fluo-
rescence spectra of DPAF, (CN)2-DPAF, and C60(>(CN)2-

DPAF) were recorded in toluene by photoexcitation at 400 nm
(Figure 5, upper panel). The spectrum of the basic DPAF unit
showed a maximum of the fluorescence peak centered around
460 nm. Attachment of conjugative electron-withdrawing ma-
lononitrile onto DPAF forming (CN)2-DPAF resulted in a large
red-shift of the fluorescence peak to 560 nm in toluene and
660 nm in benzonitrile (Figure 5, lower panel). The red-shifted
emission bands are characteristics of the CT excited state,
[(CN)2

δ--DPAFδ+]*, which is stabilized in polar solvents more
than in nonpolar solvents. Furthermore, the shifts of emission
peaks became more pronounced with the increase in solvent
polarity than the corresponding shifts of absorption peaks,
indicating a progressive increase of the dipole moment in the
excited state.

In addition, a linear relationship was obtained between the
energy of the CT emission and the solvent polarity parameter
∆f(ε,n), according to eqs 3 and 4,20-22

whereνex is the CT fluorescence maximum in a given solvent
(in cm-1), νex(0) is defined as the maximum in vacuo,µex is
the dipole moment of the excited CT state,h is Planck’s
constant,c is the velocity of light in a vacuum,a is the radius
of the solvent cavity (10 Å), and∆f is a parameter measuring
the solvent polarity fromεR and refractive indexn (eq 4). Linear
regression analysis ofνex against∆f on the basis of eq 3 leads
to a slope of 1.96× 104 (Supporting Information), from which
µex was estimated to be 13.7 D. The large dipole moment implies
the high CT degree of [(CN)2

δ--DPAFδ+]*.
In the case of C60(>(CN)2-DPAF), the emission arising from

the corresponding absorption band at 490 nm was absent in
toluene as shown in Figure 5 (upper panel). Similar fluorescence
quenching of C60(>(CN)2-DPAF) was observed in benzonitrile
(Supporting Information). As possible quenching pathways, the
electron-transfer process from C60[>((CN)2-DPAF)]*CT to
C60

•-(>(CN)2-DPAF•+) can be taken into account in addition
to the energy-transfer process to the C60 moiety yielding
1C60*(>(CN)2-DPAF). The latter process should lead to a
fluorescence peak of1C60* expected to appear at 710 nm.
However, it was not readily visible owing to a very low

TABLE 1: Free-Energy Changes (-∆GCS
CT), Fluorescence

Lifetimes (τf) Monitored at 600-700 nm, Rate Constants
(kq

CT), and Quantum Yields (Φq
CT) for Quenching Processes

of the 1CT* State of C60(>(CN)2-DPAF) in Different
Solvents

solvent -∆GCS
CT/eV τf /ps kq

CT/s-1 Φq
CT

PhCN 1.08 50 (65%), 2000 (35%) 1.9× 1010 0.96
DCB 0.99 50 (70%), 2000 (30%) 1.9× 1010 0.96
ANS 0.75a 51 (70%), 2000 (30%) 1.8× 1010 0.91
toluene 0.42a 53 (70%), 2000 (30%) 1.7× 1010 0.90

a ∆GS ) e2/(4π∆ε0)[(1/2R+ + 1/2R- - 1/RCC)1/εR - (1/2R+ + 1/2R-)1/
εS], where∆E0-0 is the energy of the CT transition of C60(>(CN)2-
DPAF) () 2.25 eV);εS refers to the dielectric constant of anisole and
toluene.

