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Photochemical oxidation processes of fullerengs Cro, and Ge were examined with a nanosecond laser

flash photolysis by observing the transient absorption spectra in the near-IR region. Using tetracyanoethylene
as an electron acceptor for fullerenes in the triplet states, the transient absorption bands ascribable to their
radical cations were observed. In the solution containing tetracyanoquinodimethane or chloranil as an acceptor,
on the other hand, generation of the radical cation was not observed. The difference in these acceptor abilities
can be explained on the basis of the free energy changes for the reactions. Photosensitized oxidation of the
fullerenes in the presence of cosensitizer was also examined. In the cagemfidation occurred effectively

by this reaction; the radical cation of,£appeared immediately after the laser irradiatiorys &so showed
transient absorption attributed to its radical cation, while the generation rate was smaller than thgse of C
and Go.

Introduction electron acceptor, and the other is the electron transfer by

Lo . . b
Ever since the discovery ofeg! fullerenes have been one cosensitization which was applied tagby Nonell et af!

of the most attractive research subjects in experimental and
theoretical chemistry. Photophysical processesgfa@d Go
have been well established by the studies using pico- and Materials. Synthesis and purification procedures af (D)
nanosecond laser flash photolydi®hotochemical reactions of  ere reported in the previous report and references thérein.
Cso and Gy, which act as electron acceptors in their excited The concentration of £ in the sample solution was estimated
states, are investigated by many research gréu@eneration  using the extinction coefficient reported for @&, solution2©

of radical cations of € and Gy is also confirmed by using  Cy and Go were purchased from Texas Fullerenes Corp.
several experimental techniques such as laser flash photblysis, Tetracyanoethylene (TCNE) was purchased from Nacalai Tesque
pulse radiolysis,and time-resolved EPR.Compared with 6o and purified by recrystallization from Gi&l,. N-Methylacri-

and Go, however, the study on the photophysical and photo- dinium hexafluorophosphate (NM#A was synthesized by the
chemical properties of higher fullerenes, such agahd G, procedure reported by Gebert ethlOther chemicals were of

is rare. Recently, we reported the laser flash photolysis study the best commercial grade available.

on G Its excitation and relaxation processes were elucidated Apparatus. The nanosecond time-resolved absorption spec-
by observing generation and decay of the absorption bands dugra were measured using SHG (532 nm) or THG (355 nm) of
to the triplet state. It was also confirmed thats@cts as an a Nd:YAG laser (Quanta-Ray, GCR-130, fwhm 6 ns) as the

Experimental Section

electron acceptor in its excited state as in the cases@l  excitation source. A pulsed xenon flash lamp (Tokyo Instru-
Cro Gen_eratlon of the radical anion ofyg_)/vas observed in  ments, XF80-60) was used as the monitoring light. A Ge-APD
the photoinduced electron-transfer reaction usié!,N,N'- module (Hamamatsu Photonics, C5331-SPL) attached to a

tetramethylp-phenylenediamine (TMPD) as an electron donor. monochromator (Ritsu MC-10N) was employed as the detector
One of the noticeable properties of¢3s lower oxidation for the spectra in the near-IR region (660600 nm). The
potential (1.12 V vs SCE) than those 0§s&1.57 V) and Go output signal from the detector was recorded with a digitizing
(1.51 V)8 Taking the low oxidation potential of 4 into oscilloscope (Hewlett-Packerd 55410B) and analyzed using a
account, generation of the radical cation gt @ould be also  personal compute¥. The decay lifetimes of fullerenes were
anticipated by using an adequate electron acceptor in theestimated using a xenon lamp and a photomultiplier as the
photoinduced electron-transfer reaction. Recently, Bolskar et monitoring light and the detector, respectively. All the samples
al. succeeded in Synthesis and isolation of the carbocation Offor the laser flash photo|ysi5 were deaerated by argon bubb“ng
Cre using a new oxidizing reagent, [X**][CB1:H¢Brg].° for 15 min in a 1 cmquartz cell.
Their success is the first demonstration of the isolation of  gteady-state absorption spectra were recorded on a JEOL
fullerene carbocation and indicates stability in its cation form. \/.570 Uv/vis/near-IR spectrophotometer. Optical path length

In the present paper we reported generation of the radical of 54 quartz cell for the measurements was 2 mm.
cations of fullerenes such asd¢-C;o, and Gg by applying two

kinds of photoinduced electron-transfer reactions: One is the Raguits and Discussion

electron transfer from excited fullerenes to an appropriate
Ground-State Absorption Spectra of the Mixture Solution

