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Electron Transfer from Tetrathiafulvalenes to Photoexcited Cr
Studied by Observing Transient Absorption in the Near-IR Region
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The photoinduced electron transfer between Cy and tetrathiafulvalene or bis(ethylenedithio)tetrathiafulvalene in
polar and nonpolar solvents and their mixture has been investigated by nanosecond laser photolysis/transient absorption
spectroscopy in the visible and near-IR regions. The transient absorption bands of the triplet state of C7p observed in polar
solvents decayed upon addition of tetrathiafulvalenes accompanied by the appearance of the transient absorption bands of
the radical anion of C7. In benzene, the quenching of the triplet state of C7p was observed without the appearance of the
radical anion of Cy within a nanosecond laser pulse, suggesting a collisional quenching of the triplet state of Cy with
tetrathiafulvalenes. The quantum yield for the formation of the radical anion via the triplet state of C79 was about 1 for
tetrathiafulvalene in benzonitrile. The quantum yield decreased in less polar solvents. The back electron transfer rates

were also evaluated in polar solvents.

The photoinduced electron transfer reactions of fullerenes
such as Cgp and Cy9 have been investigated by various meth-
ods, including time-resolved absorption spectroscopy.!—!'V
The initial steps of the electron-transfer reactions change
depending on the experimental conditions, such as the
donor/acceptor abilities, concentration of the donor/acceptor
and reaction media. In the presence of electron donors, pho-
toexcited Cgp and Cyg act as electron acceptors./™ Under
the conditions of low donor concentration in polar solvents,
electron transfer takes place via the triplet states of Cgo and
Cro (FCE, and TC%).2® The ion radicals are further long-
lived up to ca. 50 ps.»

Since it was found that the electron conductivity of Cyo is

higher than that of Cgp, some applications of Cyo to photo-
electronic materials have been investigated.'>'® Thus, al-
though the importance of research on the photoinduced elec-
tron transfer of C7¢ has recently increased, a lower abundance
of Cyp in soot has been found compared with that of Cgg. In a
polar solution, the relation between the electron-transfer rates
and the oxidation potentials of the donor molecules has been
investigated in order to confirm the Rehm-Weller relation.®
For these investigations, the quenching rate constants of TC%,
(kg}’s) were assumed to be equal to the electron-transfer rate

constants (k%), which implies that the quantum yield (@J

tetrathiafulvalene
F

of electron-transfer via TC%, is unity. It is difficult to evalu-
ate @, because it is necessary to observe both the transient
absorption bands of the radical anion of Co (C5,") and TC%,
in the near-IR region. In this study, we employed nanosec-
ond laser photolysis with a detector capable of measuring the
absorption changes in the near-IR region.

As electron-donors, tetrathiafulvalene (TTF), and bis(eth-
ylenedithio)tetrathiafulvalene (BEDT-TTF) were used in
this study (Scheme 1), since these sulfur compounds are
known to be good electron donors, forming charge-trans-
fer complexes (or radical ion salts) with various, electron
acceptors.'* ' It has been reported that BEDT-TTF forms
a stable radical ion salt with Cgo.2 The heterojunction of
Ceo/TTF exhibited a photocurrent.?” In our previous paper,””
a photoinduced electron transfer was reported for the sys-
tems of Cgo/TTF’s in a dilute solution. In this study we
investigated C;o/TTF’s, and found a higher electron-trans-
fer efficiency for Co/TTF than that for Cg/TTF. We also
examined the solvent polarity affects on the photo-induced
electron-transfer efficiency. Information concerning the back
electron transfer rates, which were also solvent dependent,
was also obtained.

=1 Q=1

bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF)

Scheme 1.
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Experimental

Cp was obtained from Texas Fullerenes Corp. ata purity of 99%.
Commercially available TTF, BEDT-TTF, and solvents were used;
benzonitrile and benzene were of HPLC grade and spectrophoto-
metric grade, respectively. Czo and TTF (or BEDT-TTF) were
dissolved in benzonitrile, benzene, and their mixture; the sample
solutions were deaerated by bubbling with argon gas before mea-
surements. An O;-saturated solution was produced by O,-bubbling.

