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Abstract—Pholoinduced electron transfer of C, has been studied by the laser photolysis measuring the
transient absorption bands in near-IR region. The electron transfer from aromatic amines via the triplet state ol
Cy, is confirmed by the decay of the transient absorption bands of the triplet stutc of Cg, and the rise of the
anion radical of C,, and the calion radicals of amines. The rate and ef(iciency of electron (ransfer are strongly
affected by the donor ability of amines and polarity of solvents. Back electron-transfer kinetics is also strongly

alfected by the solvent polarity

INTRODUCTION

It has been well known that fullerenes act as good elec-
tron acceptors in photloinduced electdron-transfer reaction,
which attracts much attentionn in views of scientific and tech-
nological interests. In order to elucidate the electron-irans-
fer mechanism, the transient absorption spectroscopoics have
been successfully employed.” Because of highly delocal-
ization of the #-electrons in fullerencs, the transient absorp-
tion bands due to the excited singlet states, triplet states, and
anion radicals appear in the near-IR region.”*

As mechanism of photoinduced electron transfer of
fullerenes, it is widely accepted thal the excited states of
fullerenes accept the electron from the electron-donors in their
ground states.” * The reladtive contribution of the singlet states
and the triplet sdtates varies according to the experimental
conditions. Since the intdersystem crossing is as fast as 10°
1,7 the singlet route can be achieved at high concentration
ol donors.?* At low concentration of donors, the triplet route
1s davordable.*?

We report here that the efficiency ol the photoinduced elec-
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tron transfer can be easily cvaluated with the initial forma-
tion of anjon radicals of fullerenes followed by the deacti-
vation of their excited states. Especially, effect of solvent polar-
ity on the electron transfer yields and rates is depending on
the donor ability of aromatic amines employed in this study
(Scheme 1).

In Scheme 1, E ., and E, refer to the reduction potential
and oxidation potentidal vs. SCE in benzonitrile, respectively;
T, to the lowest triplet energy.’

MATERIALS AND METHODS

Materials and Solvents.  Cg was obtained from Texas
Fullerenes Corporation at a purity of 99.9%. Commercially avail-
able TMPD, PT. and TPA were used after purification by
recrystallization. Benzonitrile (BN) and benzene (BZ) used as
solvents were of HPLC grade and spcctrophotometric grade,
respectively.

Transient Absorprion Measurements. Nanosecond laser pho-
tolysis apparatus was a standard design with Nd:YAG laser (6
ns fwhim). The Cg, solution was photolyzed with SHG light (532
nm) and the time profilcs were followed by a photomultiplier
system in the visible region. For the transient absorption mea-
surement in the near-IR region, a germanivm avalanche pho-
todiode module (Ge-APD: Hamamatsu) attached to a mono-
chromator was employed as a detector, using a pulscd Xe-lamp
(60 gs fwhm) (or the probe light. The details of the experimental
setup are described elsewhere.®*

Electrochemical measurements were made using & potentio-
stat (Hokuto Denko) in a conventional three-electrode-cell
equipped with Pt working and counter electrodes and Ag/AgCl
refercnce electrode with scan rates of 100 mV/s at roomt tem-
peraturc. These data were converted Lo SCE standard.

The sample solutions were deaerated by bubbling with ard-
gon gas before measurements. The laser photolysis was performed
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for the solution in a rectangular quartz cell with a 10 mm opti-
cal path. All the measurements were carried out at 23°C.

RESULTS AND DISCUSSION

Fig. 1(a) shows the nano-second transient spectra of Cg,
in the visible and near-IR regions in the presence of TPA in
polar BN solvent. The absorption band of C,; * appeared at
1070 nm with a decrease of *C,* at 750 nm. When the con-
centration of TPA is less than 5 mM, the decay rate of *C,*
is in good agreement with the rise rate of C,; . indicating
the electron transfer takes place via *Cg*. The absorption at
620 nm appeared after the decay of 3C,* can be attributed
to TPA -
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Figure 1. Transient absorption spectra obtained by ns-laser photolysis
(532 nm) of Cy, (0.1 mM) in the presence of TPA (1 mM); (a) in BN
and (b) in BZ. Insert: Time profiles.

In non-pkolar BZ solvents, the appearance of C,y - was
not observed and the decay rate of *Cg* was not increased
on addition of TPA as shown in Fig. 2(b). Further addition
of TPA more than 50 mM, only slight increase in the decay
rate of *Cg* was observed, from which the quenching rate
of 3C¢,* by TPA in BZ was evaluated less than 105 M- s-'.
In 1000-1100 nm region, no new absorption was observed.

