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Photochemical reactions between photo-excited Cq, and borates ("BPh, and "BPh;Bu) have been investigated by
steady-state photolysis and laser flash photolysis. On steady-state photolysis of Cg, in the presence of the borates

in polar solvents, the absorption of Cg,” " increases with irradiation time, suggesting that irreversible photoinduced
electron-transfer occurs. By the measurements of the transient absorption spectra, it is indicated that electron
transfer takes place from the borate anions to 3C*, yielding C¢, "~ and "BPh;R (R = Ph or Bu), in which the latter
dissociates into Ph;B and R°, yielding biphenyl (or octane). Electron-donor ability of “BPh, Bu is higher than that
of “BPh,, while the steady-state photolysis to a Cgy/borate system shows an opposite tendency. The addition reaction
of Cg, " with Bu’ yielding BuCg,~ is more efficient than that with Ph’ producing PhCg,". The rate constant of
electron-transfer via the triplet state of Cg, increases with solvent polarity.

Introduction

Fullerenes have unique properties and photoreactivities®
caused by the highly dense m-electron clouds in the round
molecules. When they are chemically treated with some
electron-donors and acceptors, new properties such as super-
conductivity,? ferromagnetism® and photoconductivity are
induced.* Metal doped fullerenes are usually produced under
rather drastic conditions, such as at the solid/solid and/or at
the solid/gas interface. Recently, Moriyama et al. found that
tetraphenyl borates (M*~BPh,) reacted with Cq, in solution
producing the single crystal of M*Cg, ™", which showed high
electric conductivity.’

Tetraphenylborate and triphenylalkylborates ("BPh;R; R =
Ph, alkyl) are good electron-donors. It was reported that
triphenylalkylborates generate efficiently free alkyl radical (R")
after one electron donation under light illumination.® Thus, one
of the characteristics of triphenyl alkylborates is to act as a
photo-radical alkylation reagent” and an initiator of photo-
radical polymerization.® Another characteristic is to obscure
back electron transfer, producing persistent reduction forms
of the acceptors.” The chemistry of “BPh, has been studied
intensely by means of electrochemical and photochemical
techniques.'®!! The electrochemical oxidation of ~“BPh, leads
to the formation of biphenyl as a major product via intra-
molecular dimerization. Its reaction mechanism was proposed
for two-electron transfer.’® The direct excitation of “BPh, by
UV-irradiation results in the formation of biphenyl and phenyl
derivatives via intramolecular rearrangements.! However,
for the photo-sensitized oxidation of ~“BPh,, the reaction
mechanism is not clear.

Usually, C¢ " formed via photo-induced electron-transfer
returns quickly to Cq, by back electron-transfer; ie, Cg
formed via 'Cg,* with aromatic amine returns to Cg, within 100
ps in non-polar solvents.'? In the case of the 3Cy,*-route, C4y
persists for ca. 100 ps in polar solvents.'

In the present paper, we found that electron-transfer is
induced by photo-excitation of Cg, in the presence of these

borates in polar solvents. Persistent Cq, ~ was observed after the
photo-irradiation. By the transient absorption measurements,
the electron-transfer mechanism was examined. The rate for the
formation of Cg, ™" may depend on the structure of the borates
and on the solvent polarity. The alkyl/phenyl radicals (R") are
generated after these borates have been oxidized by photo-
excited Cg,. Coupling reactions between Cg, * and R° pro-
ducing RC,,” were observed. It was also confirmed that further
R-adducts form during the steady photo-irradiation.

Results and discussion
Steady-state photolysis of C4, and borates in solution

With the photo-irradiation of Cg, in the presence of “BPh, in
deaerated benzonitrile (BN), new absorption bands appeared
in the region of 900-1100 nm, which can be attributed to
Cg " (Fig. 1A)."* This indicates that the photoinduced electron-
transfer reaction from “BPh, to Cg, occurs, and that back
electron-transfer is almost hindered. The maximal concen-
tration of Cg, " achieved during 300-1200 s was calculated to
be ca. 0.1 mmol dm 3, which is half that of fed C,, under excess
“BPh,. In the aerated solution, on the other hand, no spectral
changing of the reaction solution was observed, suggesting that
the precursor of the Cg "-formation reaction may involve
3Cgo™, which may be easily quenched by O,.'

