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Abstract 

Photoinduced electron transfer between C6o and tetrathiafulvalene (TIT) or bis(ethylenedithio)tetrathiafulvalene (BEDT-'VIT) in polar 
and non-polar solvents and their mixtures was investigated by nanosecond laser photolysis/transient absorption spectroscopy in the visible 
and near-IR regions. The transient absorption bai :Is of the C6o triplet (wC~o) observed in polar solvents decay on addition of TI'F (or BEDT- 
TrF), accompanied by the appearance of the transient absorption bands of C~-. The yields of Cho- are decreased on addition of O,, revealing 
that about 10% of C/o- is produced via the singlet state at donor concentrations of less than 5 × 10- 3 M. In benzene, the quenching of WC~o 
without the appearance of C6o- within the nanosecond laser pulse is attributed to collisionai quenching. The quantum efficiencies of Cgo- 
formation via WC~o, which were evaluated from the initial ['rc~ ] and maximal [C~- ] values, vary with the donor ability and solvent polarity. 
The forward electron transfer rate constants were evaluated from the decay rates ofWC * (or the rise rates of C~- ) after multiplying by the 
quantum efficiencies. The back electron transfer rates are slowed down in polar solvents. © 1997 Elsevier Science S.A. 
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1. Introduction 

The photoinduced electron transfer reactions of fullerenes, 
such as Cc, o and C7o, have been investigated by various meth- 
ods including time-resolved absorption spectroscopy [ 1-9]. 
The initial steps of the electron transfer reactions are depend- 
ent on the experimental conditions, such as the donor ability, 
concentration of the donor and reaction medium. When elec- 
tron donors form charge transfer complexes with C6o (or C7o) 

in the ground state, electron transfer takes place via an exci- 
plex [ 1,5,6]. In non-polar solvents, the lifetime of the ion 
radical states is short (less than 300 ps) [ 1,6], which makes 
it difficult to observe the ion radicals by the nanosecond laser 
photolysis technique. 

At low donor concentrations in polar solvents, electron 
transfer takes place via the triplet states of Cc, o and C7o 
(TC~ o and TC*o) [2,8]. The ion radicals are long lived, up to 
approximately 50 ~s [ 3 ]. The relationship betweeit the elec- 
tron transfer rates and the oxidation potentials of the donor 
molecules confirms the Rehm-Weller relation [2,8]. For 
these investigations, the quenching rate constants of TC~ 
(kq.~ ~) were set equal to the electron transfer rate constants 
(kT), which implies that each electron transfer quantum yield 
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via TC~o is unity. However, the efficiency of electron transfer 
has not yet been evaluated, because it is necessary to observe 
both C6o (or C7o) and TC~ (or TC~' o) at the same time. 
Thus we need to detect the formation of the anion radical 
C~- (or C4o ), which appear in the near-IR region. In this 
report, we employed nanosecond laser photolysis with a 
detector with the ability to measure the absorption changes 
in the near-IR region. 

The electron donors tetrathiafulvalene ('ITF) and 
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) were 
used in this study, since they are good electron donors form- 
ing charge transfer complexes (or radical ion salts) with 
various electron acceptors [ 10-14]. C6o has been reported to 
form a stable radical ion salt with TI'F [ 15,16]. It is inter- 
esting to investigate the photoinduced electron transfer in 
dilute solution, since these systems remain unchanged on 
light illumination over a long period. 

We determined the rate constants of decay of r C ~  (~-~) 
and the rate constants of the rise ofC~o- (k~:~-). On combining 
the quantum yields of electron transfer via rC~  with ~.~s or 
k~:~-, we were able to evaluate the electron transfer rate con- 

stants via wC~o r (k~t). We also examined the effect of the 

solvent polarity on these quantities. From the effect of 02 on 
ion radical formation, the contribution of the singlet states of 
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the fullerenes was also estimated. Information on back elec- 
tron transfer was also obtained. 

