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Photoinduced electron-transfer processes between C60/C70 and 2-naphthols have been studied by nanosecond
laser flash photolysis. Quantum yields (Φet

T) and rate constants (ket) of electron transfer from naphthols to
the excited triplet states of C60 and C70 have been determined by observing the transient absorption bands in
the wide wavelength (UV-vis/NIR regions), where the naphthoxy radicals, triplet states, and anion radicals
of fullerenes appear. BothΦet

T andket were increased by the addition of trimethylpyridine (Py), indicating
that Py promotes the electron-donor ability of naphthols. The C60

•-/C70
•- decay with second-order kinetics in

the absence of Py, suggesting charge recombination of free ion radicals. In the presence of Py, on the other
hand, the initial decays of C60

•-/C70
•- obey first-order kinetics, suggesting that back electron transfer takes

place within the ion radicals bridged via Py.

Introduction

Fullerenes acts as electron acceptors without any electron-
withdrawing functional group.1 It is well-known that the
electron-accepting abilities of C60 and C70 in the ground state
are further increased by photoexcitation of the fullerenes with
visible light.2-7 Thus, photoinduced electron transfer processes
of fullerenes are an important subject, as good models for
charge-separation systems. Time-resolved measurements have
led to better understanding of general features of electron-
transfer mechanisms. So far, various kinds of electron donors,
including aromatic amines, afford usually reversible electron-
transfer systems for fullerenes.2-7

In the case of phenols and naphthols with low electron-donor
ability, it has been reported by Linschitz and co-workers that
photoinduced electron transfer to C60 takes place only when
pyridines are added to polar solution;8 this phenomenon was
shown to be coupled electron-proton transfer by Linschitz et
al.8

In our previous paper about naphthylamine and binaphthyl-
amine, we reported that the electron-transfer efficiencies to the
triplet states of C60 and C70 (3C60* and 3C70*, respectively) from
perpendicular binaphthylamine are significantly different from
those of planar naphthylamine suggesting some kind of steric
effect on the electron-transfer process.9 In the present study,
we measured the transient absorption spectra for the systems
C60/C70 with 2-naphthol, dihydroxy-naphthalenes, and 1,1-bi-
2-naphthol (Scheme 1) over wide wavelength regions and time
scales to reveal the various aspects controlling electron-transfer
processes in the presence and absence of pyridine. Especially,
pronounced effects of pyridine addition have been found on
the backward electron-transfer processes in addition to the
acceleration of the forward electron-transfer rates.

Experimental Section

C60 and C70 were obtained in a purity of 99.9% and 99.5%,
respectively, from Texas Fullerenes Corp. Commercially avail-
able 1,1′-bi-2-naphthol (BN(OH)2) (Aldrich Co. Ltd.) was used
as received. Optically active BN(OH)2 was used to try to obtain
the optically active adduct between C60/C70 and BN(OH)2 under
various conditions. 2-Naphthol (2-NOH) and dihydroxynaph-
thalenes (N(OH)2) of the highest grade were used. Trimeth-
ylpyridine (Py), benzonitrile and benzene were of the highest
grade commercially available.

C60/C70 was selectively excited by 532 nm light from a Nd:
YAG laser (Quanta-Ray; 6 ns fwhm) with 7 mJ pulse energy.
For the transient absorption spectra in the short time scale (<10
µs), a Si-PIN photodiode (300-600 nm) and Ge-APD (600-
1400 nm) were used as detectors to monitor the transmitted light
from a pulsed Xe-lamp (150 W).10aFor longer time scale (>10
µs), an InGaAs detector was used to monitor the light from a
continuous Xe-lamp.10b The solution of C60 (or C70) and
naphthols was deaerated by Ar bubbling for 15 min before
measurements.
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The steady-state UV-vis absorption spectra were measured
with a JASCO/V-570 spectrophotometer. The circular dichroism
(CD) spectra were measured on a JASCO/I0015 spectropo-
larimeter. Steady-state photolysis was carried out with a Xe-
Hg lamp (150 W); the wavelength region of light was selected
by cut-off filters. All experiments were carried out at 23°C.

