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Radical anions of dibenzyl adducts of C60, 1,4-(C6H5CH2)2C60
•- and 1,2-(C6H5CH2)2C60

•-, give ESR spectra
which have largerg values (2.0004 and 2.0001, respectively) and much smaller line widths (∆Hmsl ) 2.5 and
3.3 G, respectively, at 213 K) than theg value (1.9984) and the∆Hmsl value (30.9 G at 213 K) of C60

•-. An
even smaller∆Hmsl value (0.17 G) and a largerg value (2.0011) are observed for the tetrabenzyl C60 adduct
radical anion, 1,4,10,24-(C6H5CH2)4C60

•- and this is ascribed to a large splitting of the degenerate t1u orbitals
caused by introduction of four benzyl groups to C60. In this case, a hyperfine structure, due to two nonequivalent
protons of only one benzyl group (aH1 ) 0.31 G,aH2 ) 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 Diels-Alder cycloaddition reaction of C60

with 9,10-dimethylanthracene show ESR signals at differentg values (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
C60 derivatives is discussed in terms of theg values and the line widths. The energy gap (δ) between the
singly occupied orbital and the two other orbitals which had a t1u symmetry prior to introduction of addends
to C60 is derived from differences in theg values of various C60

•- derivatives from the free spin value (2.0023).
A linear correlation is shown to exist between log∆Hmsl and-δ. Theδ values are also obtained from Arrhenius
plots of ln ∆Hmsl vs T-1 and they agree well with the values derived from theg values and the reduction
potentials.

Introduction

Buckminsterfullerene, C60, has Ih symmetry and the t1u of
the lowest unoccupied molecular orbital (LUMO) and t1g

LUMO+1 orbital are both 3-fold degenerate.1,2 The addition
of one electron into the 3-fold degenerate LUMO gives a species
whose ESR spectrum shows a very broad signal with ag value
(1.9984) which is significantly lower than the free spin value
(2.0023).3-8 The unusually lowg value of C60

•- is attributed to
spin-orbit coupling effects from unquenched angular momen-
tum in Jahn-Teller distorted states of the t1u

1 configuration.3-8

The small Jahn-Teller splitting results in fast spin-lattice
relaxation rates which has been the main determinant of the
larger line width of C60

•- with increasing temperature.3-8 The
broad ESR signal of C60

•- is accompanied by a sharp spike
signal, the chemical identity of which has been the major
unresolved problem in C60

•- ESR spectroscopy.3-8 The most
likely candidate has been suggested to be C120O•- or (C60)2

•-.1

A comparison of ESR spectra of the radical anion of isolated
C120O with the spike signal has recently provided convincing
evidence for assignment of the spike signal to C120O•-,9 the
neutral form of which is an ubiquitous impurity in air-exposed
samples of C60.10 The symmetry of derivatized C60 radical anions

is reduced from that of C60
•-, and this is expected to affect the

ESR spectra. The derivatization will sufficiently perturb the (t1u)1

degeneracy such that the line width is neither broad nor
temperature dependent in contrast with the parent C60

•-.11 In
this context, we have recently reported that there is a splitting
of the degenerate LUMO and LUMO+1 C60 orbitals by addition
of benzyl groups to C60 which gives ESR spectra of the
organofullerene radical anions being quite different from those
of the parent C60 radical anion.11 However, there has so far been
no systematic study as to the effects of lowering symmetry on
the ESR spectra of radical anions of fullerene derivatives.

A series of dialkyl and tetraalkyl derivatives of C60 which
have a variety of different symmetries have been synthesized
by the reactions of C60

2- with alkyl halides.12-16 The radical
anions of these organofullerenes can be quantitatively formed
by a photochemical reaction in the presence of the dimeric
1-benzyl-1,4-dihydronicotinamide [(BNA)2]17 or by a one-
electron reduction of the organofullerene with tetramethylsemi-
quinone radical anion.13 We have now performed a systematic
study on how the lower symmetry of organofullerenes (Figure
1) will affect the ESR spectra and the reduction potentials for
a series of compounds in their radical anion form and these
data are compared to those of the parent C60 radical anion.

