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Photochemical oxidation processes of fullerenes C60, C70, and C76 were examined with a nanosecond laser
flash photolysis by observing the transient absorption spectra in the near-IR region. Using tetracyanoethylene
as an electron acceptor for fullerenes in the triplet states, the transient absorption bands ascribable to their
radical cations were observed. In the solution containing tetracyanoquinodimethane or chloranil as an acceptor,
on the other hand, generation of the radical cation was not observed. The difference in these acceptor abilities
can be explained on the basis of the free energy changes for the reactions. Photosensitized oxidation of the
fullerenes in the presence of cosensitizer was also examined. In the case of C70, oxidation occurred effectively
by this reaction; the radical cation of C70 appeared immediately after the laser irradiation. C76 also showed
transient absorption attributed to its radical cation, while the generation rate was smaller than those of C60

and C70.

Introduction

Ever since the discovery of C60,1 fullerenes have been one
of the most attractive research subjects in experimental and
theoretical chemistry. Photophysical processes of C60 and C70
have been well established by the studies using pico- and
nanosecond laser flash photolysis.2 Photochemical reactions of
C60 and C70, which act as electron acceptors in their excited
states, are investigated by many research groups.3 Generation
of radical cations of C60 and C70 is also confirmed by using
several experimental techniques such as laser flash photolysis,4

pulse radiolysis,5 and time-resolved EPR.6 Compared with C60
and C70, however, the study on the photophysical and photo-
chemical properties of higher fullerenes, such as C76 and C82,
is rare. Recently, we reported the laser flash photolysis study
on C76.7 Its excitation and relaxation processes were elucidated
by observing generation and decay of the absorption bands due
to the triplet state. It was also confirmed that C76 acts as an
electron acceptor in its excited state as in the cases of C60 and
C70: Generation of the radical anion of C76 was observed in
the photoinduced electron-transfer reaction usingN,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD) as an electron donor.
One of the noticeable properties of C76 is lower oxidation

potential (1.12 V vs SCE) than those of C60 (1.57 V) and C70
(1.51 V).8 Taking the low oxidation potential of C76 into
account, generation of the radical cation of C76 would be also
anticipated by using an adequate electron acceptor in the
photoinduced electron-transfer reaction. Recently, Bolskar et
al. succeeded in synthesis and isolation of the carbocation of
C76 using a new oxidizing reagent, [Ar3N•+][CB11H6Br6-].9

Their success is the first demonstration of the isolation of
fullerene carbocation and indicates stability in its cation form.
In the present paper we reported generation of the radical

cations of fullerenes such as C60, C70, and C76 by applying two
kinds of photoinduced electron-transfer reactions: One is the
electron transfer from excited fullerenes to an appropriate

electron acceptor, and the other is the electron transfer by
cosensitization which was applied to C60 by Nonell et al.4b

Experimental Section

Materials. Synthesis and purification procedures of C76 (D2)
were reported in the previous report and references therein.7

The concentration of C76 in the sample solution was estimated
using the extinction coefficient reported for CH2Cl2 solution.10

C60 and C70 were purchased from Texas Fullerenes Corp.
Tetracyanoethylene (TCNE) was purchased from Nacalai Tesque
and purified by recrystallization from CH2Cl2. N-Methylacri-
dinium hexafluorophosphate (NMA+) was synthesized by the
procedure reported by Gebert et al.11 Other chemicals were of
the best commercial grade available.
Apparatus. The nanosecond time-resolved absorption spec-

tra were measured using SHG (532 nm) or THG (355 nm) of
a Nd:YAG laser (Quanta-Ray, GCR-130, fwhm 6 ns) as the
excitation source. A pulsed xenon flash lamp (Tokyo Instru-
ments, XF80-60) was used as the monitoring light. A Ge-APD
module (Hamamatsu Photonics, C5331-SPL) attached to a
monochromator (Ritsu MC-10N) was employed as the detector
for the spectra in the near-IR region (600-1600 nm). The
output signal from the detector was recorded with a digitizing
oscilloscope (Hewlett-Packerd 55410B) and analyzed using a
personal computer.3f The decay lifetimes of fullerenes were
estimated using a xenon lamp and a photomultiplier as the
monitoring light and the detector, respectively. All the samples
for the laser flash photolysis were deaerated by argon bubbling
for 15 min in a 1 cmquartz cell.
Steady-state absorption spectra were recorded on a JEOL

V-570 UV/vis/near-IR spectrophotometer. Optical path length
of a quartz cell for the measurements was 2 mm.