2. Experimental details 

Cc, o was obtained from Texas Fullerenes Corporation with 
a ~r i ty  of 99.9%. Commercially available TrF, BEDT-TrF 
and solvents were used; benzonitrile and benzene were of 
high performance liquid chromatography (HPLC) and spec- 
trophotometric grade respectively. C6o and T rF  (or BEDT- 
~ )  were dissolved in benzonitrile, benzene or a mixture; 
the sample solutions were deaerated by bubbling with argon 
gas before measurement. When the effect of O, was investi- 
gated, an O2-saturated solution was produced by 02 bubbling. 

C~o was excited by an Nd:YAG laser (Quanta-Ray, GCR- 
130; full width at half maximum (FWHM), 6 ns) at 532 nm 
with a laser power of 5 mJ per pulse. For transient absorption 
measurements on the nanosecond timescale in the near-IR 
region, a Ge-APD module (Hamamatsu, C533 I-SPL) detec- 
tor attached to a monochromator was employed, with a pulsed 
Xe lamp ( 15 J per pulse, 60 ~s FWHM) used as probe light 
[17]. The response time of the Ge-APD detector of this 
system was less than l0 ns, which is about the same as the 
duration of the laser pulse. The output signals from the detec- 
tors were recorded with a digitizing oscilloscope and analysed 
by a personal computer. All experiments were carried out at 
23 °C. 

The steady state UV-visible absorption spectra were 
recorded using a Jasco V-570 UV-visible spectrophotometer. 

3. Results and discussion 

The steady state absorption spectra of C6o and ~ in 
benzonitrile were recorded between 400 and 800 nm as shown 
in Fig. 1 (A). The absorption spectrum of a mixture of C6o 
and TTF in benzonitrile (Fig. 1 (B))  is a superimposition of 
the components, suggesting no apparent interaction at the 
concentration region employed in the laser photolysis exper- 
iments (less than 5 raM) [ 18,19]. The absorption bands of 
the components are not appreciably affected by the solvent 

polarity [ 19]. In benzene, the absorption spectrum of the 
mixture is a superimposition of the components, similar to 
that observed in benzonitrile, suggesting no interaction in 
non-polar solvents. On laser photolysis at 532 nm, C~ only 
is excited, because of the lack of absorption of T r F  at this 
wavelength. 

The laser flash photolysis of Cc, o (0.1 mM) was carried 
out in the presence of T r F  (1.0-6.0 mM) in benzonitrile. 
Fig. 2 shows the transient absorption spectra in the visible 
and near-IR regions. A sharp absorption peak at 750 nm, 
which is observed immediately after the nanosecond laser 
pulse, is attributed to TC* [ 20-31 ]. With the decay of TC~o, 
absorption bands appear at 950 and 1070 nm, which have 
been assigned to C~o- in the literature [ 1,2,24-30]. The decay 
curve of TC~o at 750 nm and the rise curve of C~o- at 1070 
nm are shown in the insets in Fig. 2. The decay and rise 
profiles obey first-order kinetics, which implies that I mM of 
T I ~  is in large excess compared with [xC~]. The initial 
concentration ofXC * is calculated to be about 0.02 mM from 
the initial absorbance (ATc:o = 0.3) and the reported extinc- 
tion coefficient (C'Tc:o = 1.61X 104 M -I  cm-~) [31]. This 
implies that the second-order rate constants for quenching of 
TC~o by TTF (~bs) Can be obtained from the pseudo-first- 
order plots of the observed first-order decay rate constants 
(kt st). After reaching a maximum at about 400 ns, C~o- begins 
to decay. The absorption band of TTF" + is expected in the 
wavelength region shorter than 600 rim; thus no absorption 
band ofTI~" + appears in the near-IR region [ 10]. 

