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Radical anions of dibenzyl adducts o§sC1,4-(GHsCH,).Cso'™ and 1,2-(GHsCH,).Ceo' ™, give ESR spectra
which have largeg values (2.0004 and 2.0001, respectively) and much smaller line widthss(= 2.5 and

3.3 G, respectively, at 213 K) than tigevalue (1.9984) and thAHns value (30.9 G at 213 K) of . An
even smalleAHng value (0.17 G) and a largervalue (2.0011) are observed for the tetrabenzylagiduct
radical anion, 1,4,10,24-¢8sCH,),Csc~ and this is ascribed to a large splitting of the degeneiatabitals
caused by introduction of four benzyl groups t@.n this case, a hyperfine structure, due to two nonequivalent
protons of only one benzyl groupil; = 0.31 G,aH,; = 0.11 G), is observed and this is consistent with the

predicted localized spin density at the C2 position next to the C1 carbon to which a benzyl group is attached.

The radical anions of the mono- and bisadducts formed in the Bidtier cycloaddition reaction of &
with 9,10-dimethylanthracene show ESR signals at diffegaratiues (2.0003 for the monoadduct and 2.0009

for the bisadduct). The relationship between lower symmetry and the ESR spectra of radical anions of various

Ceo derivatives is discussed in terms of thevalues and the line widths. The energy gap lfetween the
singly occupied orbital and the two other orbitals which hag,aymmetry prior to introduction of addends
to Cso is derived from differences in thgpvalues of various g~ derivatives from the free spin value (2.0023).
A linear correlation is shown to exist between g and—4d. Thed values are also obtained from Arrhenius
plots of In AHmg vs T~1 and they agree well with the values derived from thealues and the reduction

potentials.
Introduction is reduced from that of £, and this is expected to affect the
. ESR spectra. The derivatization will sufficiently perturb the){t
Buckminsterfullerene, &, hasl, symmetry and thesj of degeneracy such that the line width is neither broad nor

the lowest unoccupied molecular orbital (LUMO) angy t  temperature dependent in contrast with the paregt @t In
LUMO+1 orbital are both 3-fold degenerdté The addition  thig context, we have recently reported that there is a splitting
of one electron into the 3-fold degenerate LUMO gives a Species 4 ihe degenerate LUMO and LUMEL Cy, orbitals by addition
whose ESR spectrum shows a very broad signal wgtvalue of benzyl groups to € which gives ESR spectra of the
(1'9984)3Y‘gh'(:h is significantly lower than the free spin value o rganofullerene radical anions being quite different from those
(2.0023)>"° The unusually lowg value of Go'™ is attributed to of the parent & radical aniori! However, there has so far been
spin—orbit coupling effects from unquenched angular MOMEN- no systematic study as to the effects of lowering symmetry on
tum in Jahr-Teller distorted states of the,t configuration? the ESR spectra of radical anions of fullerene derivatives.
The Sma” JahﬁTeI_Ier splitting results n fast spﬂ_ciamce A series of dialkyl and tetraalkyl derivatives of&which
relaxatl_on ra_tes wh|ct.1_ha_s b_een th? main determlnsant of the have a variety of different symmetries have been synthesized
larger line width of G W'.th mcreasmg.temperatu?e. The by the reactions of £&?*~ with alkyl halides'?~1¢ The radical
broadl EtﬁR Sr']gna.l 0‘; %’ Its't accfomﬁgr;]|er(]1l byba sha;;]p splkgz anions of these organofullerenes can be quantitatively formed
signal, the chemical | erlly of which has gen € major by a photochemical reaction in the presence of the dimeric
unresolved problem in &~ ESR spectroscopfy. The m_o?t 1-benzyl-1,4-dihydronicotinamide [(BNA]!” or by a one-
likely can(ﬁdate has been suggested to bﬁ. C or (C6°)2. ) electron reduction of the organofullerene with tetramethylsemi-
A comparison of ESR.spectra of the radical anion of 'S.O""!‘ed quinone radical aniof? We have now performed a systematic
C1.2°O with the sp_|ke signal has rec_ently_ provided c_ognvmcmg study on how the lower symmetry of organofullerenes (Figure
evidence for assignment of the _splke_ S|gngl t{QOO. - the 1) will affect the ESR spectra and the reduction potentials for
neutral form of which is an ublqwtogs impurity in alr-ex.posed a series of compounds in their radical anion form and these
samples of .1° The symmetry of derivatizedggradical anions data are compared to those of the pareggr@dical anion.
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9 1,4,10,24-(C4HsCH,),Ce,

Figure 1. Various Gy derivatives which were examined as to the ESR spectra of the corresponding radical anions.