€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  of Cy6 and TCNE. In the present paper, chloranil (CA),
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Figure 1. Absorption spectra of & (0.1 mM), TCNE (10 mM), ’
superposition, and mixture in benzonitrile. 600 800 1000 1200 1400 1600
0.10 Wavelength / nm
' . 6o Figure 3. Transient absorption spectra of benzonitrile solution
2 ﬁg containing 0.1 mM G and 4 mM TCNE at (upper) 100 ns and (lower)
0.08 - = ol 4 us after laser excitation. Excitation: SHG of Nd:YAG laser. Insert:
$izol 2 (upper) absorptiontime profiles at 740 and 840 nm; (lower) absorption
g 0.06 iagno- °© spectrum of G&* generated chemically (from ref 9).
1000
:5 0% FSZJ/L?\;) 200 20 process of C;¢*, while the T-T annihilation is apparent in the

0.04 cases oflCgg* and TCy¢* under high laser power excitation.

The negligible 7T annihilation of'Cz¢* is in accord with the
small quantum vyield of the intersystem crossing process. The
first-order decay rate constant 87g*, Kops (C76), increased
0.00 . : ' ' ' with the concentration of £ in the ground state (Figure 2).
600 800 1000 1200 1400 1600 The good linearity between them indicates deactivatiotCog*

by a self-quenching process (eq 1).
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Figure 2. Transient absorption spectrum of 0.1 mMQoluene T x+C,.—2 1
solution at 100 ns after laser excitation (SHG of Nd:YAG laser). 76 76 Cre @
Insert: dependence of decay rate constaf,(Cr), on the concentra-

tion of Cye. The bimolecular rate constant of the self-quenching process,

L ks(Cre),was estimated to be 1.4 10° M~1 s from the slope
tetracyanoquinodimethane (TCNQ), and TCNE were used asf the |ine of Figure 2. The estimated rate constant is similar
electron acceptors. The reduction potentials of these acceptorgy thoge of Ceg* (2 x 18 M~1s72) and"Crg* (6 x 108 M1
are rel[g%rted to be 0.02, 0.13, and 0.24 V vs SCE, respec-g-1) 2e The intercept of the straight line of Figure 2 is 1.4
tively.'2+> TCNE and TCNQ were examined by Nadtochenko 1¢5 51 \which corresponds to 965 of the intrinsic lifetime of
etal. as acceptors for oxidation of excitegh® They reported TCs¢*. The intrinsic lifetime is quite short compared with the
that formation of charge-transfer complex afy@nd TCNE or reported values fofCeg* and TCrg* (250 us for both)2e
TCNQ was not confirmed in the examined concentration ranges Photochemical Generation of Radical Cations of Fullerenes

([Ceq < 0.4 mM, [TCNE] < 0.24 M, [TCNQ] < 7 mM). In . -
. in the Presence of Electron AcceptorsOxidation of Fullerenes
the case of & (0.1 mM) and TCNE (10 mM), the absorption by TCNE When the benzonitrile solution containings@&nd

spectrum .Of a mixture solution cor'res.pon.ded well to the TCNE was irradiated by the 532 nm laser, the transient
superposition of those components, indicating that a Charge'absorption bands that can be attributed '@ appeared

transf(_ar complex in the ground state is not f°_”.“ed or can be immediately after the irradiation. The absorption bands due to
negligible under the present experimental cc_)ndmons (Figure 1). TCs¢* decayed within a few microseconds, and new absorption
o To_rt-;(?bt?](;rtptrlr?gn()f c;%'tr;itgguliggr'rlsalzteig:%n' IBt g?]sdbéen bands appeared at 1100 (sh), 980, 780, a660 nm, exhibiting

P : nany photo @ 0 the rising absorptiontime profile (Figure 3 and its insert). From
proceed via their triplet excited stateddowever, there are only the comparison with the absorption spectrum egCwhich
a few reports on characterization of the triplet excited state of : : : _

Cre (TC7§) 714 Here. the lifetime of Crg* wgs estimated by was genere}ted chemically by treating with {Nr*]_[CBllHeBre ]
takin soﬁe uench’in rocesses into consideration (insert of Figure 3J,the new transient absorption bands can be
Ab%or tionqbands thgtF::an be attributed @¢* a earéd in attributed to Gg'*, although the absorption maximum at 780

P N - 6" appex . nm was somewhat deformed by the depletion of ground-state
the near-IR region immediately after the laser irradiation (Figure absorption of Gs around 700 nm. Since 532 nm light excites

2). The transient absorption 8C¢* is quite weak even by . .

