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The photoinduced electron transfer of C60 in the presence of stable free radicals such as nitoxides has been
studied by nanosecond laser photolysis by measuring the transient absorption spectra in the visible and near-
IR regions. For theN-oxy-piperidine radical, the rise of the radical anion of C60 was not observed, although
the decay rate of the triplet excited state of C60 was quite fast. For free radicals with 4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (nitronyl nitroxide), electron transfer via the triplet excited state of
C60 was confirmed from the rise of the anion radical of C60, although the quantum yield of electron transfer
is not high. From the rates and efficiencies of electron transfer, which are strongly affected by the donor
ability of the substituents on the phenyl moiety of the nitronyl nitroxide radical, a specific spin-spin interaction
of the triplet spin state of C60 with the doublet spin state of the nitronyl nitroxide radical was revealed. In the
longer time scale measurements, the radical anion of C60 persisted for a long time, suggesting that the nitronyl
nitoxide cation, which was formed by donating an electron to the triplet state of C60, forms the complex with
the nitronyl nitoxide radical. An electron-mediating process from the radical anion of C60 to the viologen
dication was confirmed by the rise of the radical cation of the viologen, with the concomitant decay of the
radical anion of C60. Final back electron transfer from the viologen radical cation to the nitronyl nitroxide
cation was observed by the transient absorption measurements on additional long time scales.

Introduction

It has been pointed out that the triplet states of fullerenes act
as good electron acceptors in the photoinduced electron-transfer
processes in mixture systems with electron donors in polar
solvents.1-3 Because of the high delocalization of theπ electrons
in fullerenes, the transient absorption bands due to the excited
singlet states, triplet states, and radical anions appear in the
visible and near-IR regions.4,5 As electron donors, aromatic
amines,6,7 tetrathiafulvalenes,8 and porphyrins/phthalocyanines9

were employed for a decade; these compounds were proven to
donate the electron efficiently toward the triplet states of
fullerenes. However, little research has been reported on
electron transfer from free radicals (FR) to fullerenes (C60 and
C70) under photoillumination. Samanta and Kamat reported that
the triplet states of C60 (3C60

*) and C70 (3C70
*) were quenched

efficiently with the nitroxide free radicals in methylene chloride,
but the formation of the radical anions of C60 and C70 (C60

•-

and C70
•-) was not confirmed;10 thus, they postulated appreciable

spin-spin interactions between3C60
* or 3C70

* and the nitoxide
free radicals.11 To confirm the electron transfer from the free
radicals, it is necessary to employ free radicals with stronger
donor ability than the simple nitoxide free radicals. Furthermore,
it is indispensable to detect the rise of C60

•- and C70
•- in the

presence of free radicals upon measuring the transient spectra

in the visible and near-IR regions, which permitted us to confirm
photoinduced electron transfer, giving quantitative consideration
to the spin-spin interactions.

In the present study, we employed the nitroxide radical
(TEMPO;1) and the nitronyl nitroxide radicals (2-4) as shown
in Scheme 1 in which1 is common to the study by Samanta
and Kamat.10 It is expected that nitronyl nitroxide radicals2-4
may have higher electron donor abilities in which theN-
dimethylamine moiety on the phenyl group in4 may further
increase the donor ability more than the hydroxy substituents
in 2 and3.

We report here that the efficiencies and rates of photoinduced
electron transfer can be easily evaluated with the decay of the
excited states and the rise of the radical anion of C60 in the
presence of these free radicals by measuring the transient
absorption spectra in the visible and near-IR regions. The rates
and quantum yields for electron transfer via3C60

* were compared
by changing the structures of the free radicals to reveal spin-
spin interactions between the triplet spin state of C60 and the
doublet spin state of the free radicals.

Furthermore, we investigated the addition effect of the
viologen dication; in such systems, C60

•- can mediate its electron
transfer to the viologen dication. This reveals that the photo-
sensitizing electron-transfer/electron-mediating system will be
established under photoexcitation of the fullerenes in the
presence of the free radicals and viologen dication.