TABLE 2: Free-Energy Changes (-∆GCS), Fluorescence
Lifetimes (τf), Rate Constants (kCS

C60), and Quantum Yields
(ΦCS

C60) for Charge-Separation Processes of
C60(>(CN)2-DPAF) via 1C60* in Different Solvents

solvent -∆GCS/ eV τf / ps kCS
C60/ s-1 ΦCS

C60

PhCN 0.58 70 (70%) 1.3× 1010 0.94
2000 (30%)

DCB 0.49 170 (85%) 5.2× 109 0.88
ANS 0.25 220 (85%) 3.9× 109 0.85
toluene -0.08 1400 (100%)

Figure 4. Steady-state absorption of DPAF, (CN)2-DPAF, and
C60(>(CN)2-DPAF) (upper panel) in PhCN and (lower panel) in
toluene. The concentrations were maintained at 5µM.

Figure 5. (Upper panel) Steady-state fluorescence spectra of DPAF,
(CN)2-DPAF, and C60(>(CN)2-DPAF) in toluene. (Lower panel)
(CN)2-DPAF in different solvents. The concentrations were maintained
at 5 µM; λex ) 400 nm.

νex ) νex(0) - (2µex
2/4πε0hca3) ∆f (3)

∆f ) (εR - 1)/(2εR + 1) - (n2 - 1)/(2n2 + 1) (4)
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fluorescence quantum yield (ΦF) of 1C60* in less than 0.0001.3-5

To further understand the reaction mechanism and follow the
kinetics of photoinduced processes, picosecond time-resolved
emission studies were performed in the following section.

Fluorescence Lifetime Measurements.Fluorescence decay-
time profiles of DPAF, (CN)2-DPAF, and C60(>(CN)2-DPAF)
were collected by applying 400 nm laser light (Figure 6, upper
panel). As a result, the fluorescence time profile of DPAF at
460 nm exhibited a single-exponential decay with a lifetime
(τf) of 2100 ps in either polar or nonpolar solvents. For the
excited CT state of (CN)2-DPAF, substantial quenching of the
fluorescence lifetime was observed. In toluene, the fluorescence
decay-time profile of (CN)2-DPAF at 550 nm revealed a single-
exponential decay withτf ) 550 ps. In PhCN, the fluorescence
decay of (CN)2-DPAF at 670 nm could be fitted satisfactorily
by a biexponential decay; from the short lifetime component,
the τf value was found to be 23 ps.

Similar measurements were performed on C60(>(CN)2-
DPAF) sample. Resulting time profiles of the CT bands were
monitored at 600 nm in both polar and nonpolar solvents by
applying the 400 nm laser light. Decay-time profiles taken at
600 nm could be fitted satisfactorily with a biexponential decay.
The major fast decay withτsampleof about 53 ps in toluene is
slightly longer than that in other polar solvents (Table 1).
Fluorescence quenching of the1CT* state may involve the
following: (1) the initial electron-transfer process to yield
C60(>(CN)2•--DPAF•+) followed by electron-shift to afford
C60

•-(>(CN)2-DPAF•+), (2) the direct electron-transfer process
between the C60 and DPAF moieties to give C60

•-(>(CN)2-
DPAF•+), and (3) the energy-transfer process from the excited
CT complex to yield the1C60* moiety, which decays via the
CS process to form C60

•-(>(CN)2-DPAF•+).
The fluorescence quenching rate (kq

CT) and quantum yield
(Φq

CT) via the1CT* state were calculated by using eqs 5 and
6, in which the fluorescence lifetime of (CN)2-DPAF in toluene
was employed asτreference. The evaluatedkq

CT andΦq
CT are listed

in Table 1.

The kq
CT values were evaluated to be (1.7-1.9) × 1010 s-1

in all solvents. The fact ofkq
CT values independent of the solvent

polarity reveals the dominance of the energy transfer process
in yielding 1C60*. It is plausible since the energy-transfer rates
depend mainly on the reflective index, which is almost the same
among the solvents employed in the present study. The slightly
higherkq

CT values in polar solvents than that in toluene suggest
the charge-separation process taking place competitively to the
energy-transfer process.