Experimental Section

Materials. C60 (>99.95% pure) was purchased from Science
Laboratories Co., Ltd., Japan, and used as received. Benzonitrile
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(PhCN) was purchased from Wako Pure Chemical Ind. Ltd.,
Japan, and distilled over P2O5 prior to use.18 All alkyl halides,
naphthalene, 9,10-dimethylanthracene, and sodium were ob-
tained commercially. CS2, hexane, toluene, methanol, and silica
gel from EM Science (Gibbstown, NJ) were used without further
treatment. Tetra-n-butylammonium perchlorate (TBAP) was
recrystallized from ethanol and dried under vacuum at 313 K.
The dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)2] was
prepared according to procedures described in the literature.17,19

The examined 1,2-(C6H5CH2)2C60 (2)20 and 1,4-R2C60 deriva-
tives (R ) C6H5CH2 (5), 4-BrC6H4CH2 (6), 3-BrC6H4CH2

(7))12,13 were prepared by a reaction of electrogenerated C60
2-

with RBr as described previously. This method was also utilized
to prepare 1,4,10,24-(C6H5CH2)4C60 (9) starting from 1,4-(C6H5-
CH2)2C60.16 The reaction between electrogenerated 1,4-(C6H5-
CH2)2C60

2- and C6H5CH2Br in benzonitrile was allowed to
proceed for 60 min. Benzonitrile was removed from the solution
by a rotary evaporator after which the solid residue was washed
with methanol and filtered to eliminate the TBAP supporting
electrolyte and excess C6H5CH2Br. The crude solid was mixed
with a hexanes/toluene mixture (55:45 v/v) and then analyzed
by HPLC. Some material could not be eluted with the hexane/
toluene mixture and required pure toluene to be eluted. The
crystal structure of one fraction eluted with the hexane/toluene
mixture was determined to be the 1,4;1,4-isomer of (C6H5-
CH2)4C60, which is designated as 1,4,10,24-(C6H5CH2)4C60 (9).16

The C60 monoadduct (4) and bisadduct (8) of 9,10-dimethylan-
thracene were prepared by the reaction of C60 (2.8 × 10-4 M)
with 9,10-dimethylanthracene (2.8× 10-4 or 2.8× 10-3 M) at
room temperature in benzonitrile. The product mixtures for
measurements of FAB-mass spectra were obtained by the simple
evaporation of the solvents. The [6,6]-methanofullerene (1)21

and the C60-N-methylpyrrolidine derivative (3)22 were synthe-
sized according to literature procedures.

ESR Measurements.A quartz ESR tube (4.5-mm i.d.)
containing a deaerated benzonitrile solution of (BNA)2 (1.0 ×
10-4 M) and C60 (2.0× 10-4 M) was irradiated in the cavity of
the ESR spectrometer with the focused light of a 1000-W high-
pressure Hg lamp through an aqueous filter. The radical anion
of 1,4,10,24-(C6H5CH2)4C60 (2.8× 10-4 M) was also produced
by photochemical reduction of tetrabenzyl C60 adduct with
(BNA)2 (1.4× 10-3 M). The ESR spectra in frozen benzonitrile
were measured at various temperatures (133 to 233 K) with a
JEOL X-band spectrometer (JES-RE1XE) using an attached VT
(variable temperature) apparatus. More concentrated benzonitrile
solutions of C60

•- were needed for the ESR measurements of
C60

•- at higher temperatures, and these were produced with the
reduction of C60 by tetramethyl-semiquinone radical anion,
which was used to determine the large line widths. Typically,
an aliquot of tetramethylsemiquinone radical anion (4.0× 10-3

M) was added to a quartz cuvette (10 mm i.d.) which contained
a deaerated PhCN suspension (3.0 mL) of C60 (4.0× 10-3 M)
under an atmospheric pressure of Ar. Tetra-n-butylammonium
hydroxide (TBAOH) was used for generation of the tetrameth-
ylsemiquinone radical anion in the reaction between tetrameth-
ylhydroquinone and tetramethyl-p-benzoquinone.13 After addi-
tion of tetramethylsemiquinone radical anion, the suspension
of C60 became soluble in benzonitrile where C60

•- (4.0× 10-3

M) was formed quantitatively. The deaerated benzonitrile
solution of C60

•- was transferred to a quartz ESR tube (1.2 mm
i.d.) with a microsyringe under an atmospheric pressure of Ar.
The small i.d. size is required because of the large dielectric
loss of benzonitrile solution. The radical anions of 1,4- and 1,2-
R2C60 as well as C60-anthracene adducts were also produced
by the tetramethyl-semiquinone radical anion.13 The ESR spectra
were recorded under nonsaturating microwave power conditions.
The magnitude of modulation was chosen to optimize the
resolution and the signal-to-noise (S/N) ratio of the observed

Figure 1. Various C60 derivatives which were examined as to the ESR spectra of the corresponding radical anions.
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spectra, when the maximum slope line width (∆Hmsl) of the
ESR signals was unchanged with larger modulation. Theg
values and hyperfine coupling constants were calibrated pre-
cisely with an Mn2+ 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
calculations.23 Final geometries and energetics were obtained
by optimizing the total molecular energy with respect to all
structural variables. The heats of formation (∆Hf) were calcu-
lated with the restricted Hartree-Fock (RHF) formalism using
a key word “PRECISE”.