S ) X ; Czs only (Figure 1), it can be reasonably concluded that'C
the Ia_ser excitation at_hlgh laser Intensity (ca. 60 mJ/ p_ulsg, SHG)W?’;S geynt(ara?ted by) the eIectron-transferyreaction ffem* to
despite the large extinction coeﬁ|0|§ntfﬁys*.7 The finding TCNE (eq 2). The radical anion of TCNE (TCN#is reported
suggests a low quantum yield of the intersystem crossing ProceS3o appear around 440 nm, which is difficult to observe because
of the excited G as indicated by the time-resolved EPR stitly. of the strong ground-staté absorption 6C

The absorptiortime profile of TC7¢* can be analyzed by the
first-order decay function, indicating that the tripietiplet

(T—T) annihilation process is negligible in the deactivation T e T TCNE_’C76.+ +TCNE™ 2)
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Figure 4. Absorption-time profile at 600 nm observed in benzonitrile ~ Figure 5. Second-order plot for the decay at 600 nm observed in
solution containing 0.1 mM £ and 8 mM TCNE excited with SHG benzonitrile solution containing 0.1 mM;£and 20 mM TCNE excited

of Nd:YAG laser. Solid lines are fitting curves obtained by assuming Wwith SHG of Nd:YAG laser.

decay of'Cz¢* and rising of G¢™. Insert: dependence of rate constants

of the generation of &, kows(Cze), On the concentration of TCNE. 0.5

. L . before irradiation
TABLE 1: Triplet Lifetimes and Bimolecular Rate

Constants of TC,* (n = 60, 70, 76) 0.4 - after irradiation
©
Ceo Cro Cre 8 03 -
71 (us) 250 250 9.6 g -
Keq(M~1s7) 2x 1002 6x 10P2  1.4x 108 5
kgrfor CA(M~1s™h) n.rb n.r. n.r. a2 0.2 -
kgfor TCNQ(M1s)  25x10° 31x10° <10 <

kerfor TCNE (M1s)  39x10°  12x10° 20x 10 0.1 L
a From ref 2ePn. r. = no reaction.
0.0 . L

The transient absorption bands ofgC are overlapped with 400 600 800 1000 1200
those ofTCz¢* in almost all examined spectral region. There-
fore, the rate constants of the decay f¢* and the generation Wavelength / nm
of Cz¢* were estimated by applying the following relation (eq Figure 6. Absorption spectra of benzonitrile solution containing 0.1
3) mM Cys and 10 mM TMPD before and after several hundreds shots of

laser irradiation (SHG of Nd:YAG laser).
AAbS = C; eXP(—Kyps (Cro)t) + Cp (1 — eXP(Kops (Cro)t)

©) transfer rate constant and the extinction coefficient af Cat

600 nm, respectively, was estimated to be £.20° cm s ™.
whereC; andC; are the maximal absorbance'@¢* and Gr'+; At the present stage of our studyoo is unknown. However,
kobs' (C7e) andken<(Cre) are rate constants of the decay' 6fg* if we assumecggo is to be 18 M~ cm™1, which is the same

and the generation of/2*, respectively. In this relation itwas  order as that of g~,” 10 M1 s™* of knerwas estimated. From
assumed that,,£(Cre) is much larger than decay rate constant this roughly estimated value, the generated radical ions are
of the generated radical cation. One of the fitting curves €xpected to return to the corresponding neutral forms at the rate
according to eq 3 is shown in Figure 4. In the insert, estimated close to the diffusion limit.
rate constant.,<(Cre), are plotted against the concentration The ground-state absorption spectrum of @nd TCNE
of TCNE. From the linear relationship between them, a mixture after several hundreds shots of the laser irradiation is
bimolecular rate constant of the quenching'6%¢*, kyr(Cre), shown in Figure 6. Compared with the spectrum measured
was estimated to be 2.0 16 M~1sL before the laser irradiation, absorption increased around 450
In the case of &, it was reported that the laser irradiation to nm. One of the plausible origins of the new absorption band
the benzonitrile solution containingsgand TCNE generated  is TCNE™, which is known to be relatively stabfe At present,
the absorption band at 980 nm, which was ascribable to the however, we cannot exclude the possibility that the new
radical cation of Gy (Csc'").*2 We also observed the generation absorption band is due to an adduct of TCNE with.C
of Ceo'* in the Go and TCNE system at almost the same  |n the case of the mixture solution ofgand TCNE, transient
bimolecular rate constant with the reported value (Table 1). The apsorption bands ascribable to the radical cationgf(Cr¢"*)
estimated rate constant was similar to that e§.C appeared at 940, 820, 740, and 680 nm, after the decay of the
Decay of the transient absorption band of¢C can be  apsorption band diC;g* at 980 nm. The 940 and 820 nm bands
attributed mainly to the back-electron-transfer reaction (eq 4). are in good agreement with the transient absorption bands of
Cyo™ at 930 and 830 nm observed by the pulse radiolysis
C, " +TCNE™ — C,;+ TCNE 4) experiments in 1,2-dichloroethaPfe. The bimolecular rate
constant of the quenching 6€¢*, kqr(Cr0), was estimated to
The second-order plot of the absorptisime profile at 600 be 1.2x 10° M~1s~1from the decaying absorptiertime profile
nm is shown in Figure 5. The initial part is due to the decay of at 980 nm. The estimatdg(Cr) is close to the diffusion limit,
TCs¢*, and the latter part is due to the back-electron-transfer while those of Gy and Gg are 1 order smaller than the diffusion
reaction. From the straight line obtained from the latter part of limit. To estimate the electron-transfer rates from thkge
Figure 5, kpef€son, Where kper and egoo are the back-electron-  values, it is necessary to evaluatef the triplet states and the
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radical cations. However, thevalues of the radical cations of
fullerenes have not been reported yet.
Fullerenes and CA When the mixture solution of CA and

