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Abstract: In the presence of scandium triflate, an efficient photoinduced electron transfer from the triplet
excited state of g to p-chloranil occurs to produceggradical cation which has a diagnostic NIR (near-
infrared) absorption band at 980 nm, whereas no photoinduced electron transfer occurs from the triplet excited
state of Go (°Cesg*) to p-chloranil in the absence of scandium ion in benzonitrile. The electron-transfer rate
obeys pseudo-first-order kinetics and the pseudo-first-order rate constant increases linearly with increasing
p-chloranil concentration. The observed second-order rate constant of electron tregsiiecreases linearly

with increasing scandium ion concentration. In contrast to the case ofgtfedBloranil/Sé+ system, theke

value for electron transfer frorfCqg* to p-benzoquinone increases with an increase ifi" oncentration

([Sc™)) to exhibit a first-order dependence on $Sf; changing to a second-order dependence at the high
concentrations. Such a mixture of first-order and second-order dependence’thi§Sdso observed for a
Sc-promoted electron transfer from CoTPP (FPR= tetraphenylporphyrin dianion) tp-benzoquinone.

This is ascribed to formation of 1:1 and 1:2 complexes between the generated semiquinone radical anion and
St at the low and high concentrations of3Screspectively. The transient absorption spectra of the radical
cations of various fullerene derivatives were detected by laser flash photolysis of the fupecblueanil/

Sc* systems. The ESR spectra of the fullerene radical cations were also detected in frozen PhCN at 193 K
under photoirradiation of the fullereme¢hloranil/Sé* systems. The St-promoted electron-transfer rate
constants were determined for photoinduced electron transfer from the triplet excited statgs@b,&nd

their derivatives tgp-chloranil and the values are compared with the HOMO (highest occupied molecular
orbital) levels of the fullerenes and their derivatives.

electron-transfer systems in both the ground and excited
state€~7 In comparison to the facile reduction of&however,

b I ideal probes for the i T ol €the oxidation of Gy is rendered more difficult with a reported
carbon allotropes ideal probes for the investigation of electron- o gjeciron oxidation potential of 1.26 V versus ferrocene/

transfer reactions, especially in light of aspects_regarding the ferriceniume® Reed et al. have recently succeeded in oxidizing
teriecft'rotn-tlr arlsfer.thegéy gft Ma;cﬂuf.lg the reduction of 60 d Ceo by a strong one-electron oxidant (hexabrominated phenyl-
€ Tirst electron 1S added (o a triply egeneraiainoccupie carbazole radical cation with inert @BleXs~ carborane anion)
molecular orbital to which up to six electrons are accommodated, ;| produce stable @+ in solutionl® The electron-transfer
resulting in a maximum degree of delocalizatfghThe small oxidation of Go has also been achieved by using the singlet

reorganization energy of fullerenes, especially in electron- excited state of 10-methylacridinium ion, which has a strong
transfer reactions, and the long triplet excited-state lifetimes haveelectron acceptor property, or by using the bipheny! radical
rendered fullerenes as useful components in the design of novel '
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cation produced by photoinduced electron transfer from biphenyl the electron-transfer oxidation reactivities of fullerenes, higher
to photosensitizersi 12 In this process, the primary acceptor fullerenes, or their functionalized derivatives.

is excited and abstracts an electron from the biphenyl donor.  The use of an appropriate metal ion which can accelerate
The longer lifetime of the generated biphenyl radical cation electron-transfer reactions may remove the need of very strong
enables the occurrence of an electron transfer frogm t@ oxidants to accomplish the electron-transfer oxidation of
produce Go'*.** Various polycyclic arene-radical cations can  fyllerenes. In the presence of such a metal ion, photoinduced
also be produced by pulse radiolysis, and the electron-transferelectron-transfer reactions, which would otherwise be unlikely
oxidation of fullerenes by these radical cations has beentg occur, are reported to proceed efficierfth?* We have
reported:* The oxidation of the triplet excited state ofsC  recently reported that scandium triflate [Sc(QJfcts as the
(°Ced*) has also been studied by using strong electron acceptorsstrongest Lewis acid which can effectively accelerate the
such as tetracyanp-quinodimethane (TCNQY, tetracyanoet-  electron-transfer reactions of oxygen ambenzoquinon@s
hylene (TCNEY,® and p-chloranif” in photolysis experiments We report herein that an efficient photoinduced electron
of the oxidative quenching of triplet excited fullerenes. In (.o o from the triplet excited state ofg@o p-chloranil and
general, very fast quench.ing reactions of the triplet states of p-benzoquinone occurs in the presence of Sc(QMfpenzoni-
fullerenes are reported in the presence of these electronyjie (PhCN) to produce & radical cation which has a diagnostic
acceptors, but these processes are not accompanied by R (near-infrared) absorption band at 980 nm. The promoting
separation of the free radical pairs. A triplet “exciplex” formation  tact of Sc(OTf) is compared with the results for an electron

has been proposed as a.possible mechanism in. most cases. OnlYansfer from CoTPP (TPP = tetraphenylporphyrin dianion)
in the case of a strong oxidant (TCNE) is the exciplex considered ;, p-benzoquinone in PhCN. With regard to the derivatized