Results and Discussion

Steady-State UV-vis Spectra.As Biczok et al. pointed out,
the absorption spectra of naphthols in the UV region were
changed considerably on addition of Py, indicating the interac-
tion between naphthols and Py.8b The vis absorption spectra of
C60 and BN(OH)2 in the longer wavelength region are shown
in Figure 1. In the absence or presence of Py, appreciable change
was not observed between the absorption spectrum of the mixed
system and the synthesized spectrum. Also, no spectral change
was observed for other naphthols and C60 systems nor for C70

on addition of naphthols in the absence or presence of Py. These
observations indicate that ground-state interaction between C60/
C70 and naphthols is negligibly small regardless of the presence
of Py.

Photoinduced Electron Transfer.Laser flash photolysis of
C60 with 532 nm light in the presence of BN(OH)2 (20 mM) in
deaerated benzonitrile produced the transient absorption spectra
in the vis/NIR region as shown in Figure 2. The transient
absorption band at 740 nm is attributed to the triplet-triplet
(T-T) absorption of3C60*.11-13 With the slight decay of3C60*,
a new weak absorption band appears at 1070 nm with a shoulder
at 900 nm, which are assigned to the absorption of C60

•-.14 From
the time profiles (inset of Figure 2), the decay of3C60* at 740
nm and the rise of C60

•- at 1070 nm observed on addition of
relatively high concentration of BN(OH)2 (20 mM) seem to be
almost mirror images. These observations clearly indicate that
the electron transfer occurs from BN(OH)2 to 3C60* (eq 1), in
which naphthols are written as NOH. For C70 in the absence of
Py, a similar slow electron-transfer process was confirmed from
NOH’s to 3C70* (980 nm)15 yielding C70

•- (1380 nm).16

With 532 nm laser-light excitation of C60 in the presence of
BN(OH)2 and Py (Figure 3), the absorption of3C60* at 740 nm
was quickly quenched, concomitantly with appearance of the
absorption band of C60

•- at 1070 nm. As shown in the inserted
time-profile of Figure 3, the absorption intensity at 1070 nm
begins to rise immediately after the laser pulse, corresponding
to the quick decay of3C60*. It is revealed that Py accelerates
the electron-transfer rate from BN(OH)2 to 3C60* very much;
i.e., donor abilities of naphthols are increased in the presence
of Py as shown by Biczok et al.8b

The decay rates of3C60* increase with [BN(OH)2] in the
presence of Py as shown in Figure 4A. Each decay curve of
3C60* in the presence of BN(OH)2 was fitted with a single
exponential (k1st). The second-order rate constant (kq) was
obtained from the linear dependence ofk1st on [BN(OH)2] as
shown in the inset of Figure 4A. The obtainedkq values are
listed in Table 1.

The rates of C60
•- rise increase with [BN(OH)2] in benzoni-

trile as shown in Figure 4B. Each rise curve was fitted with a
single exponential, yieldingk1st without taking the slow decay
of C60

•- into consideration. The second-order rate constantkA

(where subscript A represents C60
•-) was obtained by plotting

k1st vs [BN(OH)2] (Figure 4B). The obtainedkA values are in

Figure 1. Steady-state absorption in the UV-vis region C60 (0.1 mM),
BN(OH)2 (4 mM), and their mixture in the presence of Py (0.5 M) in
benzonitrile.

Figure 2. Transient absorption spectra obtained by 532 nm laser
photolysis of C60 (0.1 mM) in the presence of BN(OH)2 (20 mM) in
Ar-saturated benzonitrile. Inset: time profiles. (b) 1 µs and (O) 10 µs.

Figure 3. Transient absorption spectra obtained by 532 nm laser
photolysis of C60 (0.1 mM) in the presence of BN(OH)2 (3 mM) and
Py (0.5 M) in Ar-saturated benzonitrile. Inset: time profiles.

Figure 4. (A) Decay profiles of3C60* at 740 nm with changing BN-
(OH)2. Inset: pseudo-first-order plot. (B) Rise profiles of C60

•- at 1070
nm with changing [BN(OH)2]. Inset: pseudo-first-order plot in the
presence of Py (0.5 M) in Ar-saturated benzonitrile.

3C60*/
3C70* + NOH98

ket

Φet
T

C60
•-/C70

•- + NOH•+ (1)
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good agreement with the correspondingkq values within the
experimental errors.