(PhCN) was purchased from Wako Pure Chemical Ind. Ltd., ESR Measurements.A quartz ESR tube (4.5-mm i.d.)
Japan, and distilled over,®s prior to uset® All alkyl halides, containing a deaerated benzonitrile solution of (BNA).0 x
naphthalene, 9,10-dimethylanthracene, and sodium were ob-10-4M) and G (2.0 x 1074 M) was irradiated in the cavity of
tained commercially. GShexane, toluene, methanol, and silica the ESR spectrometer with the focused light of a 1000-W high-
gel from EM Science (Gibbstown, NJ) were used without further pressure Hg lamp through an aqueous filter. The radical anion
treatment. Tetra-butylammonium perchlorate (TBAP) was of 1,4,10,24-(GHsCH,)4Ces0 (2.8 x 1074 M) was also produced
recrystallized from ethanol and dried under vacuum at 313 K. by photochemical reduction of tetrabenzykyGdduct with
The dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)was (BNA), (1.4 x 1073 M). The ESR spectra in frozen benzonitrile
prepared according to procedures described in the literétdite.  were measured at various temperatures (133 to 233 K) with a
The examined 1,2-(¢E15CH,)>Ceo (2)2° and 1,4-RCqsp deriva- JEOL X-band spectrometer (JES-RE1XE) using an attached VT
tives (R = CgHsCH, (5), 4-BrGH4CH, (6), 3-BrCsH4CH, (variable temperature) apparatus. More concentrated benzonitrile
(7))*213were prepared by a reaction of electrogeneratg@C solutions of G~ were needed for the ESR measurements of
with RBr as described previously. This method was also utilized Cgg~ at higher temperatures, and these were produced with the
to prepare 1,4,10,24-685CH,)4Cso (9) starting from 1,4-(GHs- reduction of Gy by tetramethyl-semiquinone radical anion,
CH,),Ce0.16 The reaction between electrogenerated 1 ¢HEC which was used to determine the large line widths. Typically,
CH,)2Cs0?~ and GHsCH,Br in benzonitrile was allowed to  an aliquot of tetramethylsemiquinone radical anion (4.00-3
proceed for 60 min. Benzonitrile was removed from the solution M) was added to a quartz cuvette (10 mm i.d.) which contained
by a rotary evaporator after which the solid residue was washeda deaerated PhCN suspension (3.0 mL) gf @.0 x 1073 M)
with methanol and filtered to eliminate the TBAP supporting under an atmospheric pressure of Ar. TatrButylammonium
electrolyte and excesssBsCH,Br. The crude solid was mixed  hydroxide (TBAOH) was used for generation of the tetrameth-
with a hexanes/toluene mixture (55:45 v/v) and then analyzed ylsemiquinone radical anion in the reaction between tetrameth-
by HPLC. Some material could not be eluted with the hexane/ ylhydroquinone and tetramethgtbenzoquinoné3 After addi-
toluene mixture and required pure toluene to be eluted. Thetion of tetramethylsemiquinone radical anion, the suspension
crystal structure of one fraction eluted with the hexane/toluene of Cgo became soluble in benzonitrile whergsC (4.0 x 103

mixture was determined to be the 1,4;1,4-isomer ofH&E M) was formed quantitatively. The deaerated benzonitrile
CHy,)4Cs0, Which is designated as 1,4,10,24{5CH,)4Cs0 (9).16 solution of Gg~ was transferred to a quartz ESR tube (1.2 mm
The G monoadduct4) and bisadduct8) of 9,10-dimethylan- i.d.) with a microsyringe under an atmospheric pressure of Ar.
thracene were prepared by the reaction gf 2.8 x 1074 M) The small i.d. size is required because of the large dielectric
with 9,10-dimethylanthracene (2:8 104 or 2.8 x 102 M) at loss of benzonitrile solution. The radical anions of 1,4- and 1,2-

room temperature in benzonitrile. The product mixtures for R,Cso as well as Gyanthracene adducts were also produced
measurements of FAB-mass spectra were obtained by the simpléoy the tetramethyl-semiquinone radical antéithe ESR spectra
evaporation of the solvents. The [6,6]-methanofullerefé! ( were recorded under nonsaturating microwave power conditions.
and the Go-N-methylpyrrolidine derivative3)?2 were synthe- The magnitude of modulation was chosen to optimize the
sized according to literature procedures. resolution and the signal-to-nois&) ratio of the observed
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spectra, when the maximum slope line widihHg) of the
ESR signals was unchanged with larger modulation. ghe
values and hyperfine coupling constants were calibrated pre-
cisely with an Mi@™ marker which was used as a reference.
Theoretical Calculations. Theoretical calculations were
performed using the MOPAC program (Version 6) which is
incorporated in the MOLMOLIS program by Daikin Industries,
Ltd. The PM3 Hamiltonian was used for the semiempirical MO
calculationg?® Final geometries and energetics were obtained
by optimizing the total molecular energy with respect to all
structural variables. The heats of formatiakH;) were calcu-
lated with the restricted Hartred-ock (RHF) formalism using
a key word “PRECISE".