. : 8 S . _ _ | reg
as an iorradical pair® Such a limitation of oxidants has  fjierenes, a series of dibenzyl derivatives af @ere synthe-
precluded a detailed study of electron-transfer oxidation of the gj,oq by the reactions ofgg~ with alkyl halides2627We then
triplet excited states of fullerenes and derivatives. Although the systematically generated the radical cations @f Cro, and their

oxidation of fullerenes typically becomes easier upon deriva- geriyatives produced by the Sepromoted electron transfer
tization}® the radical cations of derivatized fullerenes have yet from the fullerene triplet excited states techloranil. The

to be characterized. The ionization energies of higher fullerenes g o c1ron-transfer oxidation reactivities of a series of fullerenes

are 2%|251° theoretically suggested to decrease with the caggyere getermined for the first time and they are compared with
size®*1 This has been shown experimentally by measurements e oMO (highest occupied molecular orbital) levels of the
of these compounds using photoionization, photoelectron spec-¢ ierenes.

troscopy, and the ioamolecular equilibrias Knudsen cell mass

1,22
spectrometry-22 However, there has so far been no report on Experimental Section
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methaofullerene[70] carboxylic acid with 4-alkoxyaniline gave [1,9]- time scale measurements§ us), a continuous xenon lamp (150 W)
methaofullerene[70]9). was used for the probe beam, which was detected with an InGaAs

Synthesis of [1,9]Methanofullerene[70] (9)To a stirred suspension  photodiode module (Hamamatsu, G5125-10) after passing through the
of sodium hydride (745 mg, 18.6 mmol) in THF (70 mL), 4-cyanophe- photochemical quartz vessel (010 mm) and a monochromator. The
nol (2.13 g, 17.5 mmol) was added in one portion &00and stirring outputs from Ge-APD and InGaAs module were recorded with a
was continued at 0C for 2 h. The solvent was removed under reduced digitizing oscilloscope (HP 54510B, 300 MHz). The transient spectra
pressure and the residue was resuspended in DMF (70 mL). To thewere recorded with fresh solutions in each laser excitation. All
suspension, 1-bromodocosane (7.61 g, 19.5 mmol) was added and thexperiments were performed at 298 K.

solution was maintained at AL for 2 h. The reaction mixture was Kinetic Measurements.Kinetic measurements of electron-transfer
allowed to cool to room temperature and then evaporated to dryness atreactions from CoTPP tp-benzoquinone in the presence of Sc(QTf)
a reduced pressure. The residue was dissolved in €i@khed with were performed on a Unisoku RSP-601 stopped-flow rapid scan

brine, dried over anhydrous B&O,, and evaporated. Reprecipitation  spectrophotometer with a Unisoku thermostated cell holder. Typically,
from hexane-benzene gave 4-cyano-1-docosanoxybenzene as a palea deaerated MeCN solution of CoTPP (%010 M) and Sc(OTf}

yellow solid (7.28 g, 17.0 mmol, 97%)H NMR (270 MHz, CDC}) (5.0x 102t0 2.0x 107t M) was added to a deaerated MeCN solution
0 7.57 (d,J=8Hz, 2 H), 6.93 (dJ = 8 Hz, 2 H), 3.99 (tJ = 7 Hz, of p-benzoquinone (2.& 104 to 8.0x 10~ M) under Ar with stirring.
2 H), 1.80 (quintet) = 7 Hz, 2 H), 1.56-1.20 (m, 38 H), 0.88 (1) = The rates of electron-transfer reaction from CoTPP §.00°° M) to

7 Hz, 3 H); MS(FAB) 428 (M+ H"). To a stirred solution of LiAlH the p-benzoquinone derivatives [(:@.0) x 104 M] in the presence
(3.17 g, 83.5 mmol) in dry THF (100 mL), a solution of 4-cyano-1- of Sc(OTf) [(2.5—1.0) x 1072 M] were monitored in MeCN at 298 K
docosanoxybenzene (7.25 g, 16.9 mmol) in dry THF (50 mL) was added by the rise of the absorption band at 434 nm and the decay of the band
dropwise at 0C and stirring was continued at’C for 4 h. The reaction at 412 nm due to CoTPPand CoTPP, respectively. Kinetic measure-
mixture was quenched by addition of 5 mL of ethyl acetate followed ments were carried out under pseudo-first-order conditions where the
by addition of 300 mL 63 M HCI aqueous solution. The organic layer  concentrations of electron acceptors were maintained at greater than

was extracted with benzene, washed with saturate@€®a and dried 10-fold excess of the concentrations of electron donors at 298 K.
over anhydrous N&O, and then the solvent was evaporated. Flash Pseudo-first-order rate constants were determined by least-squares curve
column chromatography on silica gel with ethyl acetagthanol (2:1) fits of the data using a microcomputer.