Results and Discussion

Ground-State Absorption Spectra of the Mixture Solution
of C76 and TCNE. In the present paper, chloranil (CA),X Abstract published inAdVance ACS Abstracts,September 15, 1997.
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tetracyanoquinodimethane (TCNQ), and TCNE were used as
electron acceptors. The reduction potentials of these acceptors
are reported to be 0.02, 0.13, and 0.24 V vs SCE, respec-
tively.12,13 TCNE and TCNQ were examined by Nadtochenko
et al. as acceptors for oxidation of excited C60.4a They reported
that formation of charge-transfer complex of C60 and TCNE or
TCNQ was not confirmed in the examined concentration ranges
([C60] < 0.4 mM, [TCNE]< 0.24 M, [TCNQ]< 7 mM). In
the case of C76 (0.1 mM) and TCNE (10 mM), the absorption
spectrum of a mixture solution corresponded well to the
superposition of those components, indicating that a charge-
transfer complex in the ground state is not formed or can be
negligible under the present experimental conditions (Figure 1).
T-T Absorption of C76 in the Near-IR Region. It has been

reported that many photoinduced reactions of C60 and C70
proceed via their triplet excited states.3 However, there are only
a few reports on characterization of the triplet excited state of
C76 (TC76*).7,14 Here, the lifetime ofTC76* was estimated by
taking some quenching processes into consideration.
Absorption bands that can be attributed toTC76* appeared in

the near-IR region immediately after the laser irradiation (Figure
2). The transient absorption ofTC76* is quite weak even by
the laser excitation at high laser intensity (ca. 60 mJ/pulse, SHG)
despite the large extinction coefficient ofTC76*.7 The finding
suggests a low quantum yield of the intersystem crossing process
of the excited C76 as indicated by the time-resolved EPR study.14

The absorption-time profile of TC76* can be analyzed by the
first-order decay function, indicating that the triplet-triplet
(T-T) annihilation process is negligible in the deactivation

process ofTC76*, while the T-T annihilation is apparent in the
cases ofTC60* and TC70* under high laser power excitation.
The negligible T-T annihilation ofTC76* is in accord with the
small quantum yield of the intersystem crossing process. The
first-order decay rate constant ofTC76*, kobsT(C76), increased
with the concentration of C76 in the ground state (Figure 2).
The good linearity between them indicates deactivation ofTC76*
by a self-quenching process (eq 1).

The bimolecular rate constant of the self-quenching process,
ksq(C76),was estimated to be 1.4× 108 M-1 s-1 from the slope
of the line of Figure 2. The estimated rate constant is similar
to those ofTC60* (2 × 108 M-1 s-1) andTC70* (6 × 108 M-1

s-1).2e The intercept of the straight line of Figure 2 is 1.04×
105 s-1, which corresponds to 9.6µs of the intrinsic lifetime of
TC76*. The intrinsic lifetime is quite short compared with the
reported values forTC60* and TC70* (250 µs for both).2e

Photochemical Generation of Radical Cations of Fullerenes
in the Presence of Electron Acceptors.Oxidation of Fullerenes
by TCNE. When the benzonitrile solution containing C76 and
TCNE was irradiated by the 532 nm laser, the transient
absorption bands that can be attributed toTC76* appeared
immediately after the irradiation. The absorption bands due to
TC76* decayed within a few microseconds, and new absorption
bands appeared at 1100 (sh), 980, 780, and<600 nm, exhibiting
the rising absorption-time profile (Figure 3 and its insert). From
the comparison with the absorption spectrum of C76

•+ which
was generated chemically by treating with [Ar3N•+][CB11H6Br6-]
(insert of Figure 3),9 the new transient absorption bands can be
attributed to C76•+, although the absorption maximum at 780
nm was somewhat deformed by the depletion of ground-state
absorption of C76 around 700 nm. Since 532 nm light excites
C76 only (Figure 1), it can be reasonably concluded that C76

•+

was generated by the electron-transfer reaction fromTC76* to
TCNE (eq 2). The radical anion of TCNE (TCNE•-) is reported
to appear around 440 nm, which is difficult to observe because
of the strong ground-state absorption of C76.