Results and Discussion

ESR Spectra of Radical Anions of Go Derivatives. The
radical anion of G is quantitatively formed by the photochemi-
cal reaction of G with dimeric 1-benzyl-1,4-dihydronicotina-
mide [(BNA);] which acts as an electron donor in PhCN (eq
1)1 The ESR spectrum ofdg~ (Figure 2a) thus formed shows

a characteristic broad signal of¢C (g = 1.9984,AHns =
30.9 G) at 213 K together with a sharp “spike” signgl=
2.0002, AHmg = 2.0 G) which is always seen in the ESR
spectrum of Gg~.37825.26

The ESR spectrum of the radical anion of 1,2HECH,)2Ceo
(2), which has a lower symmetnC§,) as compared to thk,
symmetry of Go,2° shows a much sharper signal and has a larger
g value @ = 2.0001,AHns = 3.9 G) in PhCN at 298 K than
Ceo~ at 213 K and this is illustrated in Figure 2b. Essentially
the same ESR spectrung & 2.0001, AHng = 3.3G) was
observed in frozen PhCN at 173 K. Hyperfine structure due to
the methylene protons of the benzyl groups is not observed,
even at a much smaller modulation (0.2 G) and this could be
due to the fact that the hyperfine coupling constants may be
too small to detect with this line width (3.3 G). When the
symmetry is further reduced from@,, in 1,2-(GHsCH,)2Cso
(2) to Csin 1,4-(GHsCH,)2Cso (5),2° the ESR spectrum of 1,4-
(CsHsCH,)2Ceo"~ gives a slightly largeg value and a smaller
line width (@ = 2.0004,AHns = 2.5 G) than is seen for 1,2-
(CeHs5CH2)2Ce0 .

Figure 3 shows plots of the line widtiAH,s) for the broad
signal of G~ and the sharp signals of 1,4d@CH,).Ceo"~
(57) and 1,2-(GHsCH,)2Cso"~ (2°7) as a function of temper-
ature. TheAHng value of Gg~ in frozen benzonitrile increases
significantly with temperature as was earlier repofed,
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Figure 2. ESR spectra of (a) &~ generated in the photoinduced
electron transfer from (BNA)(1 x 104 M) to Cg (2 x 1074 M) in
deaerated PhCN observed at 213 K under irradiation of-VWig light
from a Xe lamp, and (b) 1,2-¢E1sCH,).Csc~ generated in the electron-
transfer reduction of 1,2-¢BisCH,).Ceo (2 x 1074 M) by tetrameth-
ylsemiquinone radical anion (2 104 M) in deaerated PhCN observed
in benzonitrile at 298 K. Asterisk (*) denotes an Mrmarker.

whereas thé\Hpg values of 1,4-(GHsCH,).Csc~ (2.5 G) and
1,2-(GHsCH,).Ceo"~ (3.3 G) remain nearly constant below 213
K, irrespective of temperature. The broad ESR signal, the
temperature dependence/ifl,s for Ceo'™ and its smalb value
as compared to the free spin value (2.0023) have been ascribed
to a degeneratéE;, ground state and a low-lyingA,, excited
state, both of which would arise from Jahieller distortion
of Cso~ along the principal axis iDsq symmetry3-826.27Since
1,4-(CGH5CH2)2C60 and 1,2-(@H5CH2)2C60 have a much lower
symmetry Cs and C,,, respectively), the triply degeneratig
orbitals in the parent § would no longer be degenerate in 1,4-
and 1,2-(@H5CH2)2C60. The line widths of 1,4-(€H5CH2)2C60'_
(57) and 1,2-(GHsCH,).Ceo*~ (2°7) therefore become much
smaller than that of §~, while theg values (2.0004 and 2.0001,
respectively) become larger than that afyC (g = 1.9984).
Radical anions of other 1,2- and 1,4-adducts gf Eigure
1) were also prepared by the one-electron reduction of these
organofullerene with tetramethylsemiquinone radical anion. The
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Figure 3. Temperature dependenceifing of ESR spectra for 5~
(.), 1,2-(C6H5CH2)2050'_ (.), and 1,4-(@H5CH2)2C50'_ (A) in frozen
benzonitrile.