Experimental Section

Materials. C60 was obtained from the Texas Fullerenes
Corporation at a purity of 99.9%. TEMPO (1) was commercially
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available; nitronyl nitroxides (2-4) were prepared by the method
reported in the literature.12 Perchlorate of octyl viologen dication
(OV2+) was used as a second electron acceptor for the electron-
mediating system. Benzonitrile (PhCN) used as a solvent was
of HPLC grade.

Apparatus. Oxidation potentials (Eox) of 1-4 were measured
by a voltammetric analyzer (BASCV-50W) in a conventional
three-electrode cell equipped with Pt working- and counter-
electrodes with an Ag/AgCl reference electrode in the presence
of ferrocene as an internal standard. In each case, solutions
contained 1.0-5.0 mmols of the sample and 0.1 mols of
tetrabutylammonium perchlorate (Nakalai Tesque); the solution
was deaerated with Ar bubbling before measurements.

Steady-state absorption spectra were measured with a JASCO/
V-570 spectrophotometer. Transient absorption spectra in the
visible and near-IR regions were observed by the laser-flash
photolysis apparatus. In the systems of C60

- free radicals and
C60

- free radicals-OV2+, C60 was excited with the SHG (532-
nm) light of a Nd:YAG laser (Quanta-Ray; 6 ns fwhm). For
measurements shorter than 5µs, a Si-PIN photodiode module
(400-600 nm) and a Ge-APD module (600-1600 nm) were
employed as detectors for monitoring the light from a pulsed
Xe lamp.13,14 For measurements longer than 5µs, an InGaAs-
PIN photodiode was used as a detector for monitoring light from
continuous Xe-lamp (150 W).14,15 The sample solutions were
deaerated by Ar bubbling before measurements. Laser photolysis
was performed for the solution in a rectangular quartz cell with
a 10-mm optical path. All of the measurements were carried
out at 23°C.

Molecular Orbital Calculation. The optimized structures,
energy levels, and unpaired electron densities of the free radicals
were calculated via Gaussian 98 at the B3LYP/6-31+G(d) level.

Results and Discussion

Cyclic Voltammetry. Cyclic voltammograms show the
reversible curves for all free radicals. The oxidation potential
(Eox) of 1 is in good agreement with the reported value.14 The
measuredEox values are listed in Table 1. The order ofEox is
3 > 2 > 1 > 4. The free radicals with less positiveEox values
have higher donor abilities; thus, the order of the donor ability
is 4 > 1 > 2 > 3. The free-energy changes for electron transfer
(∆G°et) from the free radicals (FR) to3C60

* can be calculated
by the Rehm-Weller equation.15

Ered(C60) is the reduction potential () -0.92 V vs ferrocene/
ferrocene+ in PhCN),16 ET(C60) is the T1 energy levels () 1.53
eV),17 andEc is the Coulomb energy (0.06 eV in PhCN).6 Thus,
the ∆G°et values were obtained as listed in Table 1. A
sufficiently negative ∆G°et value predicts the diffusion-
controlled second-order rate constants for the electron-transfer
process via3C60

* in PhCN.
Molecular Orbital Calculations. MO patterns of the SOMOs

of 1-4 are shown in Figure 1. The electron in SOMO is
localized mainly on the N-O moieties. The energy levels of
the SOMOs are summarized in Table 1; the increasing order of
the SOMO levels for the nitronyl nitroxide radicals is4 > 2 >
3, which is in good agreement with theEox values. The HOMOs
for 2-4 are localized on the phenol and dimethyaniline (DMA)
moieties (Supporting Information). Even in4, the energy level
of the SOMO localized on the N-O moieties is higher than
that of the HOMO localized on the DMA moiety, supporting a
smallerEox value of 4 than that of DMA in Table 1, which
predicts that the donor ability of4 is higher than that of DMA.
In the case of1, a largeEox value would be anticipated from
the low SOMO level whereas theEox value of1 is smaller than
those of2 and3 probably because of the low precision of the
MO calculations for different series of structures.