In the reported spectrum of Cg, ", the absorbance ratio of
930 nm to 1075 nm (Agspnm/A10750m) 18 ca. 0.25.' For the
spectrum after irradiation, Agspnm/A41975mm 1S c@. 0.5, indicating
that other species which show broad absorption at ca. 940 nm
may be formed. The species showing the absorption bands in
the longer wavelength region up to 940 nm may be attributable
to the ionic and/or radical species of pristine Cg, or Cgy
derivatives.'” By introduction of air to the irradiated solution,
the absorption spectra were changed (Fig. 1B). The sharp peak
at 1075 nm of Cq, " disappeared, while the broad band at 940
nm persisted, indicating that the latter species are less reactive
toward O, than C, . Because addition of trifluoroacetic acid
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Fig. 1 Absorption spectra of Cg (0.2 mmol dm™®) and Bu,NBPh,
(1.0 mmol dm™?) in Ar-saturated benzonitrile (cell length = 1.0 cm).
(A) After photolysis and (B) (a) on introduction of air after irradiation
(1155 s), (b) on addition of trifluoroacetic acid (10 mmol dm™3) to
solution (a).
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Fig. 2 Absorption spectra of Cg, (0.2 mmol dm™*) and Bu,NBPh;Bu
(1.0 mmol dm?) in Ar-saturated benzonitrile (cell length = 1.0 cm).
(A) After photolysis and (B) (a) after irradiation for 315 s, (b) on intro-
duction of air after irradiation (315 s), (c) on addition of trifluoro-
acetic acid (10 mmol dm3) to solution (b).

(10 mmol dm?) leads to the disappearance of the broad band
at 940 nm, this may be attributed to absorption of Cg, anionic-
species, RCq,~, which is reported to have a broad absorption
band with an absorption peak at about 990 nm."”

With the steady-state photolysis of Cg, in the presence of
“BPh;Bu in the same manner, the Cq, " absorption bands
appeared in the region of 900-1100 nm (Fig. 2A), while the
absorption intensity of Cg, " is relatively low compared with
the Cq/ BPh, system. The maximal concentration of Cg,
achieved during 75 s was calculated to be ca. 0.03 mmol dm 3,
which is one sixth that of fed Cq, under excess ~BPh;Bu.
This indicates that Cq, " under the photolysis system of Cg,/
“BPh;Bu is unstable. By further prolonged irradiation (Fig.
2Ba), the absorption peak of Cq, " at 1075 nm decreased with-
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Fig. 3 Generation of Cg~ " during irradiation of Cg, in Ar-saturated
solutions (0.2 mmol dm %) and borates (1.0 mmol dm3).

0.25

0.204

T T T T
600 700 800 900 1000 1100 1200

Wavelength/nm

Fig. 4 Transient absorption spectra obtained by laser flash photolysis
of Cg (0.2 mmol dm™®) in the presence of Bu,NBPh, (1.0 mmol dm %)
after laser excitation at 532 nm in benzonitrile.

out the appearance of a 990 nm band. By introduction of air
(Fig. 2Bb), the relatively sharp 990 nm band and Cg, * band
disappeared, leaving the broad band at 990 nm, which is closely
similar to the reported absorption spectrum of RCy, .!"!® The
broad band finally disappeared on addition of acid. Thus, the
sharp band at 990 nm may be attributed to a Cg-anion radical
species such as Bu,Cg, " and the broad band to a Cgy-anionic
species such as BuCg, .18