TABLE 1: The Isotropic g-Values and Line Width (AH )
of the ESR Signals of Radical Anions of G, and Derivatives,
the Energy Gap () between the LUMO and LUMO+1
Orbitals, and the Difference in the First and Third
Reduction Potentials in Reference to G (AE;_3)

AHmsi 02 o° AE; 3¢
g-value (G) (kcalmor?) (kcal mol?) (kcal mol?)

Cso 1.9984 60.0 1.0 1.0 -
1 1.9998 4.1 1.6 1.7 0.5
2 2.0001 3.9 1.8 1.8 0.7
3 2.0002 1.7 1.9
4 2.0003 1.5 2.0 1.9
5 2.0004 25 2.1 1.6
6 2.0007 0.9 2.5 2.6 25
7 2.0008 0.8 2.7 2.6 2.3
8 2.0009 0.4 2.9 2.9
9 2.0010 0.2 3.1 6.7
“Spike” 2.0002 1.1 1.9 1.3

2 Derived from theg-values using eq 3 Derived from the temper-
ature dependence &Hng using eq 4° Obtained from the reduction
potentials in refs 1416, 20.

g values andAHn values obtained from the ESR spectra of

these radical anions recorded at 298 K are listed in Table 1. In

adducts. This is consistent with the lowered symmetry of the
1,4-adducts@s) as compared to th€,, symmetry of the 1,2-

adducts and is seen for all investigated compounds except for

1,4-(GHsCH,)2Cs0"~ (5) which has a largeAH s value than
1,2-adduct radical anion$,(4).

The introduction of two additional benzyl addends to the
dibenzyl adduct of gy may result in a much larger splitting of
the triply degenerate t orbitals than is seen in the case of the
parent Go. An X-ray structure of the major product which was
isolated in a reaction of the dianion of 1,45t&CH,),Cso With
CsHsCH,Br reveals formation of 1,4,10,24-85CH,)4Cso (9)
which has no symmetryQ;).16

The radical anion of 1,4,10,24-{85CH,)4Cso produced by
the photochemical reaction of 1,4,10,2466CH,)4Cso With
(BNA), exhibits a much sharper ESR signal as compared to
1,4-(GHsCHy)2Ceo".12 The g value of 2.0010 for 1,4,10,24-

J. Phys. Chem. A, Vol. 104, No. 46, 20000691
SCHEME 1

Monoadduct

Bisadduct
8

(CeHsCHy)4Co0"~ (9°) becomes closer to the free spin valge (
= 2.0023) and is quite different from tlgevalue of Go~ (g =
1.9984). The hyperfine structure witdH,; = 0.31 G,aH; =
0.11 G is observed with the smallest line widfkiHs = 0.17
G) among the organofullerene radical anions in TabléThe
much smalleAH) value (0.17 G) and largeyvalue (2.0011)
of 1,4,10,24-(GHsCH,)4Cso’~ as compared to &~ (AHms =
30.9 G andy = 1.9984) are ascribed to a large splitting of the
degenerate;} orbitals caused by introduction of four benzyl
groups to Go. The hyperfine structure arises from interaction
of the single unpaired electron with two nonequivalent protons
of only one of the four benzyl groups in 1,4,10,24:{s-
CHy)4Ceg .12

The Diels-Alder reactions of @ with anthracene and
substituted anthracenes are known to underge2]4cycload-
dition where not only the gg-anthracene 1:1 cycloadduct, i.e.,
the monoadduct, but also the 1:2 adduct (the bisadduct) are
formed as a mixture at ambient temperature in solution (Scheme
1)28 In the same manner, a product mixture of monoadduct
and bisadduct was obtained in the solvent-free reactionsef C
with 9-methylanthracen®.Only the monoadduct is formed in
the Diels-Alder reaction of G (2.8 x 1074 M) with one
equivalent of 9,10-dimethylanthracene (2804 M) in PhCN
for 1 h at 298 K. As theeaction proceeds, the diagnostic visible
absorption band of the 1,2-adduct appears as a sharp peak at
Amax= 434 nm. The monoadduct can be reduced by the addition
of one equivalent of tetramethylsemiquinone radical anion to
form the monoadduct radical anion and corresponding quinone

(eq 2).