Steady-State Absorption Spectra.The steady-state absorp-
tion spectra of1-4 are shown in Figure 2. Nitroxide radical1
shows weak absorption in the visible region (400-500 nm) but
intense absorption at shorter wavelengths than 300 nm. Nitronyl
nitroxide radicals2-4 show intense absorption in the visible
region (550-700 nm) and strong absorption at wavelengths
shorter than 430 nm. The absorption spectrum of C60 also
extends to wide visible and UV regions (Figure 2). The spectra
of the mixtures of C60 with each of the compounds1-4 in PhCN
are almost the same as the calculated spectra that are produced
by adding the absorption bands of C60 and1-4, suggesting that
no appreciable interaction exists between C60 and1-4 in the
ground state. From the absorption spectra in Figure 2, the laser
light at 532 nm excites both C60 and 2-4; however, no
appreciable transient absorption band appeared by the excitation
of only 2-4 with the 532-nm laser light. Therefore, we could
obtain the photoinduced processes via the excited states of C60

employing the 532-nm laser light.

SCHEME 1 TABLE 1: Eox and ESOMO of FRs, ∆G°et for Electron
Transfer from FRs to3C60*, and ∆G°bet for Back Electron
Transfer from C 60

•- to FR+s

Eox/Va ESOMO/eV ∆G°et/eV ∆G°bet/eV

1 0.22 -6.03 -0.45 -1.08
2 0.24 -4.81 -0.43 -1.10
3 0.30 -4.99 -0.37 -1.16
4 0.16 -4.60 -0.51 -1.02
DMA b 0.53 -0.14 -1.39

a Versus ferrocene/ferrocene+. b DMA (dimethylaniline).

∆G°et ) Eox(FR) - Ered(C60) - ET(C60) - Ec (1)
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Nanosecond Transient Absorption Spectra.Figure 3 shows
the nanosecond transient spectra in the visible and near-IR
regions observed via laser excitation of C60 with 532-nm light
in the presence of1 in PhCN. The 740-nm band was attributed
to 3C60*, which is produced via intersystem crossing (ISC) from
the singlet excited state (1C60*) immediately after the nano-
second laser pulse.18 The increase in the decay rates of3C60*
was observed on addition of1, but the absorption band due to
C60

•- was not observed in the near-IR region, suggesting that
electron transfer producing the solvated radical ions or solvent-

separated ion pair does not take place. The calculated∆G°et is
negative for1, predicting that electron transfer occurs; thus,
partial electron transfer may be possible, probably via an
exciplex such as (3(C60

δ•-...1δ+)*). However, before the dis-
sociation of the exciplex into the free-radical ions, the rapid
deactivation of3C60* by 1 is induced within the exciplex by
the spin-spin interaction between3C60 and the doublet spin of
1.11

In the presence of nitronyl nitroxide radicals such as4, the
absorption intensity of C60

•- at 1080 nm4-9 increased (Figure
4), accompanied by the decay of3C60*, suggesting that C60

•-

is formed via3C60* accepting an electron from4.
The time profiles for the decay of3C60* at 740 nm and the

rise of C60
•- at 1080 nm are shown in the inset of Figure 4 in

the presence of4. The decay curve of3C60* and the rising curve
of C60

•- are almost mirror images, supporting the fact that
electron transfer takes place via3C60* as shown in Scheme 2,
in which kISC, ket, andkcq are referred to as the rate constants of

Figure 1. Unpaired electron distributions of the SOMO of free radicals.

Figure 2. Steady-state absorption spectra of C60 (0.1 mM) and1-4
(0.1 mM) in PhCN.

Figure 3. Transient absorption spectra obtained by 532-nm laser-light
excitation of C60 (0.1 mM) in the presence of1 (5 mM) in deaerated
PhCN. Inset: Time profiles at 740 nm in the presence and absence of
1.