The efficiency of electron transfer via3C60
* or 3C70

* can be
estimated by the quantity [C60

•-]/[ 3C60*] (or [C70
•-]/[ 3C70*]) as

evaluated by the maximal and initial absorbances and reported
εA andεT, which refer to molar extinction coefficients of C60

•-

or C70
•- and 3C60* or 3C60*, respectively.4,11-16 In Figure 5,

the ratios of [C60
•-]/[ 3C60

*] are plotted against [BN(OH)2] or
[2-NOH] in the presence and absence of Py in benzonitrile. The
efficiencies increase with [BN(OH)2] or [2-NOH] reaching a
plateau, from which the quantum yield (Φet

T) for electron
transfer via3C60

* was estimated (Table 1). TheΦet
T values for

C70 were obtained similarly. In the absence of Py, [C60
•-]/[ 3C60

*]
and [C70

•-]/[ 3C70
*] reach plateaus at higher concentrations of

NOH’s, more than 20 mM; theΦet
T values are less than 0.23

for C60 and 0.26 for C70. In the presence of Py, theΦet
T values

increase by a factor of ca. 5. For both C60 and C70, the Φet
T

values of BN(OH)2 are lower than those of 2-NOH by a factor
of ca. 0.6, which is particularly interesting in regard to molecular
structure of donors. A possible explanation of this observation
is that the approach of perpendicular BN(OH)2 to almost
spherical fullerenes is hindered, while planar 2-NOH easily
contacts the fullerene molecules in the excited states.9 In the
absence of Py, theΦet

T value for C60/BN(OH)2 is lower than
that for C60/2-NOH. TheΦet

T values for C70/N(OH)2’s are higher
than those for C70/2-NOH and C70/BN(OH)2. As for difference

in the acceptor abilities between C60 and C70, the Φet
T values

of C70 are slightly higher than those of C60 for both BN(OH)2
and 2-NOH in the absence of Py, suggesting that C70 is a slightly
stronger acceptor than C60.

The rate constant for electron transfer (ket) can be evaluated
from the relation,ket ) Φet

Tkq.8b,17 In the presence of Py, the
ket values increase by a factor of ca. 1000 compared with those
in the absence of Py. Theket values in the presence of Py
(Table 1) are slightly smaller than the diffusion controlled limit
(kdiff ) 5.6× 109 M-1 s-1 in benzonitrile).18 In the absence of
Py, theket values for all the naphthol donors are similar ((1.4-
3.5)× 105 M-1 s-1). In the presence of Py, on the other hand,
theket values for BN(OH)2 and 2-NOH ((7-8) × 108 M-1 s-1))
are smaller compared with those for N(OH)2’s ((1.0-1.5) ×
109 M-1 s-1). This further supports that N(OH)2’s become
stronger electron donors than 2-NOH and BN(OH)2 in the
presence of Py.

From these observations, three types of description by
equations are possible for the interaction between NOH’s and
Py in the neutral and ion radical states, as described below.
Equation 2 considers the interaction with NOH and Py to be
weak, leaving the proton of NOH still near the O-atom. Equation
3 represents a strong interaction between the proton of NOH
and the N-atom of Py, moving the proton to the Py side.
Equation 4 shows a weak interaction before electron transfer,
but strong interaction after electron transfer.

Since the characteristic absorption due to NO- did not appear
on mixing NOH with Py, the strong interaction like NO--PyH+

(equation 3) is not necessary to take into consideration. As
shown in Figure 3, the transient spectra in the shorter wavelength
region (300-400 nm) display new absorption bands at 350 and
390 nm due to the naphthoxy radical interacting with Py like
as BN(OH)(O•)-PyH+,8b,19 along with the decay of3C60* in
this region. In the case of 2-NOH in the presence of Py, a sharp
absorption peak appeared at 350 nm after the decay of3C60*,
which is assigned to 2-NO•-PyH+.8b,19Thus, eq 4 seems to be
more appropriate representations than equation 2.

From the Rehm-Weller relation, free energy of electron
transfer (∆G°) for the systems withket ) (1.1-3.5)× 105 M-1

s-1 can be estimated to be ca. 10 kcal/mol.20 On addition of
Py, theket values increase up to (0.66-1.5) × 109 M-1 s-1,
suggesting that∆G° becomes more negative than-10 kcal/
mol.21 This indicates that the oxidation potentials of NOH’s are
decreased by 20 kcal/mol on addition of Py, which is in
agreement with the observation by Biczok et al.8b This suggests
that Py attracts proton from NOH’s, resulting in the increase in
the electron-donating ability of NOH-Py.