Results and Discussion

ESR Spectra of Radical Anions of C60 Derivatives. The
radical anion of C60 is quantitatively formed by the photochemi-
cal reaction of C60 with dimeric 1-benzyl-1,4-dihydronicotina-
mide [(BNA)2] which acts as an electron donor in PhCN (eq
1).17 The ESR spectrum of C60

•- (Figure 2a) thus formed shows

a characteristic broad signal of C60
•- (g ) 1.9984,∆Hmsl )

30.9 G) at 213 K together with a sharp “spike” signal (g )
2.0002, ∆Hmsl ) 2.0 G) which is always seen in the ESR
spectrum of C60

•-.3-8,25,26

The ESR spectrum of the radical anion of 1,2-(C6H5CH2)2C60

(2), which has a lower symmetry (C2V) as compared to theIh

symmetry of C60,20 shows a much sharper signal and has a larger
g value (g ) 2.0001,∆Hmsl ) 3.9 G) in PhCN at 298 K than
C60

•- at 213 K and this is illustrated in Figure 2b. Essentially
the same ESR spectrum (g ) 2.0001, ∆Hmsl ) 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 fromC2V in 1,2-(C6H5CH2)2C60

(2) to Cs in 1,4-(C6H5CH2)2C60 (5),20 the ESR spectrum of 1,4-
(C6H5CH2)2C60

•- gives a slightly largerg value and a smaller
line width (g ) 2.0004,∆Hmsl ) 2.5 G) than is seen for 1,2-
(C6H5CH2)2C60

•-.
Figure 3 shows plots of the line width (∆Hmsl) for the broad

signal of C60
•- and the sharp signals of 1,4-(C6H5CH2)2C60

•-

(5•-) and 1,2-(C6H5CH2)2C60
•- (2•-) as a function of temper-

ature. The∆Hmsl value of C60
•- in frozen benzonitrile increases

significantly with temperature as was earlier reported,3-8,

whereas the∆Hmsl values of 1,4-(C6H5CH2)2C60
•- (2.5 G) and

1,2-(C6H5CH2)2C60
•- (3.3 G) remain nearly constant below 213

K, irrespective of temperature. The broad ESR signal, the
temperature dependence of∆Hmsl for C60

•- and its smallg value
as compared to the free spin value (2.0023) have been ascribed
to a degenerate2E1u ground state and a low-lying2A2u excited
state, both of which would arise from Jahn-Teller distortion
of C60

•- along the principal axis inD5d symmetry.3-8,26,27Since
1,4-(C6H5CH2)2C60 and 1,2-(C6H5CH2)2C60 have a much lower
symmetry (Cs andC2V, respectively), the triply degeneratet1u

orbitals in the parent C60 would no longer be degenerate in 1,4-
and 1,2-(C6H5CH2)2C60. The line widths of 1,4-(C6H5CH2)2C60

•-

(5•-) and 1,2-(C6H5CH2)2C60
•- (2•-) therefore become much

smaller than that of C60
•-, while theg values (2.0004 and 2.0001,

respectively) become larger than that of C60
•- (g ) 1.9984).

Radical anions of other 1,2- and 1,4-adducts of C60 (Figure
1) were also prepared by the one-electron reduction of these
organofullerene with tetramethylsemiquinone radical anion. The

Figure 2. ESR spectra of (a) C60
•- generated in the photoinduced

electron transfer from (BNA)2 (1 × 10-4 M) to C60 (2 × 10-4 M) in
deaerated PhCN observed at 213 K under irradiation of UV-Vis light
from a Xe lamp, and (b) 1,2-(C6H5CH2)2C60

