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The electron transfer from tetraethoxyethene (TEOE), which has high electron-donor ability, to photo-
excited C60 or C70 in polar and less polar solvents has been investigated by 532 nm laser flash photolysis
with observation of  the transient absorption bands in the near-IR region. The transient absorption bands
of  the triplet states of  fullerenes (TC60* and TC70*), which appeared immediately after nanosecond laser
exposure, were effectively quenched by TEOE. With the decay of  TC60* and TC70*, the absorption bands of
C60~2 and C70~2 appeared at 1070 and 1380 nm, respectively, showing that the electron transfer takes place
from TEOE to TC60* or to TC70*. Then, C60~2 and C70~2 disappear by back electron transfer to TEOE~1.
The efficiencies and rates of  the electron-transfer reactions vary with solvent polarity.

Introduction
It has been reported that photoexcited fullerenes such as C60

and C70 act as good electron acceptors in the presence of elec-
tron donors such as aromatic amines and aliphatic amines.1–8

Recently, it has been reported that organic compounds with a
C]]C bond add to the triplet state of C60 (

TC60*);9,10 the reaction
mechanism was presumed to proceed via photoinduced electron
transfer between the triplet state of TC60* and olefins forming
the radical anion and radical cations, respectively. However, the
direct detection of the ion radicals has not been performed yet
for such reaction systems.

In the case of C60 or C70, the initial steps of the photoinduced
electron-transfer reactions have been investigated by photo-
chemical techniques such as transient absorption spectroscopy
by measuring the quenching rates of TC60* and TC70* in the
visible region.4,5 By these methods, it was found that the elec-
tron transfer takes place via TC60* and TC70* forming their rad-
ical anions (C60~2 and C70~2). These short-lived intermediates
show their transient absorption bands at longer wavelength
than the visible region.11–15

Thus, in this study, we observed the transient absorption
spectra in the near-IR region to confirm the electron transfer of
these fullerenes with olefins. As olefin, we employed tetraethoxy-
ethene [(C2H5O)2C]]C(OC2H5)2; abbreviated to TEOE], since
this olefin is known as a good electron donor.16–18 The photo-
chemical and thermal reaction products between TEOE and
C60 (or C70) were recently reported by Zhang et al.19,20 Both C60

and C70 were used to examine which is the more powerful elec-
tron acceptor. Reaction media may play an important role in
the photoinduced electron transfer and adduct formation.3,5,21,22

Results and discussion

Steady-state UV–VIS spectra
The steady-state absorption spectrum of C60 and TEOE in ben-
zonitrile was recorded between 400 and 800 nm as shown in
Fig. 1. TEOE has no absorption at 532 nm, which allows the
use of laser light at 532 nm for excitation of fullerenes only. The
absorption spectrum of the mixture of C60 and TEOE in ben-
zonitrile (Fig. 1) is a superposition of the components, suggest-

ing that no appreciable interaction exists between C60 and
TEOE in the ground states under the concentration conditions
employed by the laser photolysis experiments in this study
(<1.0 × 1022 mol dm23 of TEOE).2,23 The absorption bands of
the components are not appreciably affected by solvent polarity.
Similarly, a lack of specific interaction between C70 and TEOE
was shown in absorption spectra.

Transient spectra
Fig. 2 shows the transient absorption spectra in the near-IR
region obtained by the laser flash photolysis of C60 with 532 nm
light in the presence of TEOE (1.0 × 1022 mol dm23) in ben-
zonitrile. The transient absorption band at 740 nm appearing
immediately after nanosecond laser exposure is attributed to
the triplet–triplet absorption band of TC60*.24–28 With the decay
of TC60*, new absorption bands appeared in the region of 950–
1100 nm. The absorption band at 1070 nm with a shoulder at
950 nm is a characteristic absorption of C60~2.29

The observed time-profiles of the absorption bands are
shown in the insert of Fig. 2. The decay of TC60* at 740 nm,
which did not show appreciable decay during 1 µs without
TEOE, was accelerated in the presence of TEOE (1022 mol
dm23). Accompanied by the decay of TC60*, the absorption
intensity of C60~2 at 1070 nm increased reaching a maximum at

Fig. 1 Steady UV–VIS spectra of C60 (——, 2.5 × 1024 mol dm23),
TEOE (——, 1.0 × 1022 mol dm23) and their mixture (? ? ? ? ?) in
benzonitrile
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ca. 150 ns; then, it began to decay gradually in ca. 10 µs. From
the rise and decay, it is evident that C60~2 is produced via TC60*
which accepts an electron from TEOE.