The contribution of the singlet states of C60/C70 (1C60*/1C70*)
to C60

•-/C70
•- formation need not to be considered, because the

rise of C60
•- is slow, as shown in the inserts of Figures 2 and

3.
Solvent Effect on Photoinduced Electron Transfer.In a

less polar solvent such as a mixture of benzene and benzonitrile

TABLE 1: Quenching Rate Constants (kq), Quantum Yields
(Φet

T), Electron-Transfer Rate Constants (ket), Second-order
Back-Electron-Transfer Rate Constants (kbet

2nd), and
First-order Back Electron-transfer Rate Constant (kbet

1st) in
Benzonitrilea

fullerene/
NOH/Py

kq/
M-1 s-1 b Φet

T
ket/

M-1 s-1 c
kbet

2nd/
M-1 s-1 d

kbet
1st/

s-1

C60/2-NOH 1.4× 106 0.20 2.8× 105 1.7× 109

C60/2-NOH/Py 7.2× 108 1.00 7.2× 108 1.6× 109 3.4× 104

C60/2,3-N(OH)2 1.5× 106 0.23 3.5× 105 2.2× 1010

C60/2,3-N(OH)2/Py 1.5× 109 1.00 1.5× 109 1.8× 1010 3.2× 104

C60/2,7-N(OH)2 9.9× 105 0.23 1.3× 105 2.2× 109

C60/2,7-N(OH)2/Py 1.1× 109 1.00 1.1× 109 1.5× 109 2.9× 104

C60/BN(OH)2 2.0× 106 0.13 2.8× 105 2.1× 109

C60/BN(OH)2/Py 9.7× 108 0.68 6.6× 108 2.3× 109 1.2× 104

C70/2-NOH 7.1× 105 0.26 1.8× 105 2.6× 109

C70/2-NOH/Py 8.4× 108 1.00 8.4× 108 2.6× 109 4.3× 104

C70/2,3-N(OH)2 2.9× 106 0.49 1.4× 105 1.6× 1010

C70/2,3-N(OH)2/Py 1.2× 109 1.00 1.2× 109 5.2× 1010 9.8× 104

C70/2,7-N(OH)2 9.8× 106 0.32 3.1× 105 3.2× 109

C70/2,7-N(OH)2/Py 1.0× 109 1.00 1.0× 109 7.9× 109 2.6× 104

C70/BN(OH)2 8.5× 105 0.23 1.9× 105 2.3× 109

C70/BN(OH)2/Py 1.2× 109 0.60 7.2× 108 5.0× 109 1.2× 104

a Each value conatins estimation error of(5%. a Thekq values were
evaluated from the decay of3C60*/ 3C70*. b ket ) kqΦet

T, c εA ) 12000
M-1 cm-1 at 1070 nm for C60

•-,14b andεA ) 4000 M-1 cm-1 at 1380
nm for C70

•-.16 εT ) 16100 M-1 cm-1 at 740 nm for3C60*,4a andεT )
6500 M-1 cm-1 at 980 nm for3C70*.13,16

Figure 5. Dependence of [C60
•-]/[ 3C60*] on [BN(OH)2] and [2-NOH]

in the absence and presence of Py (0.5 M) in Ar-saturated benzonitrile.

3C60*/
3C70* + NOH-Py98

ket

Φet
T

C60
•-/C70

•- + NOH•+-Py
(2)

3C60*/
3C70* + NO--PyH+ 98

ket

Φet
T

C60
•-/C70

•- + NO•-PyH+

(3)

3C60*/
3C70* + NOH-Py98

ket

Φet
T

C60
•-/C70

•- + NO•-PyH+

(4)
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(1:1 in volume), the transient absorption spectra for C60/NOH’s/
Py or C70/NOH’s/Py are similar to those in neat benzonitrile.
TheΦet

T values andket values are similar to the corresponding
values in benzonitrile. In the absence of Py, on the other hand,
the decays of3C60*/ 3C70* and rises of C60

•-/C70
•- are too slow

to observed clearly, suggesting that theket values are far less
than those in benzonitrile. This is reasonable on the basis of
the Rehm-Weller curve,20 in which theket values for fullerenes/
NOH’s/Py with sufficiently negative∆G° are less sensitive
toward a decrease in solvent polarity than those for fullerenes/
NOH’s with positive∆G°.21

In nonpolar solvents, such as benzene, neither the rise of
C60

•-/C70
•- nor the decay of3C60*/ 3C70* was observed on the

addition of BN(OH)2 or 2-NOH, even in the presence of Py,
indicating that electron transfer via3C60*/ 3C70* does not occur.