•- generated in the electron-
transfer reduction of 1,2-(C6H5CH2)2C60 (2 × 10-4 M) by tetrameth-
ylsemiquinone radical anion (2× 10-4 M) in deaerated PhCN observed
in benzonitrile at 298 K. Asterisk (*) denotes an Mn2+ marker.
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g values and∆Hmsl values obtained from the ESR spectra of
these radical anions recorded at 298 K are listed in Table 1. In
general, largerg values and smaller line widths are obtained
for radical anions of the 1,4-adducts than those of the 1,2-
adducts. This is consistent with the lowered symmetry of the
1,4-adducts (Cs) as compared to theC2V symmetry of the 1,2-
adducts and is seen for all investigated compounds except for
1,4-(C6H5CH2)2C60

•- (5) which has a larger∆Hmsl value than
1,2-adduct radical anions (3, 4).

The introduction of two additional benzyl addends to the
dibenzyl adduct of C60 may result in a much larger splitting of
the triply degenerate t1u orbitals than is seen in the case of the
parent C60. An X-ray structure of the major product which was
isolated in a reaction of the dianion of 1,4-(C6H5CH2)2C60 with
C6H5CH2Br reveals formation of 1,4,10,24-(C6H5CH2)4C60 (9)
which has no symmetry (C1).16

The radical anion of 1,4,10,24-(C6H5CH2)4C60 produced by
the photochemical reaction of 1,4,10,24-(C6H5CH2)4C60 with
(BNA)2 exhibits a much sharper ESR signal as compared to
1,4-(C6H5CH2)2C60

•-.12 The g value of 2.0010 for 1,4,10,24-

(C6H5CH2)4C60
•- (9•-) becomes closer to the free spin value (g

) 2.0023) and is quite different from theg value of C60
•- (g )

1.9984). The hyperfine structure withaH1 ) 0.31 G,aH2 )
0.11 G is observed with the smallest line width (∆Hmsl ) 0.17
G) among the organofullerene radical anions in Table 1.12 The
much smaller∆Hmsl value (0.17 G) and largerg value (2.0011)
of 1,4,10,24-(C6H5CH2)4C60

•- as compared to C60
•- (∆Hmsl )

30.9 G andg ) 1.9984) are ascribed to a large splitting of the
degenerate t1u orbitals caused by introduction of four benzyl
groups to C60. 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-(C6H5-
CH2)4C60

•-.12

The Diels-Alder reactions of C60 with anthracene and
substituted anthracenes are known to undergo [4+2] cycload-
dition where not only the C60-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 reaction of C60

with 9-methylanthracene.29 Only the monoadduct is formed in
the Diels-Alder reaction of C60 (2.8 × 10-4 M) with one
equivalent of 9,10-dimethylanthracene (2.8× 10-4 M) in PhCN
for 1 h at 298 K. As thereaction proceeds, the diagnostic visible
absorption band of the 1,2-adduct appears as a sharp peak at
λmax ) 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 monoadduct (4•-) shows a NIR band
at λmax ) 1030 nm which is the diagnostic absorption band for

Figure 3. Temperature dependence of∆Hmsl of ESR spectra for C60
•-

(b), 1,2-(C6H5CH2)2C60
•- (9), and 1,4-(C6H5CH2)2C60

•- (2) in frozen
benzonitrile.

TABLE 1: The Isotropic g-Values and Line Width (∆Hmsl)
of the ESR Signals of Radical Anions of C60 and Derivatives,
the Energy Gap (δ) between the LUMO and LUMO+1
Orbitals, and the Difference in the First and Third
Reduction Potentials in Reference to C60 (∆E1-3)

g-value
∆Hmsl

(G)
δa

(kcal mol-1)
δb

(kcal mol-1)
∆E1-3

c

(kcal mol-1)

C60 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 2.5 2.1 1.6
6 2.0007 0.9 2.5 2.6 2.5
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

a Derived from theg-values using eq 3.b Derived from the temper-
ature dependence of∆Hmsl using eq 4.c Obtained from the reduction
potentials in refs 14-16, 20.

SCHEME 1
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the radical anions of 1,2-R2C60 where R) PhCH2, Me, or
o-xylyl.20 The ESR spectrum of the monoadduct radical anion
shows a sharp isotropic signal (∆Hmsl ) 1.3 G) with no
hyperfine atg ) 2.0003 as shown in Figure 4a. Such narrow
ESR signals at smallg values are characteristic of the 1,2-adduct
radical anions as observed in the case of 1,2-(PhCH2)2C60

•- (5•-,
vide supra), and this indicates that the cycloaddition occurs at
the 6,6-junction of the C60 skeleton to form the 1,2-adduct.