Figure 1. Absorption spectra of C76 (0.1 mM), TCNE (10 mM),
superposition, and mixture in benzonitrile.

Figure 2. Transient absorption spectrum of 0.1 mM C76 toluene
solution at 100 ns after laser excitation (SHG of Nd:YAG laser).
Insert: dependence of decay rate constant,kobsT(C76), on the concentra-
tion of C76.

Figure 3. Transient absorption spectra of benzonitrile solution
containing 0.1 mM C76 and 4 mM TCNE at (upper) 100 ns and (lower)
4 µs after laser excitation. Excitation: SHG of Nd:YAG laser. Insert:
(upper) absorption-time profiles at 740 and 840 nm; (lower) absorption
spectrum of C76•+ generated chemically (from ref 9).

TC76* + C76 f 2C76 (1)

TC76* + TCNEf C76
•+ + TCNE•- (2)

Radical Cations of Fullerenes J. Phys. Chem. A, Vol. 101, No. 43, 19977961



The transient absorption bands of C76
•+ are overlapped with

those ofTC76* in almost all examined spectral region. There-
fore, the rate constants of the decay ofTC76* and the generation
of C76

•+ were estimated by applying the following relation (eq
3)

whereC1 andC2 are the maximal absorbance ofTC76* and C76•+;
kobsT(C76) andkobsc(C76) are rate constants of the decay ofTC76*
and the generation of C76•+, respectively. In this relation it was
assumed thatkobsc(C76) is much larger than decay rate constant
of the generated radical cation. One of the fitting curves
according to eq 3 is shown in Figure 4. In the insert, estimated
rate constants,kobsc(C76), are plotted against the concentration
of TCNE. From the linear relationship between them, a
bimolecular rate constant of the quenching ofTC76*, kqT(C76),
was estimated to be 2.0× 108 M-1 s-1.
In the case of C60, it was reported that the laser irradiation to

the benzonitrile solution containing C60 and TCNE generated
the absorption band at 980 nm, which was ascribable to the
radical cation of C60 (C60

•+).4a We also observed the generation
of C60

•+ in the C60 and TCNE system at almost the same
bimolecular rate constant with the reported value (Table 1). The
estimated rate constant was similar to that of C76.
Decay of the transient absorption band of C76

•+ can be
attributed mainly to the back-electron-transfer reaction (eq 4).

The second-order plot of the absorption-time profile at 600
nm is shown in Figure 5. The initial part is due to the decay of
TC76*, and the latter part is due to the back-electron-transfer
reaction. From the straight line obtained from the latter part of
Figure 5,kbet/ε600, wherekbet and ε600 are the back-electron-

transfer rate constant and the extinction coefficient of C76
•+ at

600 nm, respectively, was estimated to be 1.7× 107 cm s-1.
At the present stage of our study,ε600 is unknown. However,
if we assumeε600 is to be 103 M-1 cm-1, which is the same
order as that of C76•-,7 1010M-1 s-1 of kbetwas estimated. From
this roughly estimated value, the generated radical ions are
expected to return to the corresponding neutral forms at the rate
close to the diffusion limit.
The ground-state absorption spectrum of C76 and TCNE

mixture after several hundreds shots of the laser irradiation is
shown in Figure 6. Compared with the spectrum measured
before the laser irradiation, absorption increased around 450
nm. One of the plausible origins of the new absorption band
is TCNE•-, which is known to be relatively stable.6 At present,
however, we cannot exclude the possibility that the new
absorption band is due to an adduct of TCNE with C76.
In the case of the mixture solution of C70 and TCNE, transient

absorption bands ascribable to the radical cation of C70 (C70
•+)

appeared at 940, 820, 740, and 680 nm, after the decay of the
absorption band ofTC70* at 980 nm. The 940 and 820 nm bands
are in good agreement with the transient absorption bands of
C70

•+ at 930 and 830 nm observed by the pulse radiolysis
experiments in 1,2-dichloroethane.5b The bimolecular rate
constant of the quenching ofTC70*, kqT(C70), was estimated to
be 1.2× 109M-1 s-1 from the decaying absorption-time profile
at 980 nm. The estimatedkqT(C70) is close to the diffusion limit,
while those of C60 and C76 are 1 order smaller than the diffusion
limit. To estimate the electron-transfer rates from thesekqT
values, it is necessary to evaluateε of the triplet states and the

Figure 4. Absorption-time profile at 600 nm observed in benzonitrile
solution containing 0.1 mM C76 and 8 mM TCNE excited with SHG
of Nd:YAG laser. Solid lines are fitting curves obtained by assuming
decay ofTC76* and rising of C76•+. Insert: dependence of rate constants
of the generation of C76•+, kobsc(C76), on the concentration of TCNE.