Crewas irradiated by the 532 nm laser, the transient absorption

bands ascribable ftC;¢* appeared immediately after the laser
irradiation. However, the decay 6€7¢* was not accelerated
in the presence of CA. This finding indicates that CA does

not act as an electron acceptor or a triplet energy acceptor for

TCsz¢*. The triplet energy of G is considered to be lying
between 92 and 106 kJ ndIfrom the reduction potentials of
the electron acceptors, the oxidation potential ¢ @nd the
results of the energy-transfer reaction in the previous paper.
In the cases of g and Gy, the transient absorption bands of

their triplet excited states were also not quenched in the presence

of CA. These findings also indicate that CA is not an electron
acceptor or a triplet energy acceptor f@ss* and "Cy¢*. The
acceptor ability of CA can be explained on the basis of the free
energy changes on the reactions estimated by using the Rehm
Weller relation®> for Cgg and Go, —3.9 and—8.7 kJ mot? of

free energy changes are calculated, respectively, wig.1
and—29.9 kJ mot! of sufficient negative values are expected
for the reactions with TCNE.

Photoinduced Reaction between Fullerenes and TCNQ
the laser flash photolysis experiment on the mixture solution
of Cgpo and TCNQ, Nadtochenko et al. observed quenching of
TCeo*, but generation of g+ was not observet? They
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Figure 7. (a) Transient absorption spectra of benzonitrile solution
containing 0.2 mM @&, 0.2 mM NMA*, and 200 mM BP. Excitation:
THG of Nd:YAG laser. Insert: absorptiertime profiles at 940 and

1400 1600

attributed the photoinduced reactions to exciplex formation and 1360 nm. (b) Transient absorption spectra of benzonitrile solution

triplet energy transfer fromiCgg* to TCNQ due to the lower
triplet energy of TCNQ €1 eV)® In the case of the mixture
of TCNQ and Go or Cge the 532 nm laser excitation also

containing 0.2 mM NMA and 200 mM BP.

of the radical generation. When the solution was excited with

resulted in the quenching of their triplet states. The evidence SHG (532 nm), which excites#only, the radical formation

for the generation of the radical cations ofp@nd Gg was not
obtained. As quenching mechanismsT@f,¢* and TCrs* by
TCNQ, participation of the exciplex formation and/or the energy

was not confirmed. This finding supports the reaction by eq 5.
In the case of THG excitation, the absorption bands @f'C
appeared immediately after the laser irradiation, while'BP

transfer reaction is expected. The bimolecular rate constantswhich shows an absorption band at 680 nm (Figurel7as

estimated for the quenching reaction'@g*, TC7o*, and TCz¢*
by TCNQ are summarized in Table 1. In the cases gfabd

Cyo, triplet excited states deactivated at rates close to the

diffusion-controlled rate. As for & the rate constant is small
compared with those of ggand Go. One of the reasons for
the small rate constant will be the small triplet energy &, C
insufficient for the energy transfer to TCNQ.

Generation of Radical Cations of Fullerenes by Photo-
sensitized Electron Transfer. Nonell et al. reported thatdg™
was generated in high yield by photosensitized electron-transfe
reaction using a cosensitizer at high concentratforUsing
NMA* and biphenyl (BP) as the sensitizer and the cosensitizer
respectively, G+ was generated by following reaction scheme

(eq 5).
S(NMA™Y)* + BP— NMA" + BP'"

BP" 4+ Cy,—BP+Cy " (5)
Here, we applied this reaction to oxidation o,@nd Ge. From

the oxidation potentials of fgand Ge, the oxidation reactions
by cosensitization would be also anticipated. THG (355 nm)
of the Nd:YAG laser was applied to the excitation of NMA

not observed as shown in Figure 7a, indicating that the
generation of @'+ by eq 5 is a fast process.