as an eluentR = 0.05) and subsequent reprecipitation from hexane ESR MeasurementsESR measurements were carried out to detect

benzene gave 4-aminomethyl-1-docosanoxybenzene as a white solidhe radical ion pair produced in the photoinduced electron transfer from
(72% vyield, 5.27 g, 12.2 mmol}H NMR (270 MHz, CDC}) 6 7.20 3Ceo* to p-chloranil in the presence of Sc(OZfjThese experiments
(d,J=8Hz, 2 H), 6.86 (dJ =8 Hz, 2 H), 3.94 (tJ = 7 Hz, 2 H), were performed in frozen PhCN at 193 K under irradiation of light
3.79 (s, 2 H), 1.79 (quintet] = 7 Hz, 2 H), 1.56-1.20 (m, 38 H), with a high-pressure mercury lamp (USH-1005D) focusing at the sample
0.88 (t,J =7 Hz, 3 H); MS (FAB) 432 (M+ H™). To a stirred solution cell in the ESR cavity. The ESR spectra were measured with a JEOL
of [1,9]methanofullerene[70] carboxylic aé#(23.5 mg, 0.0261 mmol) X-band spectrometer (JES-RE1XE). The ESR spectra were recorded
and 1-hydroxybenzotriazole hydrate (HOBT) (6.3 mg, 0.0410 mmol) under nonsaturating microwave power conditions. The magnitude of
in 5 mL of bromobenzeneDMSO (5:1), was added under nitrogen  modulation was chosen to optimize the resolution and the signal-to-
atmosphere 1,3-dicyclohexylcarbodiimide (DCC) (28.5 mg, 0.138 noise @N) ratio of the observed spectra. Thealues were calibrated
mmol) followed by 4-aminomethyl-1-docosanoxybenzene (12.2 mg, with an Mre* marker.

0.0282 mmol). The reaction was stirred at room temperature for 20 h,  Theoretical Calculations. Semiempirical MO calculations were
after which the solvent was evaporated to yield a black solid. Flash performed at the MNDO level with Gaussian ¥&rinal geometries
column chromatography on silica gel with benzene as an el&enrt ( and energetics were obtained by optimizing the total molecular energy
0.15) and subsequent reprecipitation from benzewetonitrile gave with respect to all structural variables. The heats of formatitoH;)

9 as a dark grayish brown solid (25.0 mg, 0.0190 mmol, 73% yield). were calculated with the restricted Hartréeock (RHF) formalism

Mp >300°C; *H NMR (270 MHz, CDC}) 6 7.36 (d,J = 8 Hz, 2 H), using a key word “PRECISE".

6.92 (d,J =8 Hz, 2 H), 6.56 (tJ =5 Hz, 1 H), 4.63 (dJ = 5 Hz,

2 H), 3.96 (t,J = 7 Hz, 2 H), 3.50 (s, 1 H), 1.78 (quintel,= 7 Hz, Results and Discussion

2 H), 1.60-1.20 (m, 38 H), 0.88 (t) = 7 Hz, 3 H); MS (FAB) 1313 " 3

(M + H*); 15C NMR (101 MHz, CDC}) & 164.41, 159.04, 155.88, Sc™-Promoted Electron Transfer from 3Cgg* to p-Ben-

155.18, 151.45, 151.17, 150.68, 150.61, 150.56, 149.39, 149.27, 149.18Z0quinones.Photoexcitation of g with 532-nm laser light at
148.95, 148.60, 148.55, 148.46, 148.35, 148.27, 148.24, 147.71, 147.64Which Ggo has its absorption maximum results in formation of
147.53, 147.38, 147.33, 146.98, 146.87, 145.98, 145.87, 145.53, 145.21>Cec* via the fast intersystem crossing from the singlet excited
143.86, 143.43, 143.30, 143.16, 142.84, 142.67, 142.02, 141.95, 141.53state and is characterized by the triplaiplet absorption band
140.32, 139.15, 138.89, 137.05, 133.82, 133.70, 132.74, 130.86, 130.76at 740 nne4Although 3Ceg* is quenched byp-chloranil (CkQ)
130.66, 129.64(cH,), 129.12, 114.97GeHa), 68.18 (OCHy), 65.33 with a rate constant of 2.8 10’ M~ s7%, no Gt is formed
(Crosp), 64.13 (Gosp), 44.14 CHoCeHa), 31.92, 30.91, 29.70,29.62, s reported previousl? (see Supporting Information S1). This
29.42, 29.36, 29.26, 26.15, 26.0¢H), 22.69, 14.12. . i result is reasonable, judging from the positive free energy change
Laser Flash Photolysis. The measurements of radical cation (AG%) obtained from the one-electron oxidation potential of

absorption spectra in the photochemical reaction @f Cro, and their 3 0 _ 36 .
derivatives withp-benzoquinone ang-chloranil in the presence of Ced* (I_E o =020V Vs SCEP*and the one-electron reduction
potential ofp-chloranil E%eq= 0.01 V vs SCE}’