Transient absorption spectra for C70–TEOE in benzonitrile
obtained by the exposure of the pulsed 532 nm laser light are
shown in Fig. 3. Immediately after the nanosecond laser pulse
at 532 nm, the absorption band of TC70* appeared at 980 nm
with a shoulder at 720–730 nm.30,31 The main absorption at 980
nm was quenched by the addition of TEOE, and the absorption
band of C70~2 appeared at 1380 nm with a shoulder at 750
nm.12,32,33 As shown in the inserted time-profile, the absorption
intensity of TC70* at 980 nm, which did not show appreciable
decay for 1 µs in the absence of TEOE, decayed rapidly. The rise
of the absorption of C70~2 at 1380 nm seems to be a mirror
image of the decay of the absorption of TC70*.

From these observations, electron transfer takes place via
TC60* and TC70* as shown in Scheme 1.

C60/C70

hν

532 nm
SC60*/SC70*

kisc

TC60*/TC70*
1 TEOE

kT
et

C60~2/C70~2 1 TEOE~1

Scheme 1

Immediately after the laser pulse, C60 and C70 are excited to
their lowest excited singlet states SC60* and SC70*, which are
converted into TC60* and TC70* with the rate of ca. 109 s21 in
high quantum yields of 0.99 and 0.97, respectively.26,34–37 Then,

Fig. 2 Transient absorption spectra obtained by 532 nm laser flash
photolysis of C60 (2.5 × 1024 mol dm23) in the presence of TEOE
(1.0 × 1022 mol dm23) in deaerated benzonitrile; (d) 50 ns and (s) 500
ns. Insert: time profiles at 750 nm and 1070 nm.

Fig. 3 Transient absorption spectra obtained by 532 nm laser flash
photolysis of C70 (2.5 × 1024 mol dm23) in the presence of TEOE
(1.0 × 1022 mol dm23) in deaerated benzonitrile. (d) 50 ns and (s) 500
ns. Insert: time profiles at 980 and 1380 nm.

TC60* and TC70* abstract an electron from TEOE having high
electron donor ability [oxidation potential (Eox) is 0.32 V vs.
standard calomel electrode (SCE) and ionization potential is
less than 7.2 eV].16

The free-energy changes (∆Go) are calculated from the
Rehm–Weller equations to be ∆Go = 273.3 kJ mol21 for TC60*–
TEOE and ∆Go = 278.2 kJ mol21 for TC70*–TEOE by employ-
ing the lowest triplet energies (T1 = 1.53 eV for TC60* and
T1 = 1.50 eV for TC70*),38 reduction potentials (Ered = 20.51 eV
for C60 and Ered = 20.43 eV for C70),

39–43 Eox = 0.32 eV for
TEOE16 and Coulombic energy of 0.06 eV in benzonitrile.10

These negative ∆Go values allow fast electron transfer reactions
for both TC60*–TEOE and TC70*–TEOE; TC70* is a slightly
stronger electron acceptor than TC60*.

In order to confirm the electron transfer via TC60*, O2 was
added to the solution of C60–TEOE. Fig. 4 shows the rise
curves of C60~2 in deoxygenated solution and in O2-saturated
solution. On addition of O2, C60~2 formation was partially
suppressed. The decay of TC60* was accelerated on addition of
O2 to TC60–TEOE solution, indicating that energy transfer
from TC60* to O2 takes place in addition to the electron
transfer reaction between TC60* and TEOE. Both reactions
may be competitive; i.e. the rate constant (kO2

) for the energy
transfer from TC60* to O2 was reported to be ca. 10 9 dm3

mol21 s21.30 If  kO2
[O2] @ ket

T[TEOE], C60~2 formation may be
completely suppressed. Our finding that 30% of C60~2 was
remaining in the O2-saturated solution suggests that
kO2

[O2] :ket
T[TEOE] = 1 :3.

On the other hand, if  electron transfer takes place via SC60*
from TEOE (ket

S), appreciable amounts of C60~2 can be
observed. In this case, ket

S[TEOE] may be competitive with kisc

(ca. 109 s21);26,36 since [TEOE] = 1022 mol dm23, ket
S should be

ca. 1011 dm3 mol21 s21, which is far greater than the diffusion-
controlled limit in benzonitrile (ca. 5.6 × 109 mol21 dm3 s21).44

Thus, the contribution of SC60* route to the C60~2 formation is
implausible.