The efficiency of the C,y formation via *Cy* was eval-
uated from the ratio of [Cyy ' 11a/[FCeu* 1mae ON SUbstituting
the molar extinction coefficient to the observed transient
absorbance. Then, [Cyy *1ad [FCar* L Was plotted vs. [TPA]
in various mixed solvents as shown in Fig. 2(a).

In each solvent, [Cyy 1/ PCo0™ e INCreases with [TPA] reach-
ing to a plateau at about [TPA] = ca. 4 mM. The [Cy 1,0/ FCep™]
max value at the plateau was defind as the quantum yield (@,
of electron transfer via 3C,,*. The 6, value for TPA is less
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Figure 2. (a) [Cqq V[*Cyq™1 vs. [TPA] in BN and BZ mixtures. (b) Reac-
tion scheme.

Table 1. *C,5*-quenching rate constants (k) quantum yield for elec-
tron transfer viu *Coy* (@), und electron-transfer ratc constant (k,,).

Amines Solvent k! Dot ka

My M's!
TMPD BN 6.3x10° 1.00 6.3 x10°
TMPD  BN:BZ 6.4 x10° 0.78 5.0 x10°
TMPD BZ 1.2 x10° 0.19 2.3 x10¢
PTH BN 4.5 x)10% 0.70 3.2 x10°
PTH BN:BZ 5.2 %109 0.50 2.6 x107
PTH BZ 4.5 x10° 0.06 2.6 <108
MPTH BN 3.2 x10° 0.70 2.2 x10°
MPTH  BN:BZ 7.6 x10° 0.50 3.8 %107
MPTH BZ 3.2 x10¢ 0.40 1.3 %108
TPA BN 1.3 x10° 0.63 8.2 x10°
TPA BN:BZ 6.4 x10° 0.30 1.9 x108
TPA BZ - - -

BN:BZ (I:1)

than 1, which implies that there are at least two route for
the quenching of *C,™ in polar solvents as shown in Fig.
2(b). One is electron trapsfer and another is deactivation
process probaly due to CT-interaction. The @,, values decrease
with decrdeasing the solvent polarity, finally zero in non-
polar BZ.

Fig. 2(b) indicated that the bimolecular quenching rate con-
stants (k) evaluated from the *C,;*-decay are not always equal
to the rate constants for electron transfer vig *Cg* (k). Thus,
the following relation, k.= @, X k5 must be applied to the
reaction scheme in Fig. 2(b), because k, contains both £, and
the rate constant of collisional quenching (k) without elec-
tron transfer. This suggests that a part of *Cg* is deactivat-
cd without electron transfer (1-&,) even in polar solvent.510
Since @, increases with solvent polarity (Fig. 2(a)), the charge
separation of the edxcited-triplet state enconunter-complex
(or triplet-state exciplex) is acedelerated in the polar solvent.

In nonpolar solvent, deactivation processes of *Cg,* by TPA
does not occur at all, indicating #,=0 (@, =1-0.,=1). At the
low concentration condition of TPA in this study, fast elec-
tron transfer via siglet state exciplex or via 'Cg* was not
neccssary to take into consideration.

In the case of MPTH/C,,, electron transfer was observed
in BN, since the considerable amount of C,; - was formed
with the decay of *C4*(Fig. 3(a)). The rise of the absorption
band at 520 nm was attributed to MPTH -+, In BZ, although
the acceleration of the decay of *C.,* was observed in the
same extent to that in BN, only samll amount of Cg, - was
observed (Fig. 3(b)).”! The &, value decreases with the
decrease in the solvent polarity; on the contrary, some deac-
tivation processes may be effective. Although the decay
time-profiles of *C,* in BZ was similar to that in BN, the
risee and decay of C, - in BZ were quite different from those
in BN. C; - seems to decay within the lifetime of 3C,,*, sug-
gesting that back electron transfer is quite fast in BZ, In the
520 nm region, no clear absorption due to MPTH -+ was not
observed in BZ on contrary to Ghosh’s observation.’”’ The
decay at 5320 nm can be rather attributable to 3C,,*.
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Figure 3. Transient absorption spectra oblained by ns-laser photolysis
(532 nm) of Cyp (0.1 mM) in the presence of MPTH (I mM) (a) in
BN and (b) in BZ. Insert: Time profiles.