The build-up curves of Cq, * during photo-irradiation of C,
and borates in deaerated BN and o-dichlorobenzene (DCB) are
shown in Fig. 3. The Cq/ BPh, system exhibits a saturation of
Cq -formation at ca. 300 s. By further irradiation (more than
ca. 1000 s), the peak of Cg, " began to decrease very slightly,
while the peaks at ca. 930 nm and at ca. 600 nm kept increasing
(Fig. 1A), suggesting that these bands can be attributed to
anionic species formed from Cg,~". On the other hand, the
photolysis of Cq/ BPh;Bu system results in a relatively fast
saturation of Cg, ~ at ca. 100 s. By further irradiation (ca. 300
s), the absorption peak intensity of Cg, ~ begins to decrease,
and a new sharp band at 990 nm appears with the broad band
(Fig. 2B).

In less polar solvents such as DCB, the increase rate of
Cq ~ was slower than that in highly polar BN by a factor
of over two for Cq/ BPh,, suggesting that the polar solvent
favors persistent Cq, -formation. For Cg/ BPh;Bu in DCB,
although an increase-decrease curve similar to that in BN
was observed, the maximal concentration of Cg, ™" was as low as
ca. 0.2.
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Fig. 5 Absorption—time profiles obtained by laser flash photolysis of
Cyo (0.2 mmol dm?) in the presence of (A) Bu,NBPh, (1.0 mmol dm %)
and (B) Bu,NBPh,Bu (1.0 mmol dm™®) after laser excitation at 532 nm
in benzonitrile.

Laser-flash photolysis

From the findings above, it is presumed that the formation
of Cq " is stimulated by the excitation of Cy, to *Cg* in the
presence of borates. Further details of the mechanism can be
disclosed by the measurements of the transient absorption
bands. Fig. 4 shows the transient absorption spectra in the near-
IR region obtained by the 532 nm laser photolysis of Cg, (0.2
mmol dm™3) in the presence of “BPh, (1.0 mmol dm™®) in
deaerated BN. The transient absorption band at 740 nm
appearing immediately after nano-second laser exposure is
attributed to the absorption band of 3Cy*." With the decay of
3Cgo*, new absorption bands appeared in the region of 1000—
1100 nm, which can be attributed to C,~ """ Similar transient
absorption spectra of *Cyy* and Cq,~ " were observed by the 532
nm laser photolysis of Cg, (0.2 mmol dm™®) in the presence of
“BPh;Bu (1.0 mmol dm™®) in BN solution and in DCB
solution.

The decay and rise curves of *Cg* and Cg, " are shown in
Fig. 5. The decay curve of *Cg,* is almost the mirror image of
the rise curve of Cq ", confirming that Cg, ™" is produced via
3Cq*, as shown in Scheme 1. Electron-transfer route via 'Cg*
was not considered because of the large intersystem crossing
rate constant of Cg (ki = 10°s71).2°

hv 1 Kisc
0 Szppm 0 T et

+BPh3R

CG()—. + *BPh3R
ket Dy

(R=Buor Ph)

Scheme 1

Both the decay and rise curves obey first-order kinetics in the
presence of excess borates with respect to [*Cg*]. The first-
order rate constants (k,,°™) were evaluated from the decay of
3Cq* and rise of Cq,~". Since the concentration of borate is the
same in Fig. 5, it is apparent that the k,,°™ value of Cg,/ BPh, is
smaller than that of "BPh;Bu in BN. In DCB, quite slow decay
of 3C¢,* and rise of Cy, " were observed, indicating small k,,,°®
values.

Efficiency and rate constants of electron-transfer

The efficiency of electron-transfer via 3Cg* can be evaluated
by the ratio of [Cey Jmax 10 [Ceo*line» Which were calculated
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Fig. 6 Dependence of [Cq J/[*Cs*] on concentration of borates:
Bu,NBPh, in BN (O), Bu,NBPh, in DCB (), Bu,NBPh;Bu in BN (O),
Bu,NBPh;Bu in DCB (@®).