Rate constants and quantum yields
Decay curves of TC70* are shown in Fig. 5. Each decay curve
obeys first-order kinetics giving a linear relationship between
ln(Abs) and time. The slope yields the first-order rate constants
(k1st

obs), which increase with [TEOE]. The pseudo-first-order
plot gives the quenching rate constant (kqT

obs) for TC70* with
TEOE (1.3 × 109 dm3 mol21 s21 in benzonitrile). For TC60* with
TEOE, kqT

obs value was similarly obtained as listed in Table 1.

Fig. 4 O2-effect on time profiles for TC60*-decay and C60~2-rise: (a)  in
Ar-saturated (2.5 × 1024 mol dm23 of C60 and 1.0 × 1022 mol dm23 of
TEOE) and (b) in O2-saturated solution
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Table 1 Rate constants for TC60
*/TC70

*-quenching (kqT
obs) and C60~2/C70~2 formation (kC60-~2obs/kC70~2obs), quantum yield (Φet

T) and ket
T for

TEOE in benzonitrile, benzene and their mixtures

C60 C70

Solvent a

BN
2:1
1 :1
BZ

kqT
obs/

dm3 mol21 s21

1.4 × 109

1.9 × 109

2.2 × 109

2.0 × 109

kC60~2obs/
dm3 mol21 s21

1.5 × 109

1.6 × 109

1.9 × 1010

—

Φet
T

0.80 b

0.64 b

0.41 b

0.26 b

ket
T/

dm3 mol21 s21

1.1 × 109

1.3 × 109

9.1 × 108

5.2 × 108

kqT
obs/

dm3 mol21 s21

1.3 × 109

7.1 × 108

9.7 × 108

4.2 × 109

kC70~2obs/
dm3 mol21 s21

(1.2 × 109)
(1.1 × 109)
(1.0 × 109)
—

Φet
T

1.10 c

0.88 c

0.45 c

0.17 c

ket
T/

dm3 mol21 s21

1.3 × 109

6.2 × 108

4.3 × 108

7.1 × 108

a BN; benzonitrile, BZ; benzene, 2 :1 and 1 :1; mixture of BN and BZ. b εC60~2 = 12 000 dm3 mol21 cm21 at 1070 nm46 and εC70~2 = 4000 dm3 mol21

cm21 at 1380 nm;12 εTC60* = 16 000 dm3 mol21 cm21 at 750 nm47 and εTC70* = 6000 dm3 mol21 cm21 at 980 nm.45 c C60~2 and C70~2 show fast decay
in benzene.

The rise curves of C70~2 in benzonitrile are shown in Fig. 6.
By the curve-fitting method, the first-order rate constants are
evaluated. By the pseudo-first-order plot, the rate constant
(kC70~2

obs) for C70~2 formation was evaluated to be 1.2 × 109

dm3 mol21 s21, which is in good agreement with kqT
obs (1.3 × 109

dm3 mol21 s21) as the general relation kqT
obs = kC70~2

obs

predicts.45

In Table 1, kqT
obs (or kC60~2

obs) for C60 tends to increase with
decreasing the solvent polarity. In the case of C70, kqT

obs (or
kC70~2

obs) does not strongly depend on the solvent polarity,
except in benzene. In order to clarify these solvent polarity
changes in the observed rate constants, the quantum yield (Φet

T)
for electron transfer via the triplet state was evaluated as fol-
lows: [C60~2]/[TC60*] and [C70~2]/[TC70*] were evaluated on sub-
stituting the reported molar extinction coefficients for these

Fig. 5 TEOE-concentration effect on TC70*-decay time profile;
[TEOE] (a) 5.0 × 1023, (b) 1.0 × 1022 and (c) 1.5 × 1022 mol dm23.
Insert: pseudo-first order plot.