When a 10-fold excess amount of 9,10-dimethylanthracene
(2.8× 10-3 M) was added to a C60 (2.8× 10-4 M) solution of
PhCN, a mixture of the monoadduct and bisadduct was
generated at room temperature in 1 h. Bisadduct formation was
confirmed by negative ion FAB-mass spectra which gave peaks
at the mass number of the monoadduct (927) and the bisadduct
(1132). The ESR spectrum of the reaction mixture in PhCN
(Figure 4b) shows a signal consisting of the two narrow isotropic
signals with differentg values (2.0009 and 2.0003). Theg value
at 2.0003 coincides with that for the monoadduct radical anion,
whereas the largerg value (2.0009) with a narrower isotropic
signal (∆Hmsl ) 0.6 G) can be assigned to the bisadduct radical
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 theg values and the∆Hmsl

values of the examined organofullerene radical anions. The
deviation ofg values of these organofullerene radical anions
from the free spin value (ge ) 2.0023) can be expressed in terms
of the spin-orbit coupling constant of the carbon atom (ê) and
the energy gap (δ) between the singly occupied orbital and the
two other orbitals as given by eq 3.26 A constant (C) is a value

determined by the coefficients of SOMO (singly

occupied MO) and LUMO orbitals of organofullerene radical
anions.26

A t1u orbital splitting of C60
•- results from the Jahn-Teller

distortion.3-8,26,27Theδ value due to the Jahn-Teller distortion
has been theoretically estimated to be small (190 cm-1),
corresponding to 0.54 kcal mol-1.30 This means a low-lying
excited-state exists in C60

•-. In such a case, the line width is
mainly determined by an Orbach spin-lattice relaxation pro-
cess.31 The Orbach relaxation rate which is proportional to the
line width (∆Hmsl) is given by eq 4, which agrees with the
experimental observation for

the temperature dependence of∆Hmsl of the ESR spectra of
C60

•- in the temperature range between 70 and 300 K.27,32The
δ value for powder samples of tetraphenylphosphonium chloride
salt of C60

•-, (Ph4P+ C60
•-)•2(Ph4P+Clx-), has been determined

as 0.43 kcal mol-1 (152 cm-1),27 in reasonable agreement with
the theoretical expectation.30

According to eq 4, a linear correlation should be obtained
between ln∆Hmsl and T-1. The temperature dependence of
∆Hmsl of C60

•- was examined in the temperature range higher
than the melting point of benzonitrile up to 353 K. Accurate
determination of the large∆Hmsl values of C60

•- in solution at
high temperatures is difficult due to the low solubility of C60 in
PhCN.33 To obtain a sufficient signal intensity for accurate
determination of the∆Hmsl values, we have used a large amount
of C60 (3.9 × 10-3 M) which was suspended in benzonitrile.
The C60 radical anion is more soluble than C60 itself and after
the reduction with tetramethylsemiquinone radical anion, the
resulting C60

•- became completely soluble in benzonitrile (see
Experimental Section). A linear plot of ln∆Hmsl vsT-1 for C60

•-

in benzonitrile is obtained in the wide temperature range as
shown in Figure 5a. In the case of C60

•- in methyl-THF, the
electron spin relaxation rate has been reported to show a

Figure 4. ESR spectra of radical anions of C60-9,10-dimethylanthracene
(a) monoadduct and (b) a mono- and bisadduct mixture.

Figure 5. Plots of ln∆Hmsl vs T-1 for (a) C60
•-, (b)-(d) derivatized

C60 radical anions (2, 4, 8).

g ) ge - Cê/δ (3)

∆Hmsl ∝ exp(-δ/RT) (4)
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temperature dependence where the relaxation reaches a plateau
at higher temperatures between 200 and 290 K.33 Such tem-
perature dependence is characteristic of a thermally activated
process. However, the present results on C60

•- in benzonitrile
(Figure 5a) show no leveling off of∆Hmsl at high temperatures
up to 353 K, which is consistent with an Orbach process. From
the slope, theδ value was determined as 350 cm-1 (1.0 kcal
mol-1) which is larger than the reported value of the powder
sample (152 cm-1).27 This indicates that the t1u degeneracy is
further removed by interaction with the polar solvent resulting
in a largerδ value than the value of the powder sample and the
theoretical expectation.