The rise and decay curves of C~o- in deaerated, aerated and 
Oz-saturated solutions are shown in Fig. 3. With an increase 
in the O2 concentration, the yield of C~o- decreases; about 
two-thirds of C~o- disappears in aerated solution and 90% of 
C6o- disappears in 02-saturated solution. This also confirms 
that C~o- is mainly formed via TC~o. About 10% of C6o- may 
be produced via the excited singlet state of C6o ( sc~ )  or via 
an exciplex route. The observed electron transfer mechanism 
for Cc, o is summarized in Scheme 1. The decay rates of C~o- 
seem to be similar irrespective of the Oz concentration, indi- 
cating that the depletion of C~o- cannot be attributed to a 
secondary reaction between C~o- and 02. 

In Scheme 1, 10% of the SC~o route implies a ratio of 
~L[TFF]/k+s¢=O.I for [ T r F ] = I . O  mM, in which kis¢ 
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Fig. 1. Steady state absorption spectra+ ( A )  C~o (0.1 raM, ) and T T F  
( ! .0  r a M , - -  -)  spectra. ( B )  Simulated (b,  ) and observed ( b ' , -  - -)  
spectra of mixture of C6o and ~ in benzonitrile. 
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Fig. :2. Transient absorption spectra obtained by 532 nm laser photolysis of 
C~o (0.1 raM) in the presence ofTrF ( 1.0 mM) in deaerated benzonitrile: 
O, 40 ns; M, 400 ns. Inset: time profiles at 750 and 1070 nm. 
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Fig. 3. Rise and decay curves of C~o- in Ar-, air- and O2-saturated solutions 
of TI'F ( 1.0 raM). 
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denotes the intersystem crossing rate constant. The/q.s~ value 
for s C ,  has been reported to be 1.1 ×109 s -~ [5]; ~t is 
1.1 × 10 mm M -  ~ s -  ~, which is about 20 times greater than the 
diffusion-controlled limit (5.2 × 109 M -  ~ s -  ~ in benzoni- 
trile), suggesting that electron transfer in s c *  occurs via an 
exciplex with TrF,  but not via collision of free s c *  with 
TIT:. 

In the case of C~  with BEDT-TIT, similar photoinduced 
electron transfer behaviour is observed in polar solvents. The 
formation and rise rates of C~o- at 1070 nm in benzonitrile 
increase with increasing concentration of BEDT-T1T as 
shown in Fig. 4. With an increase in [ BEDT-TrF],  the initial 
fast rise within the laser pulse seems to increase, suggesting 
a small contribution of fast electron transfer processes, such 
as the s c ,  and/or exciplex routes. The first-order rate con- 
stants can be obtained by curve fitting to the growth of C6o- 
after subtracting the fast rise part. The slope of the pseudo- 
first-order plot (inset in Fig. 4) gives the rate constant for the 
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Fig. 4. Rise and decay curves of  C~- at 1070 nm in the presence of BEDT- 
TW: (a) 0.5 raM, (b) 1.0 raM, (c) 1.5 mM and (d) 2.0 mM in deaerated 
benzonitrile. Inset: pseudo-first-order plots of the rise of C~- and decay of 
T C ~ O .  

rise of C6o- (k~-),  which is in agreement with ~bs within 
estimation errors. In Table 1, the observed second-order rate 
constants thus obtained are listed for C6o with TIT and 
BEDT-TYF in benzonitrile. A general relation ~bs = ~ - c a n  
be proven, although ~ - s e e m s  to be, slightly larger than ~bs 
and may include a larger experimental error than ~b~, because 
of the initial fast rise of C~o- due to the laser pulse width or 
scattered light. Thus each /~bs value is more reliable than 

The efficiency of C6o- formation v i a r C ,  is calculated from 
the absorbances (Ac~o-and Arc;o) and extinction coefficients 
(¢C~o-and etch,) as follows: [C~o--]m,J[rC*]n~ = 
(AcJ~6o-) / (ATc;o/¢rc;o) [9]. On substituting the reported 
values for c'rc;o and e¢6o- [9,31,32], [C~o- ]m=/ [ rC*] , ,~  is 
plotted against [TI'F] as shown in Fig. 5. The 
[C/,o-], ,~/[TC*]n~ value increases with [TTF] and 
reaches a plateau, which is defined as the quantum yield 
( ~ t )  of electron transfer via TC*. The ~2"rt values are sum- 
marized in Table 2. All reaction systems in Table 2 show 
~ T <  1. For C6o, q~Tt of TTF (approximately 0.75) is slightly 
greater than that of BEDT-TTF (0.62) in benzonitrile. 