Figure 4. Transient absorption spectra obtained by 532-nm laser-light
excitation of C60 (0.1 mM) in the presence of4 (1 mM) in deaerated
PhCN. Inset: Time profiles at 740 nm in the presence and absence of
4.

SCHEME 2
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intersystem crossing from1C60* to 3C60*, electron transfer, and
collisional quenching, respectively. In the collisional quenching,
the acceleration of the decay of3C60* by spin-spin interaction
may be included. The observed slow rise of C60

•- clearly
indicates that electron transfer does not take place via1C60*
because of quick intersystem crossing (ISC) from1C60* to 3C60*
(0.8 × 109 s-1).19 In the cases of2 and 3, similar transient
absorption spectral changes and time profiles were observed;
however, the absorption intensities of C60

•- were smaller that
those from the3C60*-4 system.

Quantum Yields and Rates for Electron Transfer. Each
decay of3C60* at 740 nm obeys first-order kinetics, yielding
the first-order rate constant (kfirst-order). The kfirst-order value
increases linearly with the concentration of the free radicals.
The second-order quenching rate constants (kq) for 3C60*
quenched by the free radicals can be obtained from the linear
slopes of the pseudo-first-order plots as shown in Figure 5.
The kq values are listed in Table 2. All of the free radicals
(1-4) havekq values in the range of (0.75-2.6) × 109 M-1

s-1.
The efficiency of electron transfer via3C60* can be obtained

from the ratio of the maximum absorbance of C60
•- at 1080

nm to the initial maximum absorbance of3C60* at 740 nm,
[C60

•-]max/[3C60*] int.20 The ratios show the saturation upon
increasing the concentration of the free radicals, as shown in
Figure 6.19,20 At sufficiently high concentrations of the free
radicals above ca. 3 mM, the efficiency can be set equal to the
quantum yield (Φet) of the electron-transfer process via3C60*
(Table 2). Since allΦet values in Table 2 are less than 1.0,
there may be quenching processes other than electron transfer.
Finally, the electron-transfer rate constants (ket) are obtained
from ket ) Φetkq as listed in Table 2.20 The ket values are
considerably smaller than the diffusion-controlled limit (kdiff )
5.2 × 109 M-1 s-1 in PhCN),21 although the∆G°et values
calculated from the Rehm-Weller equation are all sufficiently
negative (Table 1) to predict the diffusion-controlled second-
order rate constants for the electron-transfer processes.

Since the3C60*-phenol system does not show any decay of
3C60* in PhCN, no electron transfer occurs.22 Compared with
phenol,2 and3 show very largekq values and finiteket andΦet

values, which is ascribed to the moderately high donor ability
of the nitonyl nitoxide moiety. Compared withkq, ket, andΦet

of the3C60*-dimethylaniline (DMA) system (Table 2), theΦet

and ket values of4 are small, although thekq value is large.
One of the typical triplet quenching mechanisms is energy
transfer; however, the energy-transfer process from3C60

* to 1-4
may be neglected because the energy level of3C60

*(1.53 eV)
lies lower than the lowest excited doublet state of1-4 (>1.7
eV), which can be evaluated from the fluorescence spectra as
shown in the Supporting Information.

These findings clearly suggest some specific spin-spin
interaction between3C60* and4. Such interaction was also found
between 3C60* and 1, where no electron transfer occurs;
nevertheless, efficient quenching (kq ) 1.6 × 109 dm3 mol-1

s-1 in PhCN) and sufficiently negative∆G°et values (Table 1)
resulted.