By scanning the emission wavelength of C60(>(CN)2-DPAF)
to longer wavelength regions (700-800 nm), the emission band
of 1C60* at 720 nm appeared after considerable quenching of
the1CT* state (Figure 7, upper panel) in nonpolar and less polar
solvents. This finding suggests the population mechanism of
the1C60* state involving the energy process since the direct ex-
citation of the C60 moiety to1C60* is unlikely to occur with the
400 nm light excitation. The fluorescence intensity of1C60* was
significantly quenched by increasing the solvent polarity that
led to a nearly invisible, weak fluorescence intensity of
1C60* in benzonitrile. Fluorescence decay-time profiles of
1C60*(>(CN)2-DPAF) in various solvents are shown in Figure
7 (lower panel). The time profile in toluene exhibited a single-
exponential decay with a lifetime of 1300 ps which is the same
as that of the C60 reference,1-5,12,16suggesting that the charge-
separation process does not take place via the1C60* moiety in
nonpolar solvent. This conclusion is also supported by the
positive∆GCS

C60 value in toluene as listed in Table 2. In more
polar solvents, short fluorescence lifetimes of the1C60* moiety
of C60(>(CN)2-DPAF) were observed that revealed the concur-
rence of charge-separation processes taking place via the1C60*
moiety in polar solvents, in agreement with the negative∆GCS

C60

values. Thus, the charge-separation rate constant (kCS
C60) and

quantum yield (ΦCS
C60) for the generation of C60

•-(>(CN)2-
DPAF•+) can be evaluated by using eqs 5 and 6, where the
lifetime of the1C60* moiety in toluene was employed asτreference.
ThekCS

C60 andΦCS
C60 values were estimated as listed in Table 2.

Nanosecond Transient Spectroscopic Measurements.The
nanosecond transient absorption technique was utilized
to confirm the generation of charge-separated states of
C60(>(CN)2-DPAF) and monitor their charge-recombination
processes in various solvents.

Transient absorption spectra of C60(>(CN)2-DPAF) in Ar-
saturated toluene (Figure 8, upper panel) displayed a broad peak
centered at 720 nm, which is attributed to the3C60* moiety.23

Figure 6. (Upper panel) Fluorescence decay profiles of DPAF, (CN)2-
DPAF in PhCN, and (CN)2-DPAF in toluene monitored at 550 nm.
(Lower panel) C60(>(CN)2-DPAF) monitored at 600 nm in toluene.
The concentrations were maintained at 0.05 mM;λex ) 400 nm

kq
CT ) (τsample)

-1 - (τreference)
-1 (5)

Φq
CT ) kq

CT/(τsample)
-1 (6)

Figure 7. (Upper panel) Time-resolved fluorescence spectra of
C60(>(CN)2-DPAF) in different solvents. (Lower panel) Fluorescence
decay profiles of C60(>(CN)2-DPAF) monitored at 700 nm in PhCN,
DCB, and toluene. The concentrations were maintained at 0.05 mM;
λex ) 400 nm
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Its formation might be rational based on following plausible
mechanisms involving: (1) the energy transfer process from
the 1CT* state to yield1C60*, followed by the intersystem
crossing to give3C60* or (2) the CS process via the1CT* state
to yield C60

•-(>(CN)2-DPAF•+). The latter mechanism was
supported by the detection of quick rise-decay time profiles
taken at 860 and 1020 nm. In this process, the resulting
C60

•-(>(CN)2-DPAF•+) further decayed to the1C60* moiety
with a rate constant of 1.5× 108 s-1 and subsequently followed
by the relaxation of1C60* to the corresponding3C60* moiety.
This is consistent with the observation of almost unquenchable
fluorescence of the1C60* moiety in toluene.

In o-dichlorobenzene and anisole, the transient spectrum of
C60(>(CN)2-DPAF) (Figure 8, middle panel) taken at a 10 ns
time scale showed two characteristic bands of C60

•- and DPAF•+

at 1020 and 860 nm, respectively. Time-profiles of these radical
ion pairs indicated fast rise kinetics in a time scale shorter than
10 ns that can be attributed to the occurrence of CS processes
via the1C60* moiety and/or the1CT* moiety. Judging from the
energy level of the CS states ino-dichlorobenzene and anisole,
such electron transfer is thermodynamically favorable via1CT*
and 1C60* and leads to the CS state. On the other hand, the
initial quick decay within 20 ns is attributed to the subsequent
CR process. The absorption profile, showing the band maximum
centered at 720 nm, detected at 0.1µs can be correlated with
the 3C60* moiety.