@)

The radical anion of the monoaddudt{() shows a NIR band
at Amax = 1030 nm which is the diagnostic absorption band for
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(a) Monoadduct 4

g = 2.0003

10G

(b) Bisadduct + Monoadduct

g = 2.0003

Figure 4. ESR spectra of radical anions of&9,10-dimethylanthracene
(a) monoadduct and (b) a mono- and bisadduct mixture.

the radical anions of 1,24, where R= PhCH, Me, or
o-xylyl.20 The ESR spectrum of the monoadduct radical anion
shows a sharp isotropic signalflns = 1.3 G) with no
hyperfine atg = 2.0003 as shown in Figure 4a. Such narrow
ESR signals at smadj values are characteristic of the 1,2-adduct
radical anions as observed in the case of 1,2-(PHCsb~ (5,

vide supra), and this indicates that the cycloaddition occurs at

the 6,6-junction of the g skeleton to form the 1,2-adduct.

Fukuzumi et al.
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Figure 5. Plots of INnAHpg vs T2 for (a) Gso'™, (b)—(d) derivatized
Ceo radical anionsZ, 4, 8).

determined by the coefficients of SOMO (singly
9=g.— Célo 3)

occupied MO) and LUMO orbitals of organofullerene radical
anions?®

A ty, orbital splitting of G¢*~ results from the JahsiTeller
distortion3-8-26.27The ¢ value due to the Jahfileller distortion
has been theoretically estimated to be small (1907 %gm
corresponding to 0.54 kcal mdl3 This means a low-lying
excited-state exists ingg~. In such a case, the line width is
mainly determined by an Orbach spilattice relaxation pro-
cess’® The Orbach relaxation rate which is proportional to the
line width (AHms) is given by eq 4, which agrees with the
experimental observation for

AH, o 0 expJ/RT) (4)

When a 10-fold excess amount of 9,10-dimethylanthracene the temperature dependence &l of the ESR spectra of

(2.8 x 1073 M) was added to a £ (2.8 x 10* M) solution of

Cso'™ in the temperature range between 70 and 366K The

PhCN, a mixture of the monoadduct and bisadduct was ¢ value for powder samples of tetraphenylphosphonium chloride
generated at room temperature in 1 h. Bisadduct formation wassalt of G, (PhyP* Csg™)e2(PhyP™Cly™), has been determined
confirmed by negative ion FAB-mass spectra which gave peaksas 0.43 kcal moi® (152 cnt1),2” in reasonable agreement with
at the mass number of the monoadduct (927) and the bisadducthe theoretical expectatich.

(1132). The ESR spectrum of the reaction mixture in PhCN

According to eq 4, a linear correlation should be obtained

(Figure 4b) shows a signal consisting of the two narrow isotropic between InAHqyg and T-1. The temperature dependence of

signals with differeng values (2.0009 and 2.0003). Thealue

at 2.0003 coincides with that for the monoadduct radical anion,

whereas the largeg value (2.0009) with a narrower isotropic

AHns Of Cgg~ was examined in the temperature range higher
than the melting point of benzonitrile up to 353 K. Accurate
determination of the largAHmg values of Gg*~ in solution at

signal (A\Hmsi= 0.6 G) can be assigned to the bisadduct radical high temperatures is difficult due to the low solubility ofgn

anion (see Table 1).

Determination of Energy Splitting in Organofullerene
Radical Anions. The extensive data in Table 1 allow a
correlation to be made between thevalues and theAHpg

PhCN32 To obtain a sufficient signal intensity for accurate
determination of thé\Hy values, we have used a large amount
of Cgo (3.9 x 1072 M) which was suspended in benzonitrile.

The Gy radical anion is more soluble thandtself and after

values of the examined organofullerene radical anions. The the reduction with tetramethylsemiquinone radical anion, the

deviation ofg values of these organofullerene radical anions
from the free spin valuegt = 2.0023) can be expressed in terms
of the spin-orbit coupling constant of the carbon ato&) &nd
the energy gapd) between the singly occupied orbital and the
two other orbitals as given by e¢?8A constant C) is a value

resulting Go'~ became completely soluble in benzonitrile (see
Experimental Section). A linear plot of WHme vs T~ for Ceg™™

in benzonitrile is obtained in the wide temperature range as
shown in Figure 5a. In the case o§dC in methyl-THF, the
electron spin relaxation rate has been reported to show a
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0 values than g~ In frozen benzonitrile, however, theH g
values of 1,2- and 1,4-(PhGHCss~ are insensitive to the

o | Ceo temperature, in contrast to the case e CwhoseAHng value
increases with increasing the temperature (Figure 3). This
apparent contradiction is attributed to an additional inhomoge-
neous width for derivatized 4g radical anions caused by the
g-factor anisotropy in frozen medium, which masks the tem-