These observations suggest the specific spin-spin interaction
that can be described as collisional quenching processes in
Scheme 2. Such spin-spin interaction may be interpreted by
enhanced ISC process (EIP) from3C60

* to its ground state by
the paramagnetism of1-4.11a-h

The rate of the EIP can be estimated from eq 1:11a-c

Hex is the exchange interaction matrix element for the encounter
of the triplet-state molecules with paramagnetic species,Hν is
the density of the final vibration energy states (after quenching),
andh is Plank’s constant. The Franck-Condon factor,F, can
be given by eq 3, assuming that theF value for3C60

* is almost
the same as for ordinal aromatic carbon:11a

∆E is the energy (cm-1) between the triplet and the ground
state. The∆E value for C60 was calculated to be 12 200 cm-1,
which results inF ) 8.7× 10-5 cm-1. Assuming thatHex and
Hν are 50 cm-1 11b and 30 cm-1,11g respectively, thekEIP value
was finally evaluated to be 8.6× 109 s-1. This rate is much
faster than the inverse of the lifetime of3C60

* in the solution
(ca. 5× 104 s-1).6,8,20Blank et al. also estimated the encounter

Figure 5. Pseudo-first-order plots of the decay of3C60* at 740 nm in
the presence of various concentration of1-4 in deaerated PhCN.

TABLE 2: Evaluated Rate Parameterskq, Φet, ket, and kbet
in PhCN

kq/M-1 s-1 Φet ket/M-1 s-1 kbet/M-1 s-1

1 1.6× 109 0.00
2 1.2× 109 0.02 2.4× 107

3 1.1× 109 0.05 5.5× 107

4 2.6× 109 0.20 6.2× 108 2.6× 109

DMA 1.4 × 109 a 0.69a 9.5× 108 a 5.1× 109 a

a Evaluated in the present study.

Figure 6. Dependence of efficiencies ([C60
•-]max/[3C60*] initial) on the

free-radical concentration.

kEIP )
4π2|Hex|2F

hHν
(2)

F ) 0.15 exp{-∆E - 4000
2175 } (3)
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time (τ) between the triplet-state molecule and the doublet-state
radicals by employing eq 4:11g

Re is the distance between the center of3C60
* and FR in the

encounter complex, andD is the mutual diffusion coefficient.
If the τ value is comparable to 1/kEIP (1.2× 10-10 s), then3C60*
is considered to interact with doublet-state radicals such as1-4.
In the case of3C60

* and FR,Re ≈ 7 × 10-8 cm was evaluated
from the sum of the C60 radius (4 Å) and the1-4 radii (3 Å).
Thus, theD value can be estimated by the Stokes-Einstein
relation (eq 5):

kB, T, η, RT, and Rr are Boltzmann’s constant, absolute
temperature, solvent viscosity, radius of3C60

*, and radius of
the radicals, respectively. TheD value evaluated by eq 4 is ca.
9 × 10-6 cm2 s-1. Finally, from eq 4, theτ value was estimated
to be 5× 10-10 s, which seems to be comparable to 1/kISC (1.2
× 10-10 s) in PhCN. Therefore,3C60

* has enough time to interact
with 1-4 in PhCN. Consequently, we can conclude that3C60

*

is quenched by1-4 mainly because of the EIP mechanism.
Back Electron Transfer. After reaching the maximum

intensity, C60
•- begins to decay as shown in Figure 7 on a longer

time scale. At the low concentration of4, the second-order plot
for the decay of C60

•- shows a linear relation (inset of Figure

9). Observed second-order kinetics indicates the bimolecular
reaction, probably due to the recombination of C60

•- with FR+,
yielding a neutral molecule and a neutral radical in their ground
states, respectively (Scheme 2). Bimolecular second-order
kinetics also suggests that back electron transfer takes place
after FR+ and C60

•- were separately solvated as a free cation
and free-radical anion, respectively. The slope of the second-
order plot is attributed tokbet/εA, whereεA is the molar extinction
coefficient of C60

•-. On substituting the reportedεA at 1080
nm for C60

•-,20 thekbet values were evaluated as listed in Table
2. Thekbet values are all quite similar tokdiff . 21

Under the higher concentration of4, the initial part of the
decay is similar to that at the low concentration of4, obeying
the second-order kinetics and giving a similarkbet value. In the
later part, however, the decay slowed, showing a bent line in
the second-order plot. This indicates that FR+ changes into
substance(s) having low electron-accepting ability; thus, the
electron on C60

•- cannot return to FR+. The concentration effect
of 4+ invokes the formation of a dimer radical cation such as
(4)2

•+ between4+ and4.
If (4)2

•+ is stable, then the accumulation of C60
•- can be

observed even by the steady-state irradiation of C60 in the
presence of4 in PhCN; the steady-state absorption spectra
measured during the steady-light irradiation did not show
persistent C60

•- in the near-IR region (Supporting Information).
This suggests that (4)2

•+ is not stable. However, the lifetime of
(4)2

•+ may be longer than 2-3 ms, as evaluated from the time
profile in Figure 7.