Sc(OTfy (0.11 M) were performed according to the following T - . )
procedures: The solution was deoxygenated by argon purging for 10 Photoexcitation ofp-benzoquinone generates its triplet
min prior to the measurement. The deaerated PhCN solution containing€Xcited state with unit efficiency owing to the ultrafast rate of
Cso, Cro, and their derivatives (1. 104 M) and p-benzoquinone intersystem crossing. The high energy of the triplet quinone
(0.10 M) or p-chloranil (0.04 M) was excited by a Nd:YAG laser with Er = 2.17 e\#9 is energetically sufficient to accomplish
(Quanta-Ray, GCR-130, 6 ns fwhm) at 532 nm with the power of 10 .

(33) (a) Dewar, M. J. S.; Thiel, WI. Am. Chem. S0d.977, 99, 4899.

mJ per pulse. For shorter time-scale measuremerisu€), a pulsed i o
xenon flash lamp (Tokyo Instruments, XF80-60, 15 J, 60 ms fwhm) (b)(sl?‘cf)m'/:ag,ml\él. é ETJ;‘ '%hn{Jbﬁgnﬁfghgimiéog‘gg 99, 4907.

was used for the probe beam, which was detected with a Ge-APD  (35) TheE%, value of Gy (1.26 V vs ferrocene/ferricenium) is converted
module (Hamamatsu, C5331-SPL) after passing through the photo-to the value vs SCE (1.76 \?)Subtraction of the triplet energy 8Cqc*
chemical quartz vessel (20 10 mm) and a monochromator. For longer  (1.56 eV§ from the E% value of Gy gives theE% value of*Csg* (0.20

V vs SCE).
(32) (&) Wang, Y.-H.; Cao, J.-R.; Schuster, D. I.; Wilson, S. R. (36) Hung, R. R.; Grabowski, J. J. Phys. Chem1991 95, 6073.
Tetrahedron Lett1995 36, 6843. (b) Wang, Y.-H.; Schuster, D. I.; Wilson, (37) Fukuzumi, S.; Koumitsu, S.; Hironaka, K.; TanakaJTAm. Chem.

S. R.; Welch, C. JJ. Org. Chem1996 61, 5198. Soc 1987, 109, 305.
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Figure 1. Transient absorption spectra observed in photoinduced
electron transfer from & (1.1 x 1074 M) to CL,Q (4.0 x 1072 M) in

the presence of St (0.11 M) after laser irradiation &t= 532 nm in
deaerated PhCN at 298 K (black circkesb us, black square= 25 us,

and black triangle= 100 us). Inset: Time profile of the absorption
band at 740 and 980 nm due Gss* and Gg'™.

the oxidation of aromatic donors including fullerenes. However,
selective photoexcitation with a 440-nm laser light pf
benzoquinone in PhCN containingdesults in formation of
3Ce0*, Which has a diagnostic band at 740 nm (see Supporting
Information S2). This suggests that an efficient energy transfer
from the triplet excited state gi-benzoquinone to & (Er =

1.56 eV¥* occurs rather than an electron transfer frog. C

(tion with §32.nm aser gt of @ n PhCN containing G FGU1e 2. ESR specta of (2)10LO™ ¢ and () La-(@Hs
results in the appearance of a new absorption band at 980 nmCHRCesICLQ” ~SC* generated in photoinduced electron transfer
A i i A ) X from Ceo (28 x 1074 M) and 1,4-(GH5CH2)2C50 (28 x 1074 M) to

which is readily assigned togg*,%1%4%s shown in Figure ClQ (L0 x 102 M) in the presence of St (5.6 x 10 M) in
The absorption band due to thgchloranil radical anion deaerated PhCN at 193 K and (cxQt —S&* generated in photoin-
(ClyQ")—Sc* complex, which should be formed together with  duced electron transfer from (BNAJ4.0 x 1072 M) to Cl,Q (4.0 x
Ceo™ seems to be overlapped at 500 nm with the residual 1072 M) in the presence of St (5.6 x 1073 M) in deaerated PhCN at
absorption due t6Ceg*. The decay of3Cge* at 740 nm is 193 K.