TABLE 1: Triplet Lifetimes and Bimolecular Rate
Constants ofTCn* (n ) 60, 70, 76)

C60 C70 C76

τT (µs) 250a 250a 9.6
ksq(M-1 s-1) 2× 108 a 6× 108 a 1.4× 108

kqT for CA (M-1 s-1) n.r.b n.r. n.r.
kqT for TCNQ (M-1s-1) 2.5× 109 3.1× 109 <108
kqT for TCNE (M-1s-1) 3.9× 108 1.2× 109 2.0× 108

a From ref 2e.bn. r. ) no reaction.

∆Abs) C1 exp(-kobs
T(C76)t) + C2 (1- exp(-kobs

c(C76)t))
(3)

C76
•+ + TCNE•- f C76 + TCNE (4)

Figure 5. Second-order plot for the decay at 600 nm observed in
benzonitrile solution containing 0.1 mM C76 and 20 mM TCNE excited
with SHG of Nd:YAG laser.

Figure 6. Absorption spectra of benzonitrile solution containing 0.1
mM C76 and 10 mM TMPD before and after several hundreds shots of
laser irradiation (SHG of Nd:YAG laser).
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radical cations. However, theε values of the radical cations of
fullerenes have not been reported yet.
Fullerenes and CA. When the mixture solution of CA and

C76was irradiated by the 532 nm laser, the transient absorption
bands ascribable toTC76* appeared immediately after the laser
irradiation. However, the decay ofTC76* was not accelerated
in the presence of CA. This finding indicates that CA does
not act as an electron acceptor or a triplet energy acceptor for
TC76*. The triplet energy of C76 is considered to be lying
between 92 and 106 kJ mol-1 from the reduction potentials of
the electron acceptors, the oxidation potential of C76, and the
results of the energy-transfer reaction in the previous paper.7

In the cases of C60 and C70, the transient absorption bands of
their triplet excited states were also not quenched in the presence
of CA. These findings also indicate that CA is not an electron
acceptor or a triplet energy acceptor forTC60* and TC70*. The
acceptor ability of CA can be explained on the basis of the free
energy changes on the reactions estimated by using the Rehm-
Weller relation;15 for C60 and C70, -3.9 and-8.7 kJ mol-1 of
free energy changes are calculated, respectively, while-25.1
and-29.9 kJ mol-1 of sufficient negative values are expected
for the reactions with TCNE.
Photoinduced Reaction between Fullerenes and TCNQ. In

the laser flash photolysis experiment on the mixture solution
of C60 and TCNQ, Nadtochenko et al. observed quenching of
TC60*, but generation of C60•+ was not observed.4a They
attributed the photoinduced reactions to exciplex formation and
triplet energy transfer fromTC60* to TCNQ due to the lower
triplet energy of TCNQ (<1 eV).16 In the case of the mixture
of TCNQ and C70 or C76, the 532 nm laser excitation also
resulted in the quenching of their triplet states. The evidence
for the generation of the radical cations of C70 and C76 was not
obtained. As quenching mechanisms ofTC70* and TC76* by
TCNQ, participation of the exciplex formation and/or the energy
transfer reaction is expected. The bimolecular rate constants
estimated for the quenching reaction ofTC60*, TC70*, andTC76*
by TCNQ are summarized in Table 1. In the cases of C60 and
C70, triplet excited states deactivated at rates close to the
diffusion-controlled rate. As for C76 the rate constant is small
compared with those of C60 and C70. One of the reasons for
the small rate constant will be the small triplet energy of C76,
insufficient for the energy transfer to TCNQ.
Generation of Radical Cations of Fullerenes by Photo-

sensitized Electron Transfer. Nonell et al. reported that C60•+

was generated in high yield by photosensitized electron-transfer
reaction using a cosensitizer at high concentration.4b Using
NMA+ and biphenyl (BP) as the sensitizer and the cosensitizer,
respectively, C60•+ was generated by following reaction scheme
(eq 5).