For C6o-qqT in a 1 : 1 mixture of benzonitrile-benzene, 
the absorption band of C~o at 1070 nm appears at the same 
time as the decay of the absorption band o f ' r c *  at 750 nm, 
similar to the observations in benzonitrile (Fig. 1 ). The dif- 
ferences include the faster decay rate of r C *  at 750 nm and 
the faster rise of C~o- at 1070 nm in the 1 : 1 mixture. The 
k,~ b~ values are listed in Table 1; they are greater than those 
in benzonitrile. In general, it would be anticipated that elec- 
tron transfer would be accelerated in polar solvents [ 33]. 
However, the observed tendency for ~b~ in Table 1 is oppo- 
site to that which is expected. This suggests that/~T s is an 
apparent value including the collisional deactivation o f ' r c*  
by TTF. In order to evaluate the electron transfer rate constant 
(kTt), it is necessary to obtain ~Xt, since k~ is calculated from 
~bTS by multiplying with q~rt [9]. The ~ t  values in benzene- 
benzonitrile (1 : 1 ) are smaller than those in benzonitrile 
(Table 2). After reaching a maximum, C~o- begins to decay 
with second-order kinetics, which are f::ster than those in 
benzonitrile. 

In contrast, in benzene, only the absorption band of r C *  
at 750 nm appears, and the absorption band of C~o- is not 
observed by the nanosecond laser pulse (Fig. 6). Since the 
increase in the decay rate of TC* on addition of TTF is 
observed as shown in the inset, it is confirmed that the quench- 
ing of TC* by T r F  takes place without the appearance of 
C~o-. This is attributed to collisional quenching which takes 
place without electron transfer. The rate constant for colli- 
sional quenching, which is referred to as/~, can be set equal 
to ~b~ (Table 1 ). In benzene, q~et decreases to zero (Table 2). 

For T C ,  in the presence of TYF, photoinduced electron 
transfer and coUisional quenching must be taken into consid- 
eration as shown in Scheme 2. The relative contributions are 
changed by the solvent polarity. In Table 2, the ~ t  values 
increase with increasing solvent polarity; in benzonitrile- 
benzene (1 : 1), the O~t value for each reaction system is 
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Table 1 
Rate constants of TC~o quenching ( ~ )  and C6o- formation (kc~r) for TTF and BEDT-TTF in benzonitrile, benzene and a I : 1 mixture" 

Solvent b "l'rF BEDT-TTF 

/~ (M -I  s - : )  kc~(M -!  s - !  ) kq T (M -I  s -I  ) k c ~ ( M  - i  s - t )  
BN 5.0X 10 ~ 6.1X 109 3.8X 109 4.9X 10 ~ 
1 : I 8.2X 10 * 1.2X 101° 5.3)< 109 8.3)< 109 
BZ 9.9× 109 ~ 5.9× 109 

"Each rate constant contains experimental and estinmtion errors of 10%. 
bBN, benzonitrile; BZ, benzene: I : I, mixture of BN and BZ. 
~Cm- radical anion was not observed in benzene. 