Fig. 6 TEOE-concentration effect on C70~2-rise time profile;
[TEOE] (a) 5.0 × 1023, (b) 1.0 × 1022 and (c) 1.5 × 1022 mol dm23.
Insert: pseudo-first order plot.

species.2,12,46,47 For [C60~2]/[TC60*] and [C70~2]/[TC70*], the max-
imal values are adopted; i.e. [TC60*] and [TC70*] are calculated
from the initial absorbance, while [C60~2] and [C70~2] are calcu-
lated from the maximal absorbance. These [C60~2]/[TC60*] and
[C70~2]/[TC70*] values are plotted against [TEOE] as shown in
Fig. 7. Both curves show the saturation, yielding Φet

T.48

Φet
T = 0.8 for C60 and Φet

T = 1.1 for C70 in benzonitrile were
evaluated. The Φet

T for C70 is slightly more than unity, which is
likely to come from the uncertainty of ε values of these transi-
ent species (the ε values used in this study are cited in Table 1).
For each fullerene, Φet

T values decrease with decreasing the
solvent polarity (Table 1). The Φet

T for C70 is greater than that
for C60, excepting those in benzene. On the other hand,
(1 2 Φet

T), which can be attributed to collisional quenching of
TC60* by TEOE, increases with decreasing solvent polarity.
Even in benzonitrile, (1 2 Φet

T) for C60 is estimated to be 0.20,
indicating that collisional quenching takes place competitively
with electron transfer.

The true rate constant for electron transfer via the triplet
states (ket

T) can be evaluated from the relation ket
T = Φet

T kqT
obs

or ket
T = Φet

T kC60~2
obs (or ket

T = Φet
T kC70~2

obs).48 They are also
listed in Table 1. For each fullerene, the ket

T values tend to
decrease with decreasing the solvent polarity, although there
are exceptions. For C60, the variation of ket

T values is small
except for that in benzene. On the other hand, the ket

T value in
benzene is larger than those in benzonitrile–benzene mixtures.
In benzonitrile and in benzene, the ket

T values for C70 are greater
than those for C60. In the solvent mixture, on the other hand,
the opposite tendency is observed. The ket

T values in these
solvents may be determined by many factors, such as Eox,
Ered, Coulombic energy and ε values of C60~2/C70~2, which are
capable of varying with solvent polarity.

When benzene was used as nonpolar reaction medium, the
decay rate of TC60* was slightly increased compared with the
decay rates in benzonitrile (Fig. 8), suggesting that the quench-
ing of TC60* with TEOE takes place more efficiently in non-
polar solvents than polar solvents. In the inserted rise curve of
C60~2 in Fig. 8, the rise and decay curve in benzene is quite
different from those in benzonitrile and in benzonitrile–benzene

Fig. 7 [C60~2]/[TC60*] and [C70~2]/[TC70*] vs. [TEOE] in benzonitrile
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(2 :1) mixture. The fast decay of C60~2 indicates that the contact
ion pair is formed between C60~2 and TEOE~1 immediately
after the nanosecond laser pulse followed by the rapid return
the electron from C60~2 to TEOE~1.

Back electron transfer
After reaching maximal concentration, C60~2 begins to decay as
shown in Fig. 9, which is illustrated in the long time scale up to
10 µs. The decay of C60~2 obeys second-order kinetics in polar
benzonitrile and benzonitrile–benzene mixture as shown in
inserted plots (kbet

2nd). In benzene, on the other hand, the decay
of C60~2 is very fast as shown in insert to Fig. 8; the decay obeys
first-order kinetics (kbet

1st). The second-order kinetics indicate
that C60~2 and TEOE~1 recombine after being solvated as free
ions or solvent-separated ion pairs, while the first-order kinetic
behaviour in benzene arises because of the electron return
within the ion pair.21,22 The slope of the second-order plot

Fig. 8 Solvent polarity effect on time profiles of TC60*-decay and
C60~2-rise in (a) benzonitrile and (b) benzonitrile–benzene (2 :1)
and (c) benzene

Fig. 9 Solvent polarity effect on decay time profiles of C60~2 in (a)
benzonitrile and (b) benzonitrile–benzene (2 :1) and (c) benzoni-
trile–benzene (1 :1). Insert: second-order plots.