accompanied by the appearance gfCat 980 nm, but this

species decays at prolonged reaction time (see inset of Figurescheme 1

1). This indicates that photoinduced electron transfer f#Geg* o . o

to CliQ (ke Occurs in the presence of Bcto produce Gt Gy + C'j¢[0' N P ¢ ¢
and the CJQ~—Sc* complex, both of which decay via a back oTYe 4 s T G
electron-transferkge) process (Scheme 1). The strong binding ©hQ) (CLQ—5c™)
between CJQ*~ and Sé" makes the electron transfer energeti-

cally feasible as reported for the¥ecatalyzed electron-transfer l Koet
reduction ofp-benzoquinoné® 0

The formation of the radical intermediate complexC- Cos + °'j¢[°' 4 5o
Cl4Q~—Sc] in Scheme 1 is confirmed by the ESR spectrum cl
observed in the S¢-promoted photoinduced electron transfer
from 3Cgg* to Cl4Q in frozen PhCN at 193 K under photoirra- ) ]
diation with a high-pressure mercury lamp. The resulting CH2)2Ceo the ESR signal ag = 2.0024 (Figure 2b) becomes
spectrum is shown in Figure 2a and consists of two overlapping More prominent as compared to the case @f C

isotropic ESR signals which have differavalues ¢ = 2.0068 10 assign these ESR signals, tha@f —Sc*" complex was
and 2.0024). However, whenggis replaced by 1,4-(s- independently produced by photoinduced electron transfer from
dimeric 1-benzyl-1,4-dihydronicotinamide [(BNAJ? to p-

(38) (@) Raéhore, R.; Hublgg S. M; KOChth_- &.Am. Chemﬁ S0d997 chloranil in frozen PhCN at 77 K. (BNA)is known to act as

é}lg'zggﬁg' (b) Sun, D.; Hubig, S. M.; Kochi, J. K. Org. Chem1999 a unique two-electron donor to produce radical anions of electron
(39) Calvert, J. G.; Pitts, J. N., JPhotochemistryWiley: New York, acceptorg? The ESR spectrum of @@~ —Sc** thus produced

1996; p 786. (eq 1) is shown in Figure 2c. This signal in the spectrum at
(40) Kato, T.; Kodama, T.; Shida, T.; Nakagawa, T.; Matsui, Y.; Suzuki,

S.; Shinoharu, H.; Yamaguchi, K.; Achiba, €hem. Phys. Letl.991, 180, (42) (a) Patz, M.; Kuwahara, Y.; Suenobu, T.; FukuzumiCBem. Lett.

446. 1997, 567. (b) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S;
(41) Since the transient absorption spectra were measured at 20-nmFujitsuka, M.; Ito, O.J. Am. Chem. Sod998 120, 8060.

interval, the determined absorption maximum has an uncertainty-02Q0 (43) Fukuzumi, S.; Suenobu, T.; Urano, T.; TanakaCKem. Lett1997,

nm. 875.
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0 02 04 06 08 10 1.2 102[sc3+] /M

10 [Sc™]/M Figure 4. (a) Plot of decay rate constark) of 3Ceso* vs [Q] in the
Figure 3. (a) Plot of decay rate constantg)(of 3Ces* vs [Cl4Q] in presence of St (0.10 M) in deaerated PhCN at 298 K. (b) Plotkof
the presence of 8t (0.11 M) in deaerated PhCN at 298 K. (b) Plot of  vs [SE*] for electron transfer fromiCeo* to Q (white circles) and from
ket Vs [SE*] for electron transfer fromCeg* to Cl4Q in deaerated PhCN CoTPP (1.0x 105 M) to Q (1.0 x 1072 M) (black circles) in the
at 298 K. presence of S¢ in deaerated PhCN at 298 K.

g = 2.0068 agrees with the ESR signal with thevalue of concentrations, changing to a second-order dependence at high
2.0068 in Figure 2a. The other ESR signalgat 2.0024 in concentrations as shown in Figure 4b (open circles).

Figure 2a agrees with that reported fogC.10-44 Such a mixture of first-order and second-order dependence
on [SE*] is also observed in electron transfer from CoTPP
(TPP~ = tetraphenylporphyrin dianion) to Q. No electron
transfer from CoTPP to Q occurs in PhCN at 298 K. In the
presence of Sc(OT{)however, efficient electron transfer from
CoTPP to Q occurs to yield CoTPRsee Supporting Informa-

tion S3). The electron-transfer rates obey second-order kinetics,

Cl
[ ﬁ[ 1) *-Sc
N Cl k
B2 086> CoTPP + ﬁj) 2 . CoTPP* + (5 (2)
O

BNA* + 25¢3

0™=8c>*

The decay rate of the absorbance du€Gg* at 740 nm
(inset of Figure 1) obeys pseudo-first-order kinetics and the
pseudo-first-order rate constarikg) increases linearly with

showing a first-order dependence on each reactant concentration.
The dependence of the observed electron-transfer rate constant
(ket) ON [SE™] was examined for electron transfer from CoTPP