Electron-Mediating System.Figure 8 shows the transient
absorption spectra observed by the laser-light excitation of the
band of C60 in the presence of4 and octyl viologen dication

Figure 7. Long time scale decay of C60
•- produced by electron transfer

from 4 in deaerated PhCN (at 1080 nm). (A) Low concentration of4
(0.3 mM), and (B) high concentration of4 (1 mM). Inset: Second-
order plots.

τ ≈ (Re)
2

D
(4)

D )
100kBT

6πη( 1
RT

+ 1
Rr

)
(5)

Figure 8. Transient absorption spectra obtained by 532-nm laser-light
excitation of C60 (0.1 mM) in the presence of4 (1 mM) and OV2+ (2
mM) in deaerated PhCN. Inset: Time profiles at 580 and 1080 nm.

Figure 9. Long time scale decay of OV•+ in the presence of4+ in
deaerated PhCN (at 1080 nm).
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(OV2+), which is a well-known electron acceptor from C60
•-.

Accompanied by the rise and decay of C60
•-, OV•+ appeared

at 580-600 nm.23 These observations suggest that an electron
of C60

•- transfers to OV2+, thus producing OV•+, which is
referred to as an electron-mediating process. Thus, it is proven
that the photosensitized electron-transfer/electron-mediating
system was established with the photoexcitation of C60 as shown
in Scheme 3, in whichkmd is referred to as the rate constant of
the electron-mediating process andkfbet is referred to as the final
back-electron-transfer process from OV•+ to FR+ returning to
OV2+ and FR. Thekmd value was evaluated to be 1.5× 109

M-1 s-1 in PhCN from the decay of C60
•- (inset of Figure 8)

upon changing the concentration of OV2+.
The decay-time profile of OV•+ at 580 nm in the presence

of 4+ is shown in Figure 9, in which OV•+ shows almost
complete decay at 800µs. From the second-order plot for the
decay of OV•+, the slope of the second-order plot of OV•+ gave
kfbet ) 8.2× 108 M-1 s-1. This finding indicates that the lifetime
of OV•+ increases by a factor of ca. 3 because final back electron
transfer between both positively charged species (OV•+ and
FR+) was retarded compared with back electron transfer between
oppositely charged species (C60

•- and FR+).
Steady-state measurements of the system during light irradia-

tion did not show an accumulation of OV•+ at 580 nm
(Supporting Information), which is in good agreement with the
time profile showing the almost complete decay of OV•+ (Figure
9). The dimer radical cation (4)2

•+ may be destabilized to
dissociate into4+ and 4 in the presence of OV2+. Thus, the
accumulation of OV•+ was impossible. This implies that the
photosensitized electron-transfer/electron-mediating system of
3C60

*-4-OV2+ is reversible.

Summary

The transient species of C60 such as the triplet excited state
and the radical anion were well followed by the transient
absorption spectra in the visible and near-IR regions. C60 acts
as a good photosensitizer and a good electron acceptor in the
presence of the nitronyl nitroxide free radicals. Electron donor
abilities of FRs are lower than expected from the oxidation
potentials probably because FRs are good triplet quenchers
because of the spin-spin interaction between the excited triplet
spin state of C60 and the doublet spin state of free radicals. The
concentration effect on the back-electron-transfer process sug-
gests the formation of the dimer radical cation. On addition of
a viologen dication, the reversible photosensitized electron-
transfer/electron-mediating cycle was confirmed.
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