Table 2 
Observed quantum yield (qb~), of Cgo- formation via TC* and calculated ~ and ~ values for "FI'F and BEDT-TTF b 

Solvent TrF  BEDT-'I'I'F 

~ /~ ( M - t  s - :  ) k~ ( M - t  s - :  ) ~ /~ (M- I  s -~ ) k~ ( M - :  s -I  ) 
BN 0.75 3.8)< 109 1.2X 109 0.62 2.4X 109 1.4X 109 
(1 : 1) 0.37 3.0×!09 5.2×109 0.25 1.3×109 4.0×!09 
BZ 0.00 0 9.9X 109 0.00 0 5.9X 109 

] nm/[ Coo ],,ae,: was evaluated using the observed absorbances and reported • values ( • of TC* at 750 nm. 16 100 M - i cm- ' [ 31 ]; • of C6o- at 1070 '[C~o- T . 

nm, 12 100 M- :  cm-: [32] ). When ec~= 18 300 tool- 1 din3 cm-: is employed [9], each qb T becomes about ! 11.5. 
tEach/~ value from T T O~tkq is about 10% smaller than that from q~kcsp which is within experimental error. 

r" 

"~ O.S 

0- 2 4 
[TrF'sl (10 .3 mol dm "3) 

Fig. 5. Dependence of C~o- formation efficiency via TC~o on [TTF] : TI'F 
(O)  and BEDT-TrF (r-I) in benzonitrile: TTF ( e )  and BEDT-TTF (11) 
in benzonitrile-benzene ( I : I ). 

about one-half of the corresponding value in benzonitrile. 
This is reasonably interpreted by the facile ionization of the 
encounter complex in the polar solvent [ 33]. 

In Table I,/~,~.~' = / ~ . i s  valid in benzonitrile within exper- 
imental and estimation errors, but/c~ bS < k~:~-in benzene-ben- 
zonitrile ( 1 : 1 ) .  In terms of the laser pulse width and 
curve-fitting technique, ~ .  is less reliable than/~b, which 
was chosen for the calculation of k~. 

From Scheme 2, ~Tet=k~l(k~+kTc) was derived; thus 
/ ~ - .  ;r T 

---~e,qT. The k~, values calculated from 
/cq~ by multiplying by ~ are listed in Table 2. From the 
Rehm-Weller equation [ 34 ], the free energy change (A Go) 
can be calculated to be -70.45 id mol-:  for TI'F and 
- 52.11 kJ mol- :  for BEDT-TI'F in benzonitrile by employ- 
ing the T: energy level ofTc * ( 1.53 eV) [ 35 ], the reduction 
potential ofC~o ( -0.51 eV) [36-38], the oxidation poten- 
rials of the electron donors (0.35 eV for'VrF and 0.54 eV for 
BEDT-TTF) [ 10,11,13 ] and the Coulomb energy (0.06 eV) 
[8]. These negative AGo values anticipate that ~ is close to 

r O40m 

,~ O.OS 
< 

Wavelength (rim) 
Fig. 6. Transient absorption spectra obtained by 532 nm laser flash photolysis 
of Coo (0.1 mM) in the presence of BEDT-TTF ( 1.0 mM) in deaerated 
benzene: O, 40 ns; e.  400 ns. Inset: decay profiles ofTc * at 750 nm in the 
presence of BEDT-TTF: (a) 0.0 raM: (b) 0.2 raM: (c) 1.0 mM. 

Tom* +'l'IF 

, 2 / r o d "  • (2) 
/ ca 

cm + "rw ~4) 

Scheme 2. 

the diffusion-controlled'limit (i.e. 5.2 × 109 M-  ~ s-  ' in ben- 
zonitrile). The evaluated ~t values (Table 2), however, are 
slightly less than the diffusion-controlled limit. Comparing 
k~t for TI'F with that for BEDT-TI'F, it can be seen that the 
former is greater than the latter, which is in accord with the 
order of the calculated A Go values, i.e. the more negative the 
AGo value, the greater the/~t value, k~ is small in less polar 
solvents, which is a reasonable tendency confirming the sol- 
ration stabilization of the ion radicals in polar solvents. In 
contrast, the opposite tendency is found for k~= ( 1 -  
~ ) ~ b ~  which is also reasonable because collisional quench- 
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Table 3 
Rate constants for back electron transfer (kbe~) for'g'l'F and BEDT-TI'F in benzonitrile, benzene and a I • 1 mixture 