C7o was excited by aNd : YAG laser (6 ns fwhm) at 532 nm witha
laser power of 5 mJ/pulse. For a transient-absorption measurement
with a nanosecond-time-scale in the near-IR region, a Ge-APD
module detector (Hamamatsu) attached to a monochromator was
employed, using a pulsed Xe-lamp (15 J/pulse, 60 ps fwhm) as the
probe light.”® The response-time of the Ge-APD detector of this
system was less than 5 ns, which was about the same duration as the
laser pulse. The output signals from the detectors were recorded
with a digitizing oscilloscope and analyzed by a personal computer.
All of the experiments were carried out at 23 °C.

The steady-state UV-visible absorption spectra were recorded by
a UV/vis spectrophotometer (JASCO V-570).

Results and Discussion

Each steady-state absorption spectrum of C7o and TTF in
benzonitrile was recorded at between 400 and 800 nm, as
shown in Fig. 1A. The absorption spectrum of a mixture of
Cqo and TTF in benzonitrile (Fig. 1B) is a superimposition
of the components, suggesting no apparent interaction under
the concentration range employed by the laser-photolysis
experiments in this study (less than 5x 1073 mol dm™3).24?9
The absorption bands of the components were not apprecia-
bly affected by the solvent polarity.?® Even in benzene, the
absorption spectrum of the mixture was a superimposition of
components similar to that in benzonitrile. By laser photol-
ysis at 532 nm, C; was solely excited, because of the lack
of absorption of TTF at this wavelength. For BEDT-TTF,
similar steady absorption spectra were obtained, suggestion
no strong interaction with Cyg.

The laser-flash photolysis of Cy (0.1x1073 mol dm~—3)
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Fig. 1. Steady-state absorption spectra of (a) Cz (0.1x1073
moldm™), (a’) TTF (1.0x10~3 moldm™>), (b) synthe-
sized spectrum, and (b’) observed spectrum of the mixture
of C70 and TTF in benzonitrile.
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Fig. 2. Transient absorption spectra obtained by 532 nm laser
flash photolysis of C7p (0.1 mmol dm™?) in the presence of
TTF (1.0 mmol dm ) in deaerated benzene. Insert: Decay
profiles of TC%, at 980 with TTF (in 10™* moldm™); (a)
0.0, (b) 0.2, and (c) 1.0.

was carried out in the presence of TTF (1.0—6.0x1073
moldm™—3) in benzene. Figure 2 shows the transient ab-
sorption spectra in the visible and near-IR regions. A sharp
absorption peak at 980 nm with a small peak at 700 nm, which
were observed immediately after the nanosecond laser pulse,
are attributed to TC%.26—2 The initial concentration of TC%,
was calculated from the initial absorbance (At) on the basis of
the reported extinction coefficient (er=6500 mol dm—3 cm~!
at 980 nm)>***? to be about 2.1x 103 mol dm~3. The decay
rate of TC%, increased with [TTF] without the appearance of
a new absorption band due to C;,°, which would be expected
to appear at 1380 nm based on the literature.’*— The decay
curve of TC%, at 980 nm is shown in the inserted time pro-
files in Fig. 2. This implies that TC}, was quenched by TTF
by processes other than electron transfer. A triplet energy
transfer from TC}, to TTF is also implausible because of
the low triplet energy of TC%,. A collisional deactivation of
TC#, with TTF may take place via a weak interaction in the
excited state. The decay profile obeys first-order kinetics,
from which the quenching rate constant (k;f) was evaluated,
as listed in Table 1. The k! values are in the order 1.2x10'°
and 4.2x10° mol~!dm3s~! for TTF and BEDT-TTF, re-
spectively.