Here, we applied this reaction to oxidation of C70 and C76. From
the oxidation potentials of C70 and C76, the oxidation reactions
by cosensitization would be also anticipated. THG (355 nm)
of the Nd:YAG laser was applied to the excitation of NMA+.
The transient absorption spectra obtained by the 355 nm laser

excitation to benzonitrile solution containing 0.2 mM C70, 0.2
mM NMA+, and 200 mM BP are shown in Figure 7a. The
absorption bands ascribable to C70

•+ appeared clearly at 980,
940, 820, and 720 nm. When C70•+ was generated by the
electron-transfer reaction with TCNE, the absorption peaks at
800∼1000 nm were difficult to distinguish from those ofTC70*
because of weak absorption probably due to low quantum yield

of the radical generation. When the solution was excited with
SHG (532 nm), which excites C70 only, the radical formation
was not confirmed. This finding supports the reaction by eq 5.
In the case of THG excitation, the absorption bands of C70

•+

appeared immediately after the laser irradiation, while BP•+,
which shows an absorption band at 680 nm (Figure 7b),17 was
not observed as shown in Figure 7a, indicating that the
generation of C70•+ by eq 5 is a fast process.
It is interesting to note that a new absorption band appeared

at 1360 nm with rising absorption-time profile. It is well-
known that the radical anion of C70 (C70

•-) shows the charac-
teristic absorption band at 1360 nm. Therefore, one of the
possible origins of the new absorption band at 1360 nm in Figure
7a is C70•- generated by the electron-transfer reaction between
NMA • and TC70* or C70. In the case of the photosensitized
reaction of C60, a weak absorption band of the radical anion of
C60 (C60

•-) was also observed at 1080 nm in addition to the
strong absorption band of C60•+ (980 nm).
When the mixture solution of C76, NMA+, and BP was

irradiated by a 355 nm laser, the transient absorption bands
ascribable to C76•+ appeared with decrease in the absorption
band of BP•+. The generation of C76•+ can be attributed to the
photosensitized electron-transfer reaction, eq 5. From the decay
of BP•+, the bimolecular rate constant of the reaction was
estimated to be 1.5× 109 M-1 s-1, which is smaller than that
of C60, 2× 1010 M-1 s-1. This tendency is the same with the
photochemical reduction of fullerenes by TMPD. In the cases
of the reactions with TMPD, 1× 1010 and 8× 109 M-1 s-1

bimolecular rate constants were estimated for C60 and C70,
respectively, while that of C76 was 8× 108 M-1 s-1, which is
1 order smaller than the diffusion-controlled rate.
The lifetimes of the radical cations of C60, C70, and C76 were

estimated to be 3.0, 4.6, and 14.0µs, respectively, by applying
the first-order decay function. It is interesting to note that the
lifetime of fullerene increases with its size, indicating stability
of the generated radical cations.

S(NMA+)* + BPf NMA • + BP•+

BP•+ + C60 f BP+ C60
•+ (5)

Figure 7. (a) Transient absorption spectra of benzonitrile solution
containing 0.2 mM C70, 0.2 mM NMA+, and 200 mM BP. Excitation:
THG of Nd:YAG laser. Insert: absorption-time profiles at 940 and
1360 nm. (b) Transient absorption spectra of benzonitrile solution
containing 0.2 mM NMA+ and 200 mM BP.
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Conclusion

Photochemical oxidation reactions of fullerenes C60, C70, and
C76were examined by two kinds of electron-transfer processes.
Electron transfers from the excited fullerenes to the electron
acceptor were confirmed when TCNE was used as an acceptor,
while CA and TCNQ did not act as an oxidizing reagent because
of insufficient reduction potential of acceptor and/or predomi-
nant energy-transfer process than the electron transfer. Genera-
tion of radical cations of fullerenes by cosensitization was also
confirmed. In the both processes, the reactions of C76 did not
proceed as fast as those of C60 and C70. This tendency is the
same with the photochemical reduction of fullerenes. The
reason for the low reactivity of C76 in excited states is not clear
at the present stage of our study. Studies on the photochemical
reactions of the more higher fullerenes are in progress.
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