Increasing thep-chloranil concent'ratlon [GR] as 3.h°W.“ n to Q at various concentrations of 3¢ The results are shown
Figure 3a. From the slope of the linear correlation in Figure 3a .~ = . ) ;
in Figure 4b (black circles), where tthg value increases linearly

is obtained the second-order rate constant of electron transfer

. . e
(kep in Scheme 1. Thi value increases linearly with increasing with [Sc* ].to show a f!rst order dependence on {Scat low .
the S&* concentration as shown in Figure 3b concentrations, changing to a second-order dependence at high

o ) concentrations as is the case of the'Sgromoted electron
Whenp-chloranil is replaced bp-benzoquinone (Q), thie

- transfer from3Ceg* to Q in Figure 4b (open circles).
value for electron transfer frodCso* to Q, which was evaluated A mixture of first-order and second-order dependence on

from the slope of the line in Figure 4a, increases with an increase[Scs+] is ascribed to formation of 1:1 and 1:2 complexes
in [Sc*] to exhibit a first-order dependence on fSat low between the semiquinone radical anion and %t the low and

(44) Siedschlag, C.; Torres-Garcia, G.; Wolff, C.; Mattay, J.; Fujitsuka, high Concentratlons_of ¢ (eqs 3 and 4, respectively), which
M.; Watanabe, A.; Ito, O.: Dunsch, L.; Ziegs, F.: Luftmann,Hnform. results in acceleration of the rate of electron transfer. The
Res.1998 24, 265. complex formation of @ and Sé*
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_ K _ 10 7
Q +s¢ =0Q -s¢ (3)
o— + Ko n 6
Q +sct+s¢=Q -25¢ (4) 8
‘I-(D 5 =
should result in the positive shift of the one-electron reduction % “‘;
potential of Q Ereg and the Nernst equation is given by eq 5, & 6 4 -
whereE%q is the one-electron reduction potential é ‘:g
0 3+ 3+ ‘E, 4 ’ :ﬁ
Ecd= E g+ (2.3RTF) log K [Sc™"](1 + K,[SC™']) (5) “:c_, » &
of Q to @~ in the absence of St and K; and K, are the 2 r 41
formation constants for the 1:1 and 1:2 complexes between Q
and Sé*, respectively. Since St has no effect on the oxidation 0 - - 1 1 1 0
potential of CoTPP aniCss*, the free energy change of electron 0 2 4 6 8 10 12
transfer in the_presence of Bo(AGey) can be expressed by eq 102 [Sc®] /M
6, whereAGC%; s the free energy change in the absence éf Sc )
Thus, electron transfer from CoTPP at@k* to Q and Figure 5. (a) Plot ofke/[SC®"] vs [Sc*] for electron transfer from &
to Q in the presence of $tin deaerated PhCN at 298 K (white circles).
0 3t 342 (b) Plot ofke/[SC3*] vs [SE'] for electron transfer from CoTPP to Q
AGy = AG o — (2.3RT) log(K[Sc™'] + K;K,[Sc™]%) (6) in the presence of St in deaerated PhCN at 298 K (black circles).
Cl4,Q becomes more favorable energetically with an increase (a) g=2.0034
in the concentration of St. If such a change in the energetics
is directly reflected in the transition state of electron transfer,

the dependence of the observed rate constant of electron transfer

(kep) On [SE™] can be derived from eq 6 as given by eq 7, where ! ’

ko is the rate constant in the absence o%'Sc I
I

kef[SC'] = koK (1 + K [SC™)) (7) |l

. . ) . o'-sc**
The validity of eq 7 is confirmed by the linear plot &fy/ P
[ScT] vs [SET] for the SEt-promoted electron transfer from
3Cs0* and CoTPP to Q as shown in Figure 5 (part a and b,
respectively). From the slopes and intercepts in Figures 5a and (b} ~—Sc
5b are obtained thK; values as 1.7 and 2.0, respectively. The f\ a(d4H) = a(25¢) =1.15G
agreement of these twi§, values supports the validity of the

analysis. /\ \ \

Since there is no interaction between Q ané$s indicated \J i f\
by the lack of spectral change of Q in the presence &f She [ \
acceleration of electron transfer from CoTPP to Q is ascribed \ ’ \j

AHng =050 G

to the complexation of St with Q*~. The formation of the

1:2 complex betweenQ and Sé" (eq 4) is confirmed by the

ESR spectrum of @—2Sé*, which shows superhyperfine ) o ) .

structure due to the interaction of Quith two Sc nuclei. Since  F19ure 6. () ESR spectrum of propionitrile solution containing (BhA)
. g . - - . (1.6 x 1072 M), p-benzoquinone (4.% 102 M), and Sc(OTf} (4.4

Q 'ZS@hIS uns;aéble beca}use of the facile glfSDrCr)]porF'Od”a“Odn x 1072 M) with irradiation of a high-pressure mercury lamp at 203 K.