In benzonitrile, with the decay of TCJ, the absorption band
of C5,"* appears at 1380 nm (Fig. 3). The decay curve of TC¥,
at 980 nm and the rise curve of C7;* at 1380 nm are shown
in the inserted time profiles in Fig. 3. The decay profile
and the rise profile obey first-order kinetics, which implies
that 1073 mol dm~2 of TTF is a large excess compared with
[TCJiniia =2.5x 107> mol dm 3. C3;" begins to decay after
reaching a maxima at about 400 ns. The absorption band of
TTF** would be expected in a shorter wavelength region
than 600 nm; thus, no absorption band of TTF*® appears in
the near-IR region.'” The rise-curves of C3," in deaerated,
aerated and O;-saturated benzonitrile solutions are shown
in Fig. 4. Along with an increase in the O, concentration,
the yield of C7“0' decreases; upon the addition of air, about
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Table 1.  TCZ%-Quenching Rate Constants (k$), Quantum Yield (@7),” kg (= Pt k1) and k7 [=(1— P )kZ’] for TTF and
BDET-TTF
Solvent TTE BEDT-TTF
k2 Dy ki k! k3 Dy ki ke
mol~! dm®s~! mol 'dm*s™! mol 'dm’s™! mol™! dm3 -1 mol 'dm’s™! mol™!dm3s~!

BZ 1.2x 10 0 0 1.2x 10" 4.2x10° 0 0 4.2x10°
1:1 1.8 x 10 0.40 7.6%10° 1.0x 10" 3.9%10° 023 9.0x 108 3.0x10°
BN 5.5x10° 1.00  55x10° 0 1.8x 10° 0.51 9.2 x 10 8.8x 10°

a) [C%']max/[TC;"O]imﬁa] was calculated using the observed absorbances and reported & values; & of
mol~! dm3 cm—1),32829 g of C7_0' at 1380 nm (4000 mol~! dm3 cm—1).32.3%

benzene : benzonitrile (1: 1).
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Fig. 3. Transient absorption spectra obtained by 532 nm laser
photolysis of Czo (0.1x107> moldm™>) in the presence
of TTF (1.0x107% moldm™>) in deaerated benzonitrile.
Insert: Time profiles at 980 and 1380 nm.
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Fig. 4. Rise-curves of C;," in Ar-saturated, air-saturated and
O,-saturated solutions for TTF (11073 mol dm™?).

2/3 of C" was decreased and in an O,-saturated solution,
about 90% of C3," disappeared. This also confirms that C;
is mainly formed via TC%,. About 10% of C5,° may be
produced via the excited singlet state of C7 (3C%) or via an
exciplex route. The observed electron-transfer mechanism
for Cyg is illustrated in Scheme 2.

In an O,-saturated solution, ko,[O,] > kLITTF] can be
assumed, implying that an electron transfer via TC%; is almost

TC%, at 980 nm (6500

b) Refs.9and22. c¢) BZ; benzene, BN: benzonitrile, 1:1;

C7-|.). + Tﬂ".

hv o o Kisc . +TTF
C70 » C70 »TCK) *
532 nm kg
kS |+TTF kS, | +0,

|C7_0' + Wﬂ P;m +10,

Scheme 2.

inhibited. The observed ratio of C7;" in an O,-saturated
solution to that in a deaerated solution was 0.1 at [TTF] =
10~3 moldm™3, suggesting that the ratio of the electron-
transfer rate via SC70 & t[TTF]) to ki is about 0.1. Thus,
KS[TTF] is estimated to 1.2x10% s™! on the basis of kis. =
1.2x10° s71.9 Then, 5, is 1.2x 10! mol~! dm3s~!, which
is about 25-times greater than the diffusion-controlled limit
(5.2x10° mol~'dm3s~'in benzonitrile) Even though such
a high rate constant exists for k5, the singlet route is minor
compared with the triplet route, because the singlet route
must be competitive with the fast intersystem crossing rate.
In the case of C7o with BEDT-TTF, a similar photoinduced
electron-transfer behavior was observed in polar solvents.
The rise rate of C7;* at 1380 nm in benzonitrile increases
with the concentration of BEDT-TTEF, as shown in Fig. 5.
The first-order rate constants for the growth of C;* can
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Fig. 5. Rise-curves of C7,* at 1380 nm with BEDT-TTF (in
1073 moldm™3); (a) 0.5, (b) 1.0, and (c) 2.0 in deaerated
benzonitrile. Insert: Pseudo-first-order plots for the rise of
Cy* and decay of "C7, at 980 nm.
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Fig. 6. Dependence of formation efficiency of C5,° via Tch,
on the concentration of TTF and BEDT-TTFE.