Table 1 Rate constants and quantum yields for electron-transfer*
andch/ ket/
Donor Solvent dm®mol*s™ @, dm®mol!s™
“BPh;Bu BN 1.4 x10° 1.00 1.4 x10°
DCB 42 %108 1.00 4.2 x 108
“BPh, BN 3.5x 107 0.88 3.1 x 107
DCB 2.8 x 107 0.75 2.1 %107

“ Each value contains an estimation error of £5%.

from the observed absorbance and reported molar extinction
coefficients as shown in Fig. 6.'*'' Each curve shows a
tendency to saturate at high concentration of borates. From the
saturated ratio ([Cgp ™ lmax/[FCso*linc)> the quantum yield(®,,) of
electron-transfer via 3Cgy* can be evaluated.

The @, values are listed in Table 1; "BPh;Bu shows higher
@, values than “BPh,. Solvent polarity effect on the @, values
is not so large in this range. For the reaction systems of
Cq/ BPh, with @, less than 1, the deactivation processes of
3Cg™ without electron-transfer may exist; the charge-transfer
interaction and energy-transfer are candidates for such de-
activation processes.

The rate constants for electron-transfer can be evaluated by
the following relation, k, = @ k%, ! Where k,,,°® refers to the
second-order rate constant for electron-transfer, obtained by
plotting the k,,°® values with [borate]. The k. values thus
obtained are listed in Table 1. The k,, value for *Cgy*/~BPh;Bu
in BN is the highest just below the diffusion controlled limit
(kgigs = ca. 5 x 10° dm® mol ™' s~! in BN);? usually, the k,, values
of fullerenes are smaller than kg by a factor of ca. 0.5. In the
DCB, the k. value of "BPh;Bu is smaller than that in BN,
suggesting that the polar solvent accelerates the electron-
transfer reaction. In BN, the k., values of "BPh, are smaller
than those of "BPh;Bu by factors of more than 0.1.

From the evaluated k. values, it is presumed that the
electron-transfer process of 3Cg,*/ BPh, is considerably endo-
thermic, while that of the 3Cg,*/"BPh,Bu system is exothermic
in BN. However, the free-energies for electron-transfer (AG°),
which were calculated using the oxidation potentials of borates
(+0.84 V for "BPh;Bu and +0.87 V for "BPh, vs. SCE in
acetonitrile),'* reduction potential of Cg, (—1.51 V vs. SCE)®
and the lowest triplet energy of Cy, (1.56 €V),* are —6.8 and
—6.1 kcal mol™! for “"BPh;Bu and ~BPh,, respectively.”® They
are very low, predicting the k., values to be close to kg The
finding that the evaluated k,, of the 3Cq*/ BPh;Bu system in
BN is close to kg is in agreement with this prediction. On the
other hand, the k,, values of *C*/"BPh, are less than kg,
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Fig.7 Long absorption—time profiles of C¢,~" up to 80 ps obtained by
laser flash photolysis of Ar-saturated benzonitrile solution of Cg, (0.2
mmol dm~®) containing (A) Bu,NBPh, (1.0 mmol dm~®) and (B)
Bu,NBPh,Bu (1.0 mmol dm™®). Insert: Absorption—time profiles of
Cgo up to 800 ps.

which may indicate that some factors, such as steric effect,
may be affecting this phenomenon.

The order of @, and k., ("BPh;Bu > "BPh,) is opposite to that
of persistent Cg, °, as seen in Fig. 3 ("BPh;Bu < "BPh,) in both
solvents. The amount of persistent C¢, ~ may be related with suc-
cessive reactions after the photoinduced electron-transfer.