In the case of TMPD, the formation of C,; " was observed
both in polar and in nonpolar solvents, although the yield of
Cqo~ In nonpolar solvents was low compared with that in
BN (Figs. 4(a) and (b)). The absorption band at 600 nm was
attributed to TMPD -+ which appears clearly in BN. In BZ,
the absorption band of TMPD -+ may be weak and broad over-
lapping with that of *Cy*. The decay time-profiles of *C,,*
and C., - show very rapid in BZ. Since the decay rates of
3Ce™ Increase with increasing [TMPD] from 1 to 5 mM, it
1s possible to ascribe the electrontransfer mechanism to the
3C*-route even in BZ. At such a low concentration range
of TMPD, it is difficult to consider that ¢lectron transfer takes
place via the singlet route or vig singlet-state exciplex route
in nonpolar solvent.
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Figure 4. Transient absorption spectra obtained by ns-laser photolysis
(532 nm) of Cq, (0.1 mM) in the presence of TMPD (1 mM) (a) in
BN and (b) in BZ. Insert: Time profiles..

The ratio of [Cyy 1w/ [PCo0™ 1 InCreases with [TMPD], but
not reaches to a plateau even at about [TMPD] = ca. 4 mM
as shown in Fig. 5(a). In BN &@_= 1, indicating that all 3C,*
are converted to Cy at [TMPD] = 4 mM. The @, value
decreases with a decrease in solvent polarity, but even in BZ,
the et value has such a high value as ca. 0.4. The @, values
are plotted vs. BZ-fraction in BN-BZ mixture as shown in
Fig. 5(b). In every solvent mixtrure, the @, valucs are in
the order of TMPD>MPTH:>TPA. This order is in good agree-
ment with the clectron donor ability of these amines as pre-
sumed from the E_ values in Scheme 1.

The k., values are plotted vs. the solvent polarity as shown
in Fig. 6(a). In the case of TMPD, the k,, values seem to be
invariant with solvent polarity, while the k,, values for MPTH
decrease with an increase in the BZ-fraction of BZ-BZ mix-
ture. For TPA, the slope becomes steeper; at 100% BZ, the
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Figure 5. (a) [Cygq " /[PCqe™] vs. [TMPD] in BN and BZ mixtures. (b)
Quantum yield vs. BZ/(BZ+BN).

k,, values in Loo low to evaluate. To interpret this tendency,
a relation of log &, vs. free energy chang for electron trans-
fer (4G®) is illustrated by a curve anticipated from a semi-
empirical Rehm and Weller relation.’”? In the region of 4G®
< 0, the £, value is close to diffusion controlled limit (ky.);
the k,, value does not change much with an decrease in sol-
vent polarity. In the region of 4G°= 0, the £, value decreasc
alng the downward curvature with the decrease in solvent
polarity. In the region of 4G°» 0, the downward curvature
increase; thus, the large decrase in the k, values can be expect-
ed along the steep curvature with a decrease in the solvent
polarity.

Each 4Ge can be calculated by equation (1), where E, P
refers to oxidation potential of amine donor and E_;* to reduc-
tion potential of acceptor (Cg) in BN. Eq, refers to the ener-
gy of the lowest triplet state of Cg, and a to the distance
between ions.”?

(AGL:lO)m BN = onD - En:dA - ETI - e02/‘5']""‘1:§N (I)

Since th E_ A and E, for C,, are common, 4G" in BN
increase loward negative value with a decrease in oxidation
potential of amines as shown in Fig. 6b.

The A4Ge in the other solvents can be approximately eval-
uated as a solvent shift from (4GY) in BN by eq. 2, were 1,
and r, refer to radii of donor and acceptor, respectively.

AG.0= (4G, px - €201+ 1/r,) (U eyt 1/€) 2)

The values of the second term changing with the solvent from
BN to BN:BZ (1:1) are less than ca. 5 kcal/mol. With this sol-
vent change, the variation of the ket vatues is small for most
amines except for TPA, which stay near 4G0= 0. In BZ, 4G°
shifts more than ca. 25 keal/mol to positive. For the clectron-
transfer process having sufficiently nesative A4G°such as
TMPD, even such large shift of 4G to positive value with
the decrease in the solvent polarity does not affect the &,
values much. On the other hand, amine with weak donor abil-
ity having 4G°= 0, large shift of 4G° to the positive in less
polar solvent causes the considerably drop of the k., values.