In the case of benzonitrile, the transient absorption spectrum
depicted at 100 ns revealed characteristic bands of the radical
ion pair at 860 and 1020 nm with a weak transient band of the

3C60* moiety at 700 nm. These characteristic bands arising from
the DPAF•+ and C60

•- moieties were employed to determine
the rate constants of the charge recombination process (kCR),
since the decays were well fitted by a single-exponential. From
thekCR values, the lifetimes of the radical ion pairs (τRIP) were
calculated as listed in Table 3. In benzonitrile, the lifetime of
C60

•-(>(CN)2-DPAF•+) was evaluated to be 270 ns at room
temperature. The value ofτRIP in benzonitrile is significantly
longer than those obtained ino-dichlorobenzene and anisole.
This can be reasonably interpreted by the following: (1)
stabilization of the radical ion pairs with increasing polarity of
the solvent and (2) the triplet-spin state character of the ion-
pair radicals.11

Singlet Oxygen Generation in Toluene.Predominant gen-
eration of the3C60* moiety as detected upon the laser excitation
(532 nm) of the CT band of C60(>(CN)2-DPAF) in toluene
prompted us to investigate the photosensitized production of
the singlet oxygen state (1O2*) by the addition of molecular
oxygen. Successful detection of1O2* may allow its correlation
to important photochemical processes involved in the chemical,
biological, and medical sciences. A considerable increase in the
decay rate of3C60*(>(CN)2-DPAF) at 700 nm was observed
in the presence of O2, suggesting its effective quenching of the
3C60* moiety. On the basis of the pseudo-first-order plot, the
triplet quenching rate constant by O2 (kO2) was calculated to be
1.6× 109 M-1 s-1, which is slightly smaller than the diffusion-
controlled-limit (9 × 109 M-1 s-1 in toluene).25 During the
quenching process of3C60* by O2, intermolecular triplet energy
transfer yielding 1O2* was substantiated by observing its
fluorescence emission at 1270 nm, as shown in Figure 9. The
yield of 1O2* via 3C60*(>(CN)2-DPAF) was nearly identical
to that of the pristine3C60*, confirming the occurrence of energy
transfer from the1CT* state to the C60 moiety, followed by the
intersystem crossing toward the formation of3C60*(>(CN)2-
DPAF).

Energy Diagram. On the basis of thermodynamic data, the
energy diagram of photoinduced processes of C60(>(CN)2-
DPAF) was elucidated as shown in Figure 10. By exciting the
CT complex, there are many possible quenching pathways of
[C60

δ-(>(CN)2-DPAFδ+)]* CT including the following: (1) the
transformation from the1CT* state to fully charge-separated
state yielding C60(>(CN)2•--DPAF•+), (2) the exothermic
electron-shift process from the Cd(CN)2 moiety to the C60

Figure 8. Transient absorption spectra obtained by 532 nm laser light
of C60(>(CN)2-DPAF) (0.07 mM) in Ar-saturated toluene (upper
panel), DCB (middle panel), and PhCN (lower panel). Inset: time
profiles at 860 and 1020 nm.