The Cê value in eq 3 can be calculated as 1.37 cm-1 from
the g and δ value (350 cm-1) of C60

•-. The δ values of
organofullerene radical anions can then be evaluated from the
g values using eq 3 and these values are also listed in Table 1.
At a constant temperature, eq 4 is rewritten by eq 5, which
predicts a linear correlation between log∆Hmsl and-δ. This
correlation is confirmed as shown in Figure 6, where log
∆Hmsl is

linearly correlated with-δ which is derived from the deviation
of theg values from the free spin value (eq 3). The∆Hmsl and
-δ values of the spike signal which accompanies the broad
signal of C60

•- (Figure 1a) are also included in Figure 6. The
data point for the spike signal fits well a correlation between
log ∆Hmsl and-δ for radical anions of C60 derivatives in Figure
6. This supports the idea that extrinsic factors such as C120O•-,
which is a ubiquitous impurity in air-exposed samples of C60,10

rather than intrinsic properties of discrete C60
•- are responsible

for the sharp spike signal.3,9,34

The temperature dependence of∆Hmsl of a variety of
derivatized C60 radical anions was also examined in the
temperature range beyond the melting point of benzonitrile and
typical plots of ln∆Hmsl vs T-1 are shown in Figure 5b-d. It
is clearly shown that the∆Hmsl values of derivatized C60 radical
anions (Figure 5b-d) are significantly more sensitive to the
temperature than those of C60

•- (Figure 5a), leading to the larger

δ values than C60
•-. In frozen benzonitrile, however, the∆Hmsl

values of 1,2- and 1,4-(PhCH2)2C60
•- are insensitive to the

temperature, in contrast to the case of C60
•- whose∆Hmsl value

increases with increasing the temperature (Figure 3). This
apparent contradiction is attributed to an additional inhomoge-
neous width for derivatized C60 radical anions caused by the
g-factor anisotropy in frozen medium, which masks the tem-
perature dependence of∆Hmsl due to an Orbach spin-lattice
relaxation. In the case of C60

•-, the anisotropy is not observed
due to efficient dynamic averaging of ellipsoidal structures to
give effective icosahedral symmetry (so-called pseudorotation)
over the temperature range shown in Figure 2.8,35 Theδ values
obtained from the slopes of linear plots of ln∆Hmsl vsT-1 using
eq 4 are listed in Table 1, and agree well with the values derived
from theg values using eq 3.

Splitting of the degenerate LUMO and LUMO+1 C60 orbitals
by introduction of addends onto C60 should also affect the
potential difference between the first and the third reduction,
since the LUMO orbital can accommodate two electrons. The
potential differences (∆E1-3) of derivatized C60 in reference to
C60 are obtained from the reduction potentials of C60 and C60

derivatives,14-16,20and the∆E1-3 values are also listed in Table
1. The∆E1-3 values may correspond to theδ values in eq 4,
since the effects of electron repulsion are largely canceled out
in ∆E1-3 which results mainly from the orbital splitting caused
by introduction of addends. Considering the experimental
uncertainties ((0.02 V) in the reduction potentials, the∆E1-3

values are consistent with theδ values derived from the
temperature dependence of the∆Hmsl values (eq 4) and deviation
of the g values from the free spin values (eq 3).

The calculated LUMO and LUMO+1 energies in [6,6]-
methanofullerene (1), 1,2-(PhCH2)2C60 (2), and 1,4,10,24-(C6H5-
CH2)4C60 (9) confirm the splitting of the degenerate LUMO and
LUMO+1 orbitals by introduction of addends. The PM3
semiempirical MO method was used to obtain the LUMO and
LUMO+1 energies (see Experimental Section), since the
optimized structure of9 has been shown to agree well with the
X-ray structure.12,16The difference in the LUMO and LUMO+1
energies increases in the following order:1 (2.0 kcal mol-1),
2 (2.8 kcal mol-1), and9 (5.1 kcal mol-1), consistent with the
order ofδ values (1.6 kcal mol-1, 1.8 kcal mol-1, and 3.1 kcal
mol-1). Thus, the PM3 calculations are useful to predict the
order of magnitude of theδ values.36

In summary, the present study has clarified quantitatively how
a lower symmetry of C60 by introduction of addends affects
theg values and the temperature dependence of the∆Hmsl values
of ESR spectra of a series of derivatized C60 radical anions as
well as the reduction potentials as compared to the parent C60

radical anion.
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