Actual polts for log k,, vs. 4G° are shown in Fig. 7. The
reasonable decrease of th k, values from BN to BN:BZ (1:1)
is seen for TPA in the 4G region of -5 kcal/mol. Further
drop of the k, values going from BN to BZ would be antic-
ipated, although it was difficult to measure such slow reac-
tion by our laser flash photolysis apparatus. For other amine
donors such as PHT and MPHT, the dots in BZ shift to more
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Figure 6. (a) Plots of log k., vs. BZ/(BZ+BN). (b) Schematic reprc-
sentation of solvent polarity effect on k., along the Rehm-Weller
curve.

positive than the calculated lines. It is frequently pointed out
that the 4G values are overestimation to much positive val-
ues by ea. 10 kcal/mol.”? Thus, the dots in BZ should be
pushed back to negative as indicated by arrows in Fig. 7,
the dots are in good agreement to the lines.

In Fig. 7, two lines are depicted on the basis of the Rehm-
Weller and Marcus theory. In addition to the k, value for
tetrakis(dimethylamino)ethylene with very low E_°,’? drop
of the k., value in large negative 4G° region was not
observed, indication that the Rehm-Weller relation is more
appropriate for such Cg, and amine systems in polar dilute
solutions.
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Figure 7. Phots of log k, vs. 4G¥ along the calculated curves with
the Rehm-Weller and Marcus equations. TPD (N,N-diphenyl-N,N-
bis(2,4-dimethylphenyl)-(1,1-biphenyl)-(4.4-diamine) and EtCz(eth-
ylearbazole).

The decay process of C,,; - gives a clue of the electron trans-
fer mechanism and ionpair state of the ion radicals. In polar
solvents, Cgr - decays-slowly with obeying second-order
kinetics as shown in Fig. 8(a). This clearly indicates that the
ion radicals produced by electron transfer are solvated into
tree ion radicals, whic arc decaying with back electron trans-
fer in almost diffusion controlled limit. In BZ, the decay of
C,, " was faster than those in polar solvents. Cyy - decays obey-
ing first-order kinetics, indicating that the back electron

transfer takes placc within the contacion pair (Fig. 8(b)). In
the BN:BZ solvent mixture, both the initial fast decay and
latter slow decay were observed (Fig. 8(a)).
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Figure 8. (a) Back electron transfer kinetics: a; first-order decay of Cgy
in BZ, b; first-and second-order decay in BN:BZ (1:1) and ¢; second-
order decay in Bn. (b) Reaction scheme.

In the case of TMPD, the fractions of the fast (F,,) and
slow decay (F,,,) are summarized in Table 2 with the back
electron-transfer rate constants for first-order(k,,,') and sec-
ond-order (k,.>). F,, becomes prominent with increase in
BZ in BN, especially when BZ is more than 70% in solvent
mixture. In the region of BZ-rich solvent (BN% = 30-10%),
both the first and second-order decay are present in the same
solvent. This suggests that there are two distinect solvation
states rather than an averaged-solvation slate in each solvent
mixture. This may be characteristic of C; - having large round
delocalized charge.

The ky, 2™ value in BN is close to the diffusion controlled
limit in BN, With the increase in the BZ fraction, the k2
values seem (o increase slightly, which is attributed to the
decrease in the viscosity with an increase in BZ. The k'
values increase with BZ fraction, which indicates that the
ion pair structure becomes more contact with an increase in
nonpolar BZ. Kinetics analysis of back electron-transter
process with changing the solvent polarity affords quite
valuable information of the ion radicals in solution.

Table 2. Decay of Cy * for the reaction with TMPD (Fq, Kyor'™, Fun
and k,,2") in BN and BZ mixture.

BN F(‘.m kbcthl F\'lnw kbclznd

vol% Y g! % M5!
100 0 _— 100 6.5x10°
75 0 _— (100) 6.0x 107
50 0 N (100) 1.0 %100
30 55 4.5%108 435 1.7 x10%0
25 77 1.2x107 23 1.9 %101
20 82 1.8x107 18 2.0x 101
0 100 25x107 0 p

a) Decay of Cgy ™ ar 1070 nm band obeys almost completely second-
order kinetics,

b) Decay of Cyy " at 1070 nm obeys almost completely first-order kinet-
ics.

¢) The €1070 nm value for Cgy -
reported value in BN./

employed in this calculation is
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SUMMARY

The direct observation of both the transient absorption bands
of *C.,* and Cy, in addition to that of D + affords rich infor-
mation about the photoinduced electron transfer and successive
back electron-transfer processes. At low concentration of
donors, electron transfer via 3Cg* takes place even in less
polar solvents. Even in non polar solvents, electron transfer
takes place when donor ability of donor is high.
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