Reaction of Cg, ™" on a longer time scale

The time profiles of Cq, " in a longer time scale up to 80 us are
shown in Fig. 7 (in BN). The slower rise-time profile of "BPh,
than that of "BPh;Bu corresponds to the rise curves in Fig. 5.
Usually, the photoproduced Cg, * should disappear completely
after reaching maxima in this time scale by back electron-
transfer from Cq, " to the cation radicals of the donors. For
both of the Cq/ BPh, and C4/  BPh;Bu systems, however, slow
decays of Cq, " were observed after reaching maxima at 5 and
1 ps, respectively. The similar rise and decay time—profiles were
observed in DCB. These findings indicate that the back
electron-transfer reaction was partly prohibited by successive
fast decomposition of boranyl radical, "BPh, and "BPh;Bu
(Scheme 1). It is reported that "BPh;Bu dissociates into BPh,
and Bu® within the femto-second time scale.® From the decay
behavior of Cq, °, "BPh, seems to dissociate into BPh; and Ph’
within a similar time scale. Another possible route of the initial
decay of Cg, " after reaching a maximum may be attributed to
back electron-transfer to Bu" and Ph’. The remaining concen-
tration of Cg, " can be related to the concentration of Bu® (Ph")
changing by radical coupling reaction to octane (biphenyl)
competitively with back-electron-transfer.

Cq-adduct formation

The EPR-spectra of Cgy/borate with spin-trap reagent (a-
phenyl-N-tert-butylnitrone:  PBN) in DCB after light-
irradiation are shown in Fig. 8. Both of the systems show the
EPR signal of C¢ " and R’ trapped by PBN, which shows
triple-doublet signals (R=Ph: g=2.006, ay=1.49 mT,
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Fig. 8 EPR spectra of Cg " and trapped R™ in DCB. (A) Cgf
Bu,NBPh,/PBN (9.517 GHz) and (B) Cg/Bu,NBPh,Bu/PBN (9.511
GHz). [Borate] = 5.0 mmol dm™3, [Cg] = 1.0 mmol dm~3, [PBN] =10
mmol dm 3. Field modulation = 0.025 mT (100 kHz).

ag=0.263 mT; R=Bu: g=2.006, ax=1.50 mT, ag=0.326
mT).%#? From these facts, the proposed decomposition mech-
anism of "BPh;R is reasonably supported.

From the spectral changes by steady-state photolysis (Figs.
1A and 2A) observed after further prolonged light-irradiation,
it was found that the C¢,” " was consumed by addition reaction
of Ph” or Bu’ to Cq, " forming the Cq-adduct anion, PhCy, ™
and BuCg, ". Thus, the decay of Fig. 7 may also include
such addition reactions. We confirmed the formation of Cgy-
adducts (C¢PhH, CqPh,, CeBuH, C¢Bu;H;) and triphenyl-
boron (BPh;) by means of matrix assisted laser desorption
ionization time-of-flight mass spectroscopic analysis on the
reaction solution after photolysis.

In the ps-order time scale, the initial decay of Cg, " under
photolysis of C¢/ BPh;Bu was faster than that of Cg/ BPh,.
Usually, it can be presumed that Ph” with 6-radical character is
more reactive than Bu'.?” Thus, it is deduced that the concen-
tration of Ph” becomes low by the various reactions, mainly
including radical coupling reaction. These observed different
reactivities between Bu® and Ph” may be related with the con-
centrations of the both free radicals.

In Fig. 7, the amount of remaining [Cq, '] for Cg/ BPh, is
higher than that of Cg/”BPh;Bu at 800 ps (Fig. 7, insert), which
is the same trend as that of persistent Cq, " seen in Fig. 3. The
amount of Cg,~ " remaining for a long time (up to ca. 1 ms) may
be due to the fraction of radical coupling. Biphenyl formation
may be faster than octane formation by the electric and steric
factors in addition to the difference in the decomposition
mechanism of borates such as intramolecular biphenyl form-
ation. These reactions are summarized in Scheme 2.