reaction, the @ — complex was generated in photoinduced () computer simulation spectrum with= 2.0034,a(4H) = a(2Sc)

electron transfer from [(BNA]*®to Q at low temperatures. The  ='1.15 G, AHmg = 0.50 G.

photochemical reaction was carried out in an ESR cavity where

an ESR tube containing a propionitrile (EtCN) solution of agreement between the observed and simulation spectra confirms
(BNA),, Q, and S&" was irradiated with a mercury lamp at  the formation of the 1:2 complex between @nd Sé* .45

203 K. Propionitrile was used instead of PhCN to avoid freezing  Formation of Radical Cations of Fullerene Derivatives.

the solvent at 203 K. The observed ESR spectrum of the The formation of G&+ by Sé&+-promoted photoinduced electron-
semiquinone radical anion €Q in the presence of St (4.4 transfer oxidation ofCsg* by p-chloranil (vide supra) enables

x 1072 M) is shown in Figure 6a. The well-resolved 19 lines us to examine the oxidation reactivities of a series of fullerene
of the spectrum clearly indicate the hyperfine splittia¢4H)) derivatives quantitatively, because oxidation of fullerenes is
due to four protons of semiquinone radical anions and super- expected to be easier upon derivatizaidrnThe examined
hyperfine splitting &4(2Sc)) of two equivalent S¢ nuclei ( = fullerene derivatives are shown in Chart 1.

’l;). The hyperfine splitting constants are almost the same As is the case for g (Figure 1), the transient absorption
betweera(4H) anda(2Sc), resulting in the overall nuclear spin  maxima of other fullerene radical cations were determined by
=9, which causes 19 lines. The computer simulation spectrum (a5) The 1:2 complex between-Oand S is exclusively formed at

with a(4H) = 1.15 G,a(2Sc) = 1.15 G with the line width 203 K probably because of the largle value at the low temperature as
(AHmg) = 0.50 G is shown in Figure 6b for comparison. The compared to the value at 298 K.
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Chart 1 (a)
900 nm

triplet deca;
o P y

AO.D.(x10%)
N
o

0 0 10 20 30 40
Time, pus
1,4-X-CeHaCHal2Ceo 1,4-Bui(CeHsCH)Ce0 (4) N-methylpyrrolidine-Ceo (8)
RS by 12
2-Br (5) —
H (6) )
=)
E 8
n: 4
g
0
[1.9]-methano-Cyq (9)
Table 1. Absorption Maxima {ms) andg Values of Fullerene (c)
Radical Cations, Rate Constants of Electron Trandégr ffom P
Fullerene Triplets tg-Chloranil in the Presence of Sc(O7{0.11 =
M), and Relative HOMO Level of FullerenedExomo) X
a
Amax Ket, AEnowmo,? o}
compound nm gvalue Mls? eV <
Ceo 980 2.0024 1.Xx 10° 0 0
1,4-(4-BrGH.CHp),Coo 920 2.0024 2.3 10°  0.22 0 10 20 30 40
1,4-(3-BrGH4CH,)-Ceo 920 2.0024 2.5 10° 0.24 Time, ps

1,4-(BU)(CeHsCHz)Cso 900 2.0024 2.6¢ 10°  0.31

1.4-(2-BrGH.CH,):Coo 900 2.0024 2.7% 10° 0.32 Figure 7. Time profiles observed in the photoinduced electron transfer

from Gy (1.1 x 107* M) to Cl4Q (4.0 x 1072 M) in the presence of

CoO~NOODWNE

1,4-(GHsCH;)2Ceo 920 2.0024 3.0< 1¢° 0.32 " . !

Cro 1400 2.0017 4.6« 10° 0.46 ScSt (0.11 M) at (a) 900, (b) 770, and (c) 1400 nm. Time profile at
N-methylpyrrolidine-Go 960 2.0026 5.% 1°  0.51 900 nm is mainly due t8Cs¢*. The time profile of G¢'* is obtained
[1,9]methano-& 1400 2.0012 8.4 10° 0.60 by subtracting the time profile ofC;o* (the dotted line) from the

observed time profile at 770 and 1400 nm (part b and c, respectively).

a Calculated by the MNDO semiempirical method in reference to
Ceo.

laser flash photolysis experiments for the*’Spromoted pho- 20
toinduced electron-transfer reactions from the triplet excited
states of the fullerene derivatives fechloranil (e.g., see
Supporting Information S4). Théma values of the fullerene
radical cations are listed in Table 1 (vide infra).