o 1r perature dependence aiHpg due to an Orbach spirlattice

= relaxation. In the case ofgg™, the anisotropy is not observed
f due to efficient dynamic averaging of ellipsoidal structures to
g give effective icosahedral symmetry (so-called pseudorotation)
2 ot over the temperature range shown in Figuf&2The o values

obtained from the slopes of linear plots ofAtdms vs T~ using
eq 4 are listed in Table 1, and agree well with the values derived
from the g values using eq 3.
Splitting of the degenerate LUMO and LUMEL Cg orbitals
by introduction of addends ontoggshould also affect the
potential difference between the first and the third reduction,
since the LUMO orbital can accommodate two electrons. The
-3.5 30 25 20 15 10 05 potential differencesAE;-3) of derivatized G in reference to
-8, kecal mol™ Ceo are obtained from the reduction potentials ab@nd Go
Figure 6. A plot of log AHmng vs —06 for organofullerene radical anions derivatives;*1%29and theAE, 3 values are also I'Sted, in Table
(the data are taken from Table 1). The numbers refer to organofullerenesl- The AE;-3 values may correspond to tidevalues in eq 4,
in Table 1. since the effects of electron repulsion are largely canceled out
in AE;—3 which results mainly from the orbital splitting caused
temperature dependence where the relaxation reaches a plateagly introduction of addends. Considering the experimental
at higher temperatures between 200 and 298 Buch tem-  uncertainties£0.02 V) in the reduction potentials, theE; 3
perature dependence is characteristic of a thermally activatedyalues are consistent with thé values derived from the
process. However, the present results @sGin benzonitrile temperature dependence of thiels values (eq 4) and deviation
(Figure 5a) show no leveling off akHmg at high temperatures  of the g values from the free spin values (eq 3).
up to 353 K, which is consistent with an Orbach process. From  The calculated LUMO and LUM®1 energies in [6,6]-
the slope, the value was determined as 350 Th(1.0 kcal methanofullerenel], 1,2-(PhCH),Ceo (2), and 1,4,10,24-(gHs-
mol™) which is larger than the reported value of the powder cp,),Cq, (9) confirm the splitting of the degenerate LUMO and
sample (152 cm").*’ This indicates that thefdegeneracy is | UMO+1 orbitals by introduction of addends. The PM3
further removed by interaction with the polar solvent resulting semiempirical MO method was used to obtain the LUMO and
inalargeré value th:_:m the value of the powder sample and the | ymo+1 energies (see Experimental Section), since the
theoretical expectation. optimized structure d® has been shown to agree well with the
The C£ value in eq 3 can be calculated as 1.37 érftom X-ray structuré216The difference in the LUMO and LUM®1
the g and ¢ value (350 cm?) of Cer'™. The 6 values of  energies increases in the following ordeiri(2.0 kcal mot?),
organofullerene radical anions can then be evaluated from theo (2.8 kcal mot), and9 (5.1 kcal mot?), consistent with the
g values using eq 3 and these values are also listed in Table 1grder ofs values (1.6 kcal mott, 1.8 kcal mot, and 3.1 keal
At a constant temperature, eq 4 is rewritten by eq 5, which -1y Thys, the PM3 calculations are useful to predict the
predicts a linear correlation between laddms and —o. This order of magnitude of thé values3
correlation is confirmed as shown in Figure 6, where 109 |y symmary, the present study has clarified quantitatively how
AHmsi Is a lower symmetry of g by introduction of addends affects
theg values and the temperature dependence oAthgs values
log AHpq [ —0/(2.3RT) ®) of ESR spectra of a series of derivatizegh @dical anions as
well as the reduction potentials as compared to the pargnt C
radical anion.

spike signal

A L L Il I

linearly correlated with-6 which is derived from the deviation

of the g values from the free spin value (eq 3). Thélns and

—o0 values of the spike signal which accompanies the broad
signal of Gy~ (Figure 1a) are also included in Figure 6. The
data point for the spike signal fits well a correlation between
log AHmgjand—4 for radical anions of g derivatives in Figure

6. This supports the idea that extrinsic factors suchagdc,
which is a ubiquitous impurity in air-exposed samples gf,€
rather than intrinsic properties of discretgyC are responsible

Acknowledgment. We thank an International Scientific
Research Program (11694079) from the Ministry of Education,
Science, Culture and Sport, Japan, and the Robert A. Welch
Foundation (K.M.K., Grant E-680) for financial support.