Table 2 Back electron transfer rate constats in benzonitrile, benzene
and their mixtures

C60 C70

Solvent

BN
2:1
1 :1

(kbet
2nd/εC60~2)/

dm3 mol21

1.1 × 106

1.6 × 106

2.1 × 106

kbet
2nd/

dm3 mol21 s21

1.3 × 1010

1.9 × 1010

2.5 × 1010

(kbet
2nd/εC70~2)/

dm3 mol21

1.2 × 106

3.5 × 106

4.0 × 106

kbet
2nd/

dm3 mol21 s21

4.8 × 109

1.4 × 1010

1.6 × 1010

BZ (kbet
1st = 2.6 × 107 s21) (—) a

a Too small to observe.

yields kbet
2nd/εC60~2 (or kbet

2nd/εC70~2). On substituting εC60~2 =
12 000 dm3 mol21 cm21 (or εC70~2 = 4000 dm3 mol21 cm21),12,46

the kbet
2nd values are obtained, which are listed in Table 2 with

the observed kbet
1st. On assuming that εC60~2 and εC70~2 did not

change much with changing solvent polarity, our observation
indicates that the kbet

2nd increases slightly with a decrease in
the solvent polarity. Finally, in a non-polar solvent, a drastic
change was observed as shown in the insert of Fig. 8.

Repeated laser irradiation
After the repeated irradiation of the laser pulses of 532 nm light
which predominantly excites C60 and C70 in benzonitrile, steady
UV–VIS spectra were measured as shown in Figs. 10 and 11
for C60–TEOE and C70–TEOE, respectively. In Fig. 10, the
absorption peak at 435 nm characteristic of the mono adduct
appears with a broad band in the region of 450–550 nm.10,49

The absorbance change at 435 nm after 6100 laser pulses is
0.08. For C70–TEOE (Fig. 11), the absorption in the region of
390–450 nm was increased by the laser pulse of 532 nm light
irradiation with a decrease in the absorbance at 375 nm band
due to C70. The structures of the adducts between TEOE and
C60 or C70 were identified by Zhang et al. to be those of 1,2-
cycloadducts, which are produced thermally.19,20 They also
pointed out that photo-cleavage between C]C of the adducts
may take place on irradiation of steady-light onto the adducts.
From our spectral changes, it would be anticipated that the
adduct may be produced via electron transfer via TC60* or TC70*
by the irradiation of pulsed laser light at 532 nm in polar solv-
ent. In benzene, on the other hand, any spectral change was not
observed under similar conditions, suggesting that back elec-

Fig. 10 Change of absorption spectra of mixture of C60 (2.5 × 1024

mol dm23) and TEOE (1.0 × 1022 mol dm23) in benzonitrile by repeated
laser pulse irradiation at 532 nm of 7 mJ per pulse

Fig. 11 Change of absorption spectra of mixture of C70 (2.5 × 1024

mol dm23) and TEOE (1.0 × 1022 mol dm23) in benzonitrile by repeated
laser pulse irradiation at 532 nm of 7 mJ per pulse
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tron transfer rate is fast in addition to the low efficiency of the
photoinduced electron transfer in non-polar solvent.

Experimental
C60 of  99.99% purity and C70 of  99.9% purity were obtained
from Texas Fullerenes Corp. Tetraethoxyethene (TEOE) was
prepared in the manner described elsewhere.51,52 The C60 (or
C70) and TEOE were dissolved in benzonitrile, benzene and
their mixture. The solution was deaerated with Ar bubbling
before measurements were taken. O2-saturated solution was
made by O2 bubbling.

The solution was excited by a Nd:YAG laser (Quanta-Ray,
GCR-130, 6 ns fwhm) at 532 nm at 7 mJ. A pulsed xenon flash
lamp (Tokyo Instruments, XF80–60, 15 J, 60 ms fwhm) was
used for the probe beam, which was detected with a Ge-APD
module (Hamamatsu, C5331-SPL) after passing through the
photochemical quartz vessel (10 mm × 10 mm) and a mono-
chromator.33 The output from Ge-APD was recorded with a
digitizing oscilloscope (HP 54510B, 300 MHz). The steady-
state UV–VIS absorption spectra were recorded with a Jasco
spectrometer. All experiments were performed at 22 8C.

Acknowledgements
The cost of the present work is partly defrayed by a Grant-in-
Aid on Priority-Area-Research on ‘Photoreaction Dynamics’
(No. 08218207) and by the Grant-in-Aid on Priority-Area-
Research on ‘Functionally Graded Material’ (No. 0824326)
from the Ministry of Education, Science, Sports and Culture.
J. M. gratefully acknowledges financial support by the Bundes-
ministerium für Bildung, Wissenschaft, Forschung und Tech-
nologie (BMBF, Bonn) and the Fonds der Chemischen Indus-
trie (Frankfurt).