TABLE 3: Free-Energy Changes (∆GCR), Rate Constants
(kCR), and Lifetimes for the Radical Ion Pairs (τRIP) of
C60

•-(>(CN)2-DPAF•+) in Different Solvents

solvent ∆GCR/eV kCR/s-1 τRIP/ns

PhCN 1.17 3.7× 106 270
DCB 1.26 1.5× 108 7
ANS 1.50 1.5× 108 7
toluene 1.83

Figure 9. Emission spectra of1O2* in the near-IR region observed by
the laser irradiation of C60 and C60(>(CN)2-DPAF) in O2-saturated
toluene.
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moiety, generating C60
•-(>(CN)2-DPAF•+) although this pro-

cess may be too fast to be observed in the present study, (3)
the direct electron-transfer yielding C60

•-(>(CN)2-DPAF•+),
and (4) the energy-transfer process from the1CT* state to the
C60 moiety yielding1C60*, which decayed by a charge separation
process to yield C60

•-(>(CN)2-DPAF•+).
Population of1C60*(>CN)2-DPAF), produced by energy

transfer from the1CT* state, is the main event concerned in
toluene. The1C60*(>CN)2-DPAF) state can be generated by
the fast CR process of C60

•-(>(CN)2-DPAF•+) following
prior fast CS process, according to the observed fast rise in
fluorescence intensity within 100 ps (Figure 7). These
1C60*(>(CN)2-DPAF) transient states decayed to populate the
3C60* moiety by an intersystem crossing process. Afterward,
efficient generation of1O2* from the 3C60* moiety was realized.

In polar solvents, intramolecular energy transfer to the C60

moiety yielding1C60*(>CN)2-DPAF) takes place competitively
with the CS process from the1CT* state, as confirmed by the
rapid fluorescence decay of1CT*. Subsequent CS process of
1C60*(>CN)2-DPAF) becomes a dominant course to yield the
corresponding C60

•-(>(CN)2-DPAF•+) which decays to the
ground state via the CR process.

Charge-recombination process of C60
•-(>(CN)2-DPAF•+) is

apparently exothermic with favorable energy of more than 1.17
eV, suggesting that the CR process belongs to the inverted
region of the Marcus parabola.17,27In benzonitrile, theτRIP value
was found to be as long as 270 ns. That supports the inverted
region based on the reorganization energies of fullerene dyads
being considerably less than 0.6-0.7 eV. Ino-dichlorobenzene
and anisole, theτRIP values were found to be shorter than 10
ns, although the CR processes in these solvents belong to the
deeper inverted region. As one of rationales, charge-recombina-
tion process in less polar solvents tends to occur prior to the
full solvation of C60

•-(>(CN)2-DPAF•+).

Conclusion

We report the photophysical properties of a methano[60]-
fullerene derivative C60(>(CN)2-DPAF), consisting of a co-
valently bound C60 with diphenylaminofluorene (DPAF) via a
bridging dicyanoethylene group. Strong electron-withdrawing
characteristics of dicyanoethylenyl unit stimulated a strong
charge-transfer (CT) band of the (CN)2-DPAF moiety. Char-
acters of subsequent processes induced by the excitation of the

CT complex were significantly different from the corresponding
C60 excitation. Deriving from the excited CT state, both charge-
separation and energy-transfer processes took place competi-
tively. Following energy transfer, the indirect charge separation
process via1C60*(>CN)2-DPAF) occurred in polar solvents,
but not in nonpolar solvents.

In polar solvents, the fluorescence quenching step was
associated with a rapid photoinduced electron-transfer pathway
leading to the formation of radical ion pairs, detected by transient
absorption spectroscopy. The lifetimesτRIP of C60

•-(>(CN)2-
DPAF•+) were evaluated to be 270 ns in benzonitrile and 7 ns
in o-dichlorobenzene and anisole. Importantly, the observed data
demonstrated the relatively long lifetime of C60

•-(>(CN)2-
DPAF•+) as compared with the previously reported value of
C60(>(CdO)-DPAF) (<20 ns in PhCN).16 Such a compara-
tively long lifetime might be attributed to the small reorganiza-
tion energy of the system associated with the essential contri-
bution of dicyanoethylenyl groups as electron mediating subunits
exceeding that of keto group. The observed data also substanti-
ated the efficient photosensitizing generation of1O2* via
3C60*(>(CN)2-DPAF) as an important mechanism in the field
of photodynamic therapy.
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