Solvent TTF BEDT-TI'F 

k~ lec~(S  -!  cm - ! )  kt~t (M -!  s - ' )  kbJec~-(s  - I  cm - I )  / ~  (M -I  s - i )  
BN 7.9X l0 s 9.5 X 10 9a 5.3 X l0 s 6.4X 10 9a 

i : 1 1.9× 106 2.3X 10 i°~ ! .8× 106 2.2× 10 ~°~ 
t, ..b ._b ._b 

BZ 

a ~ =  12 100 M -  i cm-  i at 1070 nm [32]. 
bThe Cm radical anion was not observed in benzene. 

~a 

e~ 
M -E 
o 

Time ( p s) 
Fig. 7. Rise and decay curves of Cgo- at 1070 nm for T r F  (a) and BEDT- 
T r F  (b) in benzonitrile and T'rF (c) and BEDT-TrF (d) in benzonitrile- 
benzene ( 1 : 1 ). !nset: second-order plots for the decay of C_~-. 

ing would be expected to take place favourably in less polar 
solvents. 

In benzene, we observed only TC~ without C6o- formation; 
if electron transfer takes place in less than a nanosecond, 
forming a contact ion pair which quickly returns to the neutral 
molecules, TC~o will not be observed on a timescale of 500- 
1000 ns. Our observation of TC~o in benzene suggests that 
electron transfer does not take place at an early stage, because 
of the lack of a strong charge transfer interaction, the low 
concentration of electron donor employed in this study and 
the observed large k~ values with TI"Fs containing sulphur 
atoms. 

In Scheme 1, ko2[O2] in aerated benzonitrile solution 
([Oz] - 2 . 0  mM) is comparable with ket[TI'F] at 1.0 mM, 
because appreciable C~o- is observed (Fig. 3). Since ko2 is 
reported to be 1.9x 109 M -~ s -~ [31], ket should be about 
4 × 109 M-  ~ s - !, which is in good agreement with the result 
in this study (Table 2). 

After reaching a maximum, C~o- begins to decay as shown 
in Fig. 7. From the slopes of the second-order plots shown in 
the inset, the ratio of the second-order rate constant for back 
electron transfer (kbet) to ecsrcan be obtained. On substituting 
ec6o- ( 12 100 M-  ~ cm- ~ at 1070 nm in benzonitrile) [32], 
the kbet values are determined as summarized in Table 3. 

teoet 

C~o- + T I ~  "+ ~C6o+TFF (5) 

When 50% benzene is added to benzonitfile, the kb~t values 
increase about two- or three-fold assuming the same e value 
for C~o- as that in benzonitrile. With decreasing solvent polar- 
ity, back electron transfer rates tend to increase, suggesting 

that ion radicals in less polar solvents exist as more tightly 
combined ion pairs. 

By repeated exposure with the 532 nm laser of C6o-TrF, 
the steady state absorption spectra remain unchanged up to 
10 000 shots with a laser power of 10 mJ. Thus the system is 
photochemically very stable. When the solution used for laser 
photolysis is kept cool in the dark, black whiskers attributed 
to (C6o)-(TFF)~ + are observed [ 15,16], indicating that 
laser irradiation stimulates the growth of long whiskers. Fur- 
ther study is in progress. 

4. Conclusions 

By observing directly the rise of C~o- in addition to the 
decay ofTC * at the same time, electron transfer via TC~o was 
confirmed, which was also supported by the decrease in 
C~o- on addition of 02. The electron transfer rates were eval- 
uated by multiplying the observed quantum efficiency by the 
decay rate of TC~o. With a variation in the solvent polarity, 
the change in the electron transfer rate was interpreted well. 
A solvent polarity dependence of the back electron transfer 
rate was also revealed. 
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