References
1 R. Sension, A. Z. Szarka, G. R. Smith and R. M. Hochstrasser,

Chem. Phys. Lett., 1991, 185, 179.
2 J. W. Arbogast and C. S. Foote, J. Am. Chem. Soc., 1991, 113, 8886.
3 L. Biczok and H. Linschitz, Chem. Phys. Lett., 1992, 195, 339.
4 J. W. Arbogast, C. S. Foote and M. Kao, J. Am. Chem. Soc., 1992,

114, 2277.
5 T. Osaki, Y. Tai, M. Tazawa, S. Tanemura, K. Inukawa, K. Ishiguro,

Y. Sawaki, Y. Saito, H. Shinohara and H. Nagashima, Chem. Lett.,
1993, 789.

6 S. Nonell, J. W. Arbogast and C. S. Foote, J. Phys. Chem., 1992, 96,
4169.

7 D. M. Guldi, H. Hungerbuhler, E. Janata and K.-D. Asmus,
J. Chem. Soc., Chem. Commun., 1993, 84.

8 H. Ghosh, H. Pal. A. V. Sapre and J. P. Mittal, J. Am. Chem. Soc.,
1993, 115, 11 722.

9 (a) J. Averdung, G. Torres-Garcia, H. Luftmann, I. Schlachter and
J. Mattay, Fullerene. Sci. Tech., 1996, 4, 633; (b) J. Averdung,
T. Gerkensmeier, O. Ito, H. Luftmann, P. Luger, I. Schlachter,
C. Siedschlag, G. Torres-Garcia and J. Mattay, in Progress in Fuller-
ene Research, eds. H. Kuzmany, J. Fink, M. Mehring and S. Roth,
World Scientific, Singapore, 1996, p. 509; (c) J. Mattay, G. Torres-
Garcia, J. Averdung, C. Wolff, I. Schlachter, H. Luftmann, C. Sied-
schlag, P. Luger and M. Ramm, J. Phys. Chem. Solids, in the press.

10 K. Mikami, S. Matsumoto, A. Ishida, S. Takamuku, T. Suenobu
and S. Fukuzumi, J. Am. Chem. Soc., 1995, 117, 11 134.

11 M. A. Greaney and S. M.Gorun, J. Phys. Chem., 1991, 95, 7142.
12 D. R. Lawson, D. L. Feldhein, C. A. Foss, P. K. Dorhout,

C. M. Elliott, C. R. Martin and B. Parkinson, J. Phys. Chem., 1992,
96, 7175.

13 Z. Gasyna, L. Andrews and P. N. Schatz, J. Phys. Chem., 1992, 96,
1525.

14 D. M. Guldi, H. Hungerbuhler, E. Janata and K.-D. Asmus, J. Phys.
Chem., 1993, 97, 11 258.

15 A. Watanabe and O. Ito, J. Phys. Chem., 1994, 98, 7736.

16 J. Gersdorf, J. Mattay and H. Gorner, J. Am. Chem. Soc., 1987, 109,
1203.

17 J. Mattay, Synthesis, 1989, 233.
18 F. Mueller and J. Mattay, Chem. Rev., 1993, 93, 99.
19 X. Zhang, J. Anderson and C. S. Foote, Recent Advances in the

Chemistry and Physics of Fullerlenes and Related Materials, eds.
K. M. Kadish and R. S. Ruoff, The Electrochemistry Society, New
York, 1994, p. 797.

20 X. Zhang, A. Fan and C. S. Foote, J. Org. Chem., 1996, 61, 5456.
21 O. Ito, Y. Sasaki, Y. Ysohikawa and A. Watanabe, J. Phys. Chem.,

1995, 99, 9838.
22 Y. Sasaki, Y. Ysohikawa, A. Watanabe and O. Ito, J. Chem. Soc.,

Faraday Trans., 1995, 91, 2287.
23 Y.-P. Sun, C. E. Bunker and B. Ma, J. Am. Chem. Soc., 1994, 116,

9692.
24 J. W. Arbogast, A. P. Darmanyan, C. S. Foote, Y. Rubin, F. N. Died-

erich, M. M. Alvarez, S. J. Anz and R. L. Whetten, J. Phys. Chem.,
1991, 95, 11.

25 Y. Kajii, T. Nakagawa, S. Suzuki, Y. Achiba, K. Obi and K. Shibuya,
Chem. Phys. Lett., 1991, 181, 100.

26 R. J. Sension, C. M. Phillips, A. Z. Szarka, W. J. Romanow,
A. R. Macghie, J. P. McCauley, A. B. Smith III, Jr. and R. M.
Hochstrasser, J. Phys. Chem., 1991, 95, 6075.