be evaluated with a curve-fitting method. The slope of the
pseudo-first-order plot (insert in Fig. 5) gives the rate constant
for the rise of C7p* (k3™). Although k= k2™ would be

anticipated,' the k3> value seems to be slightly larger than
kg'T’s. The experimental and estimation errors are greater for

k2 than those of k32°, due to the overlap of the absorption tail

of TC¥, with the absorption maxima of C;,". The observed
second-order rate constants (k°2) are listed in Table 1 for C7g
with TTF and BEDT-TTF in benzonitrile.

The Qg was evaluated from the ratio of the maximal [C,"]
to the initial [TC3,], since both absorption bands were ob-
served in the near-IR region. Upon substituting the reported
extinction coefficients,”*? the ratio ([C7," Imax/[* Colinit)
was estimated. InFig. 6, [C5" lmax/[TCoplinit is plotted against
[TTF]. The [C7g" Tmax/[*CigImax increases with [TTF], reach-
ing a plateau, which is defined as the quantum yield (@)
of the electron transfer of C;* formation via TC},. The @)
values are also summarized in Table 1. The @) value of
C70/TTF in benzonitrile is ca. 1.00, which is greater than
that of Co/TTF (0.75 in benzonitrile),” indicating that TC%,

Electron Transfer from TTF to Photoexcited Czp
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Fig. 7. Rise and decay curves of C5° at 1380 nm for (a)

TTF in benzonitrile, (b) BEDT-TTF in benzonitrile, and (c)
BEDT-TTF in benzonitrile : benzene (1 : 1) mixture. Insert:
Second-order plots for decays of C5,* at 1380 nm.
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has a higher electron affinity than that of TC¥,. The @I
value of C7o/BEDT-TTF (0.51 in benzonitrile) is about half
of that of C7/TTF in benzonitrile. The 45‘;{ in benzene is
zero, suggesting collisional quenching.

For C;¢/TTFina 1 : 1 mixture of benzonitrile : benzene, the
absorption band of C7,* appears at 1380 nm with the decay of
the absorption band of TC%; at 980 nm. The decay rate of TC%,
at 980 nm in a 1 : 1 mixture solution is faster than that of in
benzonitrile (Table 1), as is the fast rise of C7;" at 1380 nm. In
general, it would be anticipated that less polar solvents retard
the electron transfer.*¥ However, the observed tendency for
kS in Table 1 is opposite. This suggests that kG® is the
apparent value, including the collisional deactivation of TC%,
by TTF’s. In order to evaluate the real electron-transfer
rate constant (kg,), it is necessary to multiply @y by k%’
(Scheme 3).2

In Table 1, the (P; values in a benzonitrile : benzene (1:1)
mixture decrease until about a half of the corresponding
value in benzonitrile, indicating that the electron transfer
is competitive with the collisional quenching. This is rea-
sonably interpreted by the stabilization of the ion radicals in
a polar solvent.*® Then, the £ value for C;o/BEDT-TTF

Table 2. Rate Constants of Back Electron Transfer (koe) from C;° to TTF™® and BEDT-TTF™*

Solvent? TTF BEDT-TTF
Ket/ &a kber kbet/ Ea kver
cms ™! mol™! dm? s~! cms ™! mol~! dm’s™!
BZ -9 ) —9 —c)
1:1 3.3x10° 1.3x 10" 3.1x10° 1.2x 10"
BN 7.6 x 10° 3.0x 10° 4.7%10° 1.9%x10°

a) BN; benzonitrile, BZ; benzene, and 1 : 1; mixture of BN and BZ. b) &4 =4000 mol~! dm? cm™!
(Refs. 32 and 34). ¢) C7_0° was not observed in benzene.
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becomes almost the same as that in benzonitrile (Table 1).
For C7o/TTF, the k%, value is still slightly larger than that in
benzonitrile.