It is interesting to note that a new absorption band appeared
at 1360 nm with rising absorptiettime profile. It is well-
known that the radical anion of&(C;¢"~) shows the charac-
teristic absorption band at 1360 nm. Therefore, one of the
possible origins of the new absorption band at 1360 nm in Figure
7a is Go'~ generated by the electron-transfer reaction between
NMA* and TC¢* or C7o. In the case of the photosensitized
"reaction of Go, a weak absorption band of the radical anion of
Coo (Cso'™) was also observed at 1080 nm in addition to the
'strong absorption band ofs€" (980 nm).

When the mixture solution of 5, NMA™, and BP was
irradiated by a 355 nm laser, the transient absorption bands
ascribable to @+ appeared with decrease in the absorption
band of BP*. The generation of &' can be attributed to the
photosensitized electron-transfer reaction, eq 5. From the decay
of BP*, the bimolecular rate constant of the reaction was
estimated to be 1.5 10° M~ s7%, which is smaller than that
of Ceo, 2 x 1019 M~1 571 This tendency is the same with the
photochemical reduction of fullerenes by TMPD. In the cases
of the reactions with TMPD, X 10 and 8 x 10° M~1 s71

The transient absorption spectra obtained by the 355 nm laseimolecular rate constants were estimated fgp @nd Go,

excitation to benzonitrile solution containing 0.2 mMeC0.2
mM NMAT, and 200 mM BP are shown in Figure 7a. The
absorption bands ascribable te;C appeared clearly at 980,
940, 820, and 720 nm. When;£" was generated by the

respectively, while that of g was 8x 108 M~1 s71, which is
1 order smaller than the diffusion-controlled rate.

The lifetimes of the radical cations o&g; C7o, and Gg were
estimated to be 3.0, 4.6, and 14, respectively, by applying

electron-transfer reaction with TCNE, the absorption peaks at the first-order decay function. It is interesting to note that the

800~1000 nm were difficult to distinguish from those &¢*

lifetime of fullerene increases with its size, indicating stability

because of weak absorption probably due to low quantum yield of the generated radical cations.
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B. J. Am. Chem. Sod993 115 6378. (i) Watanabe, A.; Ito, O.; Watanabe,

) o ) M.; Saito, H.; Koishi, M.J. Phys. Chem1996 100, 10518.
Photochemical oxidation reactions of fullerengg, Co, and (3) (a) Sension, R. J.; Szarka, A. Z.; Smith, G. R.; Hochstrasser, R.

Cre were examined by two kinds of electron-transfer processes. M. Chem. Phys. Letl991, 185 179. (b) Osaki, T.; Tai, Y.; Yazawa, M.;

. Tanemura, S.; Inukai, K.; Ishiguro, K.; Sawaki, Y.; Saito, Y.; Shinohara,
Electron transfers from the excited fullerenes to the electron H.; Nagashima, HChem. Lett1993 789. (c) Nonell. S.: Arbogast, J. W.:

acceptor were confirmed when TCNE was used as an acceptorfoote, C. SJ. Phys. Chem1992 96, 4169. (d) Ghosh, H. N.; Pal, H.;
while CA and TCNQ did not act as an oxidizing reagent because Sapre, A. V.; Mittal, J. P.J. Am. Chem. Soc1993 115 11722. (e)

Conclusion

of insufficient reduction potential of acceptor and/or predomi-

Dimitrijevic, N. M.; Kamat, P. V.J. Phys. Chem1992 96, 4811. (f)
Watanabe, A.; Ito, OJ. Phys. Chem1994 98, 7736. (g) Ito, O.; Sasaki,

nant energy-transfer process than the electron transfer. Generay . yoshikawa, Y.; Watanabe, AJ. Phys. Chem1995 99, 9838. (h)
tion of radical cations of fullerenes by cosensitization was also Schaffner, E.; Fischer, Hl. Phys. Chem1993 97, 13149.

confirmed. In the both processes, the reactions-gfd@l not
proceed as fast as those ofp@nd Go. This tendency is the

same with the photochemical reduction of fullerenes. The
reason for the low reactivity of £gin excited states is not clear !
at the present stage of our study. Studies on the photochemicalv"'

reactions of the more higher fullerenes are in progress.
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