References and Notes

for the sharp spike sign&P3* _ (1) Hirsch, A. The Chemistry of the FullerenesGeorg Thieme
The temperature dependence AH.g of a variety of Verlag: New York, 1994,
derivatized G radical anions was also examined in the (2) (a) Haddon, R. CAcc. Chem. Redl992 25, 127. (b) Saito, S.;

d Oshiyama, APhys. Re. Lett. 1991, 66, 2637.

temperature range beyond the melting point of benzonitrile an
(3) Reed, C. A,; Bolskar, R. DChem. Re. 200Q 100, 1075.

typical plots of INnAHmg vs T-1 are shown in Figure 5bd. It )
is clearly shown that thAHg values of derivatized g radical (4) Eaton, S. S.; Eaton_’ G. Rppl, M"’_‘gn' Reso_mggﬁ 11’4155_'

. . D e o (5) (a) Allemand, P.-M.; Srdanov, G.; Koch, A.; Khemani, K.; Wudl,
anions (Figure 5bd) are significantly more sensitive to the g Rypin, Y.; Diederich, F.; Alvarez, M. M.; Anz, S. J.; Whetten, RJL.
temperature than those o§¢C (Figure 5a), leading to the larger ~ Am. Chem. Sod.991, 113 2780. (b) Dubois, D.; Kadish, K. M.; Flanagan,



10694 J. Phys. Chem. A, Vol. 104, No. 46, 2000

S.; Haufler, R. E.; Chibante, L. P. F.; Wilson, L. J. Am. Chem. Soc.
1991, 113 4364.

(6) (a) Greaney, M. A.; Gorun, S. M. Phys. Cheml991, 95, 7142.
(b) Gasyna, Z.; Andrews, L.; Schatz, P. N.Phys. Cheml992 96, 1525.
(c) Kato, T.; Kodama, T.; Shida, T.; Nakagawa, T.; Matsui, Y.; Suzuki, S.;
Shiromaru, H.; Yamauchi, K.; Achiba, YChem. Phys. Lett1991, 180,
446.

(7) Dubois, D.; Jones, M. T.; Kadish, K. M. Am. Chem. S0d.992
114, 6446.

(8) (a) Stinchcombe, J.;"Rzaud, A.; Bhyrappa, P.; Boyd, P. D. W,;
Reed, C. A.J. Am. Chem. Socd993 115 5212. (b) Stinchcombe, J.;
Penicaud, A.; Bhyrappa, P.; Boyd, P. D. W.; Reed, C.JA.Am. Chem.
Soc.1994 116, 6484.

(9) Paul, P.; Bolskar, R. D.; Clark, A. M.; Reed, C.8hem. Commun.
2000 1229.

(10) Taylor, R.; Barrow, M. P.; Drewello, TJ. Chem. 8oc., Chem.
Commun.199§ 2497.

(11) (a) Klos, H.; Gotschy, BAppl. Magn. Resonl996 11, 171. (b)
Jones, M. T.; Kadish, K. M.; Subramanian, R.; Boulas, P.; Vijayashree, M.
N. Synth. Met1995 70, 1341. (c) Staso, A.; Brezova V.; Biskupi¢ S.;
Dinse, K.-P.; Grg, R.; Baumgarten, M.; Ggel, A.; Belik, P.J. Electroanal.
Chem.1997, 423 131. (d) lyoda, M.; Sasaki, S.; Sultana, F.; Yoshida, M.;
Kuwatani, Y.; Nagase, Setrahedron Lett1996 37, 7987. (e) Arena, F.;
Bullo, F.; Conti, F.; Corvaja, C.; Maggini, M.; Prato, M.; Scorrano,JG.
Am. Chem. S0d.997, 119, 789. (f) Brustolon, M.; Zoleo, A.; Agostini, G.;
Maggini, M. J. Phys. Chem. A998 102 6331.

(12) Fukuzumi, S.; Suenobu, T.; Gao, X.; Kadish, K.MPhys. Chem.

A 200Q 104, 2908.

(13) Subramanian, R.; Kadish, K. M.; Vijayashree, M. N.; Gao, X.;
Jones, M. T.; Miller, M. D.; Krause, K. L.; Suenobu, T.; FukuzumiJS.
Phys. Chem1996 100, 16327.

(14) Fukuzumi, S.; Suenobu, T.; Hirasaka, T.; Arakawa, R.; Kadish, K.
M. J. Am. Chem. So0d.998 120, 9220.

(15) Kadish, K. M.; Gao, X.; Van Caemelbecke, E.; Hirasaka, T.;
Suenobu, T.; Fukuzumi, S. Phys. Chem1998 102 3898.