From the Rehm~Weller equation,*” the free-energy change
(AG,) can be calculated to be —75.3 kI mol~! for C7o/TTF
and —58.7 kI mol~! for C7o/BEDT-TTF in benzonitrile by
employing the T;-energy level of TCH, (1.50 eV),*® the re-
duction potential of Cyy (—0.43 eV),203%40 the oxidation po-
tentials of the electron-donors (0.35 eV for TTF and 0.54
eV for BEDT-TTF)'*!6*® and the Coulomb energy (0.06
eV).9 These negative AG, values anticipate that the kL
value is as large as the diffusion-controlled limit (5.2x10°
mol~!dm?s~! in benzonitrile). The k! value, which can
be calculated by (1 — &L )xkg‘%s, is greater in benzene than
that in benzonitrile, because of the lower viscosity of ben-
zene. The AG, value for C7o/TTF is slightly more negative
than that for C¢o/TTF (—70.45 kI mol™!),>® which is in ac-
cord with the observed high @} and kY. The AG, value
for C;o/TTF is more negative than that for C7o/BEDT-TTF,
which is also in accord with the observed high @[ and large
kL; such a large difference may come from the difference in
the oxidation potentials.

In benzene, the reason why C7_0' was not observed with
our nanosecond-laser photolysis, can be explained by two
possible considerations. The first one is that the electron
transfer takes place within a nano-second, forming a contact
ion pair which quickly returns to neutral molecules. In this
case, the electron transfer occurs without via TC3,. The
second one is that the electron transfer does not take place
at all. The latter is more plausible, because of the lack of a
strong charge-transfer interaction, the low concentration of
the electron donor employed in this study, and the observed
large k! values.

After reaching a maximum, C7;° begins to decay, as shown
in Fig. 7. The second-order plots show a linear line, indi-
cating that a back electron transfer reaction (ki) takes place
(Scheme 4). From the slopes of the second-order plots, the
ratio of kye¢ to the molar extinction coefficient of C7“0' (kvet/ Er)
can be obtained. Upon substituting £, (4,000 mol~! dm? at
1380 nm in benzonitrile),***? the ke values are evaluated
as summarized in Table 2. When 50% benzene was added
to benzonitrile, the ke values increase about 2 or 3 times,
assuming the same & value for C3;* to that in benzonitrile.
With decreasing the solvent polarity, the ky; values tend to
increase, suggesting that ion radicals in a less polar solvent
exist as a kind of ion pairs.

The steady state absorption spectra did not change at all
by repeated exposure to 532 nm-laser light for C;o/TTF until
10000 shots at a laser power of 10 mJ. Thus, this system is
photochemically very stable.

Summary

By directly observing the rise of C5* in addition to the
decay of TC; at the same time, an electron transfer via TCZ,
was confirmed in polar solvents, which was also supported
by the decrease of C7,° upon the addition of O,. The elec-
tron-transfer rates were evaluated by combining the observed

Bull. Chem. Soc. Jpn., 70, No. 8 (1997) 1837

quantum yield and the decay rate of TCJ; (or rise of C;").
In benzene, collisional quenching takes place without C5,°
formation. The solvent polarity dependence of the back elec-
tron-transfer rates was also revealed.
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on Priority-Area-Research on “Photoreaction Dynamics” No.
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cation, Science, Sports and Culture. Authors express thanks
to professor H. Kokubun of the Aomori University for his
useful discussion.
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