Back Electron Transfer. Figure 6 shows the time profiles
of C60

•- on the long-time scale; C60
•- begins to decay slowly

after reaching each maximal concentration at 10-80 µs. This
decay can be attributed mainly to the back electron transfer from
C60

•- to BN(OH)•+, because extra reactions such as an adduct
formation were not observed by repeated 532 nm laser irradia-
tion of C60/C70 in solutions containing BN(OH)2/2-NOH and
Py. The back electron-transfer rate constants (kbet

2nd) were
evaluated from the decay time profiles of C60

•-/C70
•-, which

obey second-order kinetics in the absence of Py. From the slope
of the second-order plot in the inset of Figure 6, thekbet

2nd/εA

value was evaluated. Thekbet
2nd values were evaluated by

substituting the reportedεA values as listed in Table 1. In
benzonitrile, thekbet

2nd values are close to the diffusion
controlled limit (kdiff ) 5.6 × 109 M-1 s-1 in benzonitrile),18

which also supports that the solvated ion-radicals encounter after
moving freely in the polar solution in the absence of Py
(equation 5).

In the presence of Py, an interesting observation is that the
initial part of the decay of C60

•-/C70
•- obeys first-order kinetics,

whereas the latter part seems to obey second-order kinetics
(Figure 6). This suggests that the initial stage of back electron
transfer takes place within the ion pairs.7 Although benzonitrile
is polar enough to solvate the ion radicals, Py plays a role to
connect C60

•-/C70
•- with NOH•+ as schematically illustrated

below:

In the latter stage, this type of complex may dissociate in to
the free ion radicals; thus, the later part of the decay is consistent
with the second-order back electron transfer in the absence of
Py (see thekbet

2ndvalues in Table 1). Comparing thekbet
1stvalues

of BN(OH)2 with those of 2-NOH and N(OH)2, the former is
smaller than those of the latter (Table 1). This supports the
conclusion that the ion pairs produced from fullerenes/BN(OH)2/
Py are looser than those of others due to the perpendicular two
OH groups.

In the case of 2,3-N(OH)2, the kbet
2nd values are larger than

kdiff for both C60 and C70 in the presence and absence of Py,
which suggests that C60

•- and C70
•- are interacting with (2,3-

N(OH)2)•+ or more precisely with (2,3-N(O-)O•-(PyH+)2). This
type of interaction is characteristic to vicinal diol (2,3-N(OH)2),
but not distant diol (2,7-N(OH)2) and perpendicular diol (BN-
(OH)2).

Steady-State Photolysis.When C60 was selectively excited
with λ > 400 nm in the presence of BN(OH)2 and Py (0.5 M)
in deaerated benzonitrile, no spectral change was observed in
steady-state UV/vis spectra. BN(OH)2

•+ (or BN(O-)O•-
(PyH+)2) produced by electron transfer via3C60* may return to
BN(OH)2 by back electron transfer with equimolar C60

•-. On
the other hand, when short wavelength light (λ > 330 nm) was
used to excite both C60 and BN(OH)2, a spectral change was
observed as shown in the steady-state UV-vis spectra (Figure
7). An increase in the absorbance at 434 nm clearly suggests a
C60-adduct formation.22,23 In order to disclose the adduct
structure, the CD spectra were measured after 90 min irradiation
of a deaerated benzonitrile solution of C60 and an optically active
BN(OH)2 in the presence and absence of Py. However, no-CD
signal was observed, which suggests that the adduct does not
include an optically active BN(OH)2 moiety. Probably, the
adduct is H2C60. The structure analysis of the adduct by mass
spectra was complicated, because of low yield. These findings
indicate the importance of the direct irradiation of BN(OH)2,
from which H-atoms are generated followed by the addition to
C60. Surprisingly, no adduct formation was observed for C70

even by the direct irradiation of NOH’s.

Conclusions

The efficiencies and rate constants of photoinduced electron
transfer from 2-NOH, N(OH)2’s and BN(OH)2 to the excited
triplet states of fullerenes were greatly increased on addition of
Py. In both the presence and absence of Py, theΦet

T values
were decreased on going from planar 2-NOH and N(OH)2 to
perpendicular BN(OH)2. Addition of Py affects the mechanism
of back electron transfer, suggesting that Py (or PyH+) plays a
role of bridging C60

•-/C70
•- with NOH•+ (or NO•-PyH+).
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