Ceo~ t12R-R+ BPhg
Ceo +BPhz + R 4E Ceo + R+ BPhs
RCeo + BPhg

(broad band at 940 nm(R=Ph), 990 nm(R=Bu) )
Scheme 2



The species showing sharp absorption at 990 nm is formed
by further photo-irradiation to Cg and ~BPh;Bu in BN
(Fig. 2B). As one of the possibilities, Bu,Cq, ~ may be formed
by the further addition reaction of Bu® to BuCg,™ as shown in
Scheme 3.

. +BuU

_ +BuU
Ceo~ — BuCeqy —  BuCe™

(sharp band at 990 nm)
Scheme 3

In the case of Cqy/ BPh,, the sharp band due to Ph,Cy, " was
not observed as seen in Fig. 1B, indicating that the steady con-
centration of Ph” is quite low.

Conclusions

The mechanism for the persistent Cq ~ formation can
be revealed by nano-second laser flash photolysis observing
transient absorption spectra in the visible/near-IR region.
After photoinduced electron-transfer from borates to 3Cg*,
back electron-transfer from Cg, * to the boranyl radicals is
suppressed, since the boranyl radicals immediately dissociate
generating the free radicals (Bu" and Ph"), which further change
into non-electron accepting materials (Bu~, Ph™, octane and
biphenyl). By the selective quenching of the persistent Cq,” " by
0,, formation of RCq,~ can be confirmed; alkylation by free-
radical occurs with Cg,~". It is also confirmed that R,Cg, " is
formed by the further alkylation to RCgq, . The different reac-
tivities between ~BPh, and “BPh,;Bu can be interpreted by the
different reactivities of the free radicals, in which the steady
concentration of Bu® is enough to react with Cg ™", while
concentration of Ph” is low preserving high concentration of
Ceo -

Experimental
Materials

Cq was obtained from Texas Fullerenes Corp. in a purity of
99.9%. Tetrabutylammonium tetraphenylborate (Bu,NBPh,)
and tetrabutylammonium triphenylbutylborate (Bu,NBPh;Bu)
were prepared by the method described in the literature.'*
HPLC-grade benzonitrile (BN) and extra-pure grade o-
dichlorobenzene (DCB) were used as solvents. The solution of
Cs, and borates was deaerated with Ar-bubbling before photo-
chemical reactions and measurements.

Laser-flash photolysis study

The transient absorption and the decay-rise time profiles were
measured by the nano-second laser flash photolysis method.
The apparatus details were described elsewhere.”® The Cg,
solution was excited by 532 nm light from a Nd:YAG laser
(6 ns fwhm) with 22 mJ pulse power. For the transient absorp-
tion spectra in the near-IR region, a Ge-APD detector was
employed to monitor the transmitted light from a pulsed Xe-
flash lamp, which passed through a rectangular quartz reaction
cell (1 cm) and a monochromator. The long-time decay-rise
time profiles were measured by an InGaAs-PIN photodiode
module using a probe light from steady 150W Xe-lamp
equipped with R-66 cut-off filter to avoid the photolysis by the
monitor light.

Steady-state photolysis

All the photolysis studies were performed with visible light
from a Xe-Hg lamp (150 W) equipped with V-B46 band-pass
blue filter (350 nm < 4., < 600 nm:selective excitation of Cg).
All experiments were carried out at 20 °C.

The steady-state UV/visible/near-IR absorption spectra were

measured with a JASCO/V-570 spectrophotometer before and
after photo-irradiation of solution.

The EPR spectra were measured with a Varian E-4 EPR
spectrometer system after irradiation to DCB solution.

The time-of-flight mass spectra were measured with a Bruker
REFLEX III-T MALDI-TOF-MS (linear-mode). The reaction
solutions (in DCB, [Cg]=1.0 mmol dm™3, [ BPh;R]=5.0
mmol dm~®) were irradiated for ca. 4 hours until the Cg,
absorption disappeared and fully changed to the Cg-adducts
one. After irradiation, the solutions were mixed with 9-
nitroanthracene as a matrix compound.
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