27 T. Ebbesen, K. Tanigaki and S. Kuroshima, Chem. Phys. Lett., 1991,
181, 501.

28 N. M. Dimitrijevic and P. V. Kamat, J. Phys. Chem., 1992, 96, 4811.
29 T. Kato, T. Kodama, T. Shida, T. Nakagawa, Y. Matsui, S. Suzuki,

H. Shiromaru, K. Yamauchi and Y. Achiba, Chem. Phys. Lett.,
1991, 180, 446.

30 M. R. Fraelich and R. B. Weisman, J. Phys. Chem., 1993, 97, 11 145.
31 N. M. Dimitrijevic and P. V. Karmat, J. Phys. Chem., 1992, 96, 4811.
32 M. Greaney and S. Gorun, J. Phys. Chem., 1991, 95, 7142.
33 A. Watanabe and O. Ito, Jpn. J. Appl. Phys., 1995, 34–1, 194.
34 M. Gevaert and P. V. Kamat, J. Phys. Chem., 1992, 96, 9883.
35 G. Sauv, N. M. Dimitrijevic and P. V. Karmat, J. Phys. Chem., 1995,

99, 1199.
36 A. Watanabe, O.  Ito, M. Watanabe, H. Saito and M. Koishi,

J. Chem. Soc., Chem. Commun., 1996, 117.
37 A. Watanabe, O. Ito, M. Watanabe, H. Saito and M. Koishi, J. Phys.

Chem., 1996, 100, 10 518.
38 R. R. Hung and J. J. Grabowski, J. Phys. Chem., 1991, 95, 6073.
39 R. E. Haufler, J. Conceicao, L. P. F. Chibante, Y. Chai, N. E. Byrne,

S. Flanagan, M. M. Haley, S. C. O’Brien, C. Pan, Z. Xiao, W. E.
Billups, M. A. Ciufolini, R. H. Hauge, J. L. Margrave, L. J. Wilson,
R. F. Curl and R. E. Smalley, J . Phys. Chem., 1990, 94, 8634.

40 P. M. Allemand, A. Koch, F. Wudl, Y. Rubin, F. Diederich,
M. M. Alvarez, S. J. Anz and R. L. Whetten, J. Am. Chem. Soc.,
1991, 113, 1050.

41 D. Dubois, K. M. Kadish, S. Flanagan, R. E. Haufler, L. P. F.
Chibante and L. J. Wilson, J. Am. Chem. Soc., 1991, 113, 4364.

42 M. R. Wasielewski, M. P. O’Neil, K. R. Lykke, M. J. Pellin and
D. M. Gruen, J. Am. Chem. Soc., 1991, 113, 2774.

43 K. C. Hwang and D. Mauzerall, Nature, 1993, 361, 138.
44 P. W. Atkins, Physical Chemistry, 5th edn., Oxford University Press,

Oxford, 1994, pp. 927–958.
45 M. M. Alam, A. Watanabe and O. Ito, J. Photochem. Photobiol. A:

Chemistry, in the press.
46 G. A. Heath, J. E. McGrady and R. L. Martin, J. Chem. Soc.,

Chem. Commun., 1992, 1272.
47 J. W. Arbogast, A. P. Darmanyan, C. S. Foote, Y. Rubin, F. N. Died-

erich, M. M. Alvarez, S. J. Anz and R. L. Whetten, J. Phys. Chem.,
1991, 95, 11.

48 C. A. Steren, H. von Willigen, L. Biczok, N. Gupta and
H. Linschitz, J. Phys. Chem., 1996, 100, 8920.

49 O. Ito, Y. Sasaki, A. Watanabe and K. Mochida, Bull. Chem. Soc.
Jpn., 1996, 69, 2167.

50 G. Trampe, J. Mattay and S. Steenken, J. Phys. Chem., 1989, 93,
7157.

51 D. Bellus, H. Fischer, H. Greuter and P. Martin, Helv. Chim. Acta.,
1978, 61, 1784.

52 J. W. Scheeren, R. J. F. M. Staps and R. J. F. Nivard, Recl. Trav.
Chim. Pays Bas, 1973, 92, 11.

Paper 6/06244J
Received 10th September 1996

Accepted 3rd February 1997