In the case of & (7), the triplet-triplet absorption band of
Cro, Which appears &tmax = 900 nm, decays to reach a residual
absorbance due to;£" as shown in Figure 7a. At other
wavelengths the rise in absorbance due ¢'ds significantly
mixed with the decay in absorbance du€@y* as shown in
a time profile at 770 nm (Figure 7b) and at 1400 nm (Figure . ,
7c). The decay ofC;g* obeys first-order kinetics and the 400 800 1200 1600
pseudo-first-order rate constant increases linearly with increasing

Cl4Q concentration [GR] as in the case 0Cq¢*. The second- . ) ) .
order rate constant of electron transfies)(is determined from Figure _8. Tran5|ent_ absorptlon_ spectra after subtraction of the
the slope of the linear correlation and is listed in Table 1. To absorption due t&Cys" in the photoinduced electron transfer fromoC

‘ (1.1 x 104 M) to Cl,Q (4.0 x 1072 M) in the presence of S¢ (0.11

eXtr‘_aCt the time profile Qf %ﬁ at 770 and 1400 nm, the time M) at 250 ns and 1@s after laser excitation dt= 532 nm in deaerated
profile of 3C7¢* (dotted line) is subtracted from the observed ppcn at 298 K.

time profile as shown in parts b and c of Figure 7, respectively.

This procedure is repeated at each wavelength to obtain the time-have recently reported that€" has an absorption band at 770

resolved absorption spectrum due te¢’€. The maximum nm which corresponds to the band observed at 770 nm in Figure

absorbance due to;€£" is obtained at 1@s (Figure 7b,c). The 8. Since the time profile at 1400 nm (Figure 7c) is the same as

transient absorption spectra thus obtained at 250 ns apd 10 the profile at 770 nm after subtraction of the absorbance due to

are shown in Figure 8, where a broad absorption band is 3C;¢* (Figure 7b), the long-wavelength absorption band in the

observed in the NIR region (1400 nm) together with the bands NIR region gmax = 1400 nm) is clearly attributed to£*. A

at 770 and 500 nm in the spectrum at 466 Reed et al° similar broad NIR band is observed for [1,9]methanofullerene-
(46) The absorption bands at shorter wavelengths than 700 nm may be[70] (9) (Table 1, see also Supporting Information, S5).

overlapped with the bands due ta;Q~—Sc*, since these absorption bands The formation of the radical ion pair E@+C|4Q ~—Sc']is
are commonly observed for other fullerene derivatives (e.g., see Figure 1). confirmed by the ESR spectrum observed irf"Sgromoted

AO.D.(x10%)
)

Wavelength, nm
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Figure 9. ESR spectra of (a) ££7/Cl,Q~—Sc* and (b)9*/Cl,Q——
Sc* generated in photoinduced electron transfer from(2.8 x 1074
M) and 9 (2.8 x 107 M) to Cl4Q (1.0 x 10°* M) in the presence of
Sc&* (5.6 x 1072 M) in deaerated PhCN at 193 K.
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Figure 10. Plot between lod: and AEnomo based on the data in
Table 1.

photoinduced electron transfer frof;¢* to Cl4Q in frozen
PhCN at 193 K under photoirradiation with a high-pressure
mercury lamp as shown in Figure 9a. As is the case fgr C
(Figure 2a), two isotropic ESR signalg € 2.0068 andy =

J. Am. Chem. Soc., Vol. 123, No. 50, Znmb

ClyQ~ and the latter is assigned to;¢C". In contrast to the
case of Gt (g = 2.0024 in Figure 2), thg value of Gg'* is
smaller than the free spin value (2.0023). Whegi€replaced

by a functionalized & (9), theg value of9"* (2.0012) becomes
even smaller as compared te,C. Theseg values are listed in
Table 1 together with those of other fullerenes obtained in a
similar manner.

Relationship between Rates of Electron-Transfer Oxida-
tion of Fullerene Triplet Excited States and the HOMO
Energies. The ke values of S&"-promoted photoinduced
electron transfer from the triplet excited states of a series of
fullerenes tgp-chloranil were determined as for the case gf C
and Gy (vide supra) and these values are listed in Table 1. The
ket value also increases with increasing the cage size of the
fullerenes (Table 1). Such an increase in kievalue may be
primarily ascribed to the higher HOMO energies upon the
derivatization of Gy and Gy since the ionization energies of
fullerenes are reported to decrease for derivatizgdad higher
fullerenest®~22 Since the HOMO levels of fullerenes calculated
by the semiempirical MNDO method are shown to be well-
correlated with the one-electron oxidation potentials of fullerénes,
an increase in the HOMO energy relative tey CAEnomo) has
been calculated for each fullerene in Table 1 (see Experimental
Section). A plot between loks: andAEomo is shown in Figure
10, where there is a good linear correlation between them. Such
a linear correlation suggests that the electron-transfer oxidation
reactivities of the triplet excited states of fullerenep-chloranil
are largely determined by the HOMO energies of fullerenes
when the triplet energies remain virtually the same among the
fullerenes.
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2.0017) are observed in Figure 9a. The former is attributed to JA016335D