(16) Kadish, K. M.; Gao, X.; Van Caemelbecke, E.; Suenobu, T.;
Fukuzumi, S.J. Am. Chem. So200Q 122, 563.

(17) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; ltoh, S.;
Fujitsuka, M.; Ito, O.J. Am. Chem. S0d.998 120, 8060.

(18) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Butterworth-Heinemann: Oxford, 1988.

(19) Patz, M.; Kuwahara, Y.; Suenobu, T.; FukuzumiChem. Lett.
1997 567.

(20) Kadish, K. M.; Gao, X.; Van Caemelbecke, E.; Suenobu, T.;
Fukuzumi, SJ. Phys. Chem. R200Q 104, 3878.

(21) Wang, Y.; Cao, J.; Schuster, D. |.; Wilson, S.TRtrahedron Lett.
1995 36, 6843.

Fukuzumi et al.

(22) Imahori, H.; Ozawa, S.; Ushida, K.; Takahashi, M.; Azuma, T;
Ajavakom, A.; Akiyama, T.; Hasegawa, M.; Taniguchi S.; Okada, T.;
Sakata, Y Bull. Chem. Soc. Jpri999 72, 485.

(23) Stewart, J. J. Rl. Comput. Cheml989 10, 209, 221.

(24) The quantitative formation of g~ was confirmed by the NIR
spectrum of the product which has a diagnostic marker banthat=
1080 nm; see: Lawson, D. R.; Feldheim, D. L.; Foss, C. A.; Dorhout, P.
K.; Elliot, M.; Martin, C. R.; Parkinson, BJ. Electrochem. S04.992 139,
L68.

(25) Boulas, P. L.; Subramanian, R.; Jones, M. T.; Kadish, KAppl.
Magn. Reson1996 11, 239.

(26) Kato, T.; Kodama, T.; Oyama, M.; Okazaki, S.; Shida, T
Nakagawa, T.; Matsui, Y.; Suzuki, S.; Shiromaru, H.; Yamauchi, K.; Achiba,
Y. Chem. Phys. Lettl991, 186, 35.

(27) Vdkel, G.; Pppl, A.; Simon, J.; Hoentsch, J.; Orlinskii, S.; Klos,
H.; Gotschy, B.Phys. Re. B 1995 52, 10188.

(28) (a) Tsuda, M.; Ishida, T.; Nogami, T.; Kurono, S.; Ohashi,JM.
Chem. Soc., Chem. Commu®93 1296. (b) Schlueter, J. A.; Seaman, J.
M.; Taha, S.; Cohen, H.; Lykke, K. R.; Wang H. H.; Williams, J. W.
Chem. Soc., Chem. Commuif93 972. (¢) Komatsu, K.; Murata, Y.;
Sugita, N.; Takeuchi, K.; Wan, T. S. Metrahedron Lett1993 34, 8473.

(d) Lamparth, I.; Maichle-Mesmer, C.; Hirsch, AAngew. Chem., Int. Ed.
Engl. 1995 34, 1607.

(29) Mikami, K.; Matsumoto, S.; Tonoi, T.; Ohkubo, Y.; Suenobu, T.;
Fukuzumi, STetrahedron Lett1998 39, 3733.

(30) de Coulon, V.; Martins, J. L.; Reuse, Phys. Re. B 1992 45,
13671.

(31) (a) Orbach, RProc. Phys. Soc. Londdi961, 77, 821. (b) Abragam,
A.; Bleaney, B Electron Paramagnetic Resonance of Transition Metal;lons
Clarendon: Oxford; 1970.

(32) At low temperatures below 70 K, thAHmns value becomes
temperature independent because it is mainly determined by the inhomo-
geneous width of the powder spcetrum caused byifeetor anisotropy’

(33) (a) Eaton, S. S.; Kee, A.; Konda, R.; Eaton, G. R.; Trulove, P. C;
Carlin, R. T.J. Phys. Cheml996 100, 6910. (b) Zhou, Y.; Bowler, B. E;
Eaton, G. R.; Eaton, S. S. Magn. Reson1999 139, 165.

(34) Douthwaite, R. E.; Brough, A. R.; Green, M. L. Bl.Chem. Soc.,
Chem. Commuril994 267.

(35) Khaled, M. M.; Carlin, R. T.; Trulove, P. C.; Eaton, G. R.; Eaton,
S. S.J. Am. Chem. S0d.994 116, 3465.

(36) MO calculations of the radical anion of 1,4,10,24H&CH;)4Cso
with the unrestricted HartreeFock (UHF) formalism would have been
preferred but unfortunately the SCF field could not be obtained in the
calculation.



