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Abstract

The radical anions of three C60 bisadducts (from now on termed CIS1, CIS2, and CIS3) have been studied in liquid solution and

glassy matrix by X-band and high frequency CW-EPR spectroscopy. The three adducts CIS1, CIS2, and CIS3 are characterized by a

pyrrolidinic ring and an isoxazolinic ring in position cis1-O, cis2-C, and cis3-C, respectively; the two rings are connected by a

methylenic chain. In the X-band spectra of CIS1, one species has been observed showing hyperfine coupling constants with the

pyrrolidinic nitrogen and 13C nuclei, whereas in the X-band spectra of CIS2 and CIS3 more species are apparent, some with and

other without hyperfine coupling with the pyrrolidinic 14N. High field spectra at 110 and 220GHz for all the bisadducts have been

obtained; in all the cases, more species are evident with small differences in the g-factors. The occurrence of more species are

discussed and put in relation with different bisadduct conformations. Furthermore, on the basis of the mechanism proposed for the
14N hcc in previously studied fulleropyrrolidine (FP) monoanions, the presence or absence of 14N hcc for CIS1 and the different

conformations of CIS2 and CIS3 is discussed. The temperature dependence of the EPR linewidths and the g-factors of all the species

have been determined and discussed in term of the different structural stiffness and symmetry of the three bisadducts.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

The paramagnetic species produced by reduction of

C60 and some of its derivatives have been extensively

studied with EPR spectroscopy in the past years [1–15].

A comprehensive review on fulleride anions and ful-
lerenium cations has been recently published [16].

An interesting class of fullerene derivatives is that of

the fulleropyrrolidines (FP), prepared by 1,3-dipolar

cycloaddition of azomethine ylides to C60 [17,18]. This

methodology provides a broad variety of functionalized

fullerenes, potentially useful for practical applications

[19,20].

The present work complements our previous studies,

[21,22], where we have shown that the EPR spectra of

the radical anions of mono and bisFP give a good in-

sight into their electronic structure. In fact in the case of

FP radical anions the spectra show a hyperfine structure

due to the interaction of the unpaired electron with the
14N nucleus, and satellite lines due to the anions bearing

a 13C in some position of the bucky ball. From these

data, we obtained useful information on the electron

spin distribution of the p system and on its symmetry.

Moreover, the temperature dependence of the EPR

linewidths and the direct measure of the spin–lattice re-

laxation time T1 with pulsed EPR experiments have

shown that the FP radical anions have in general a spin
relaxation behaviour different from that of common

radicals. T1 is shorter than usual. This effect is known to be

typical of fullerene derivatives: very short forC�
60 (�1 ns at

room temperature), and then increasing in monoadducts
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(for example �100 ns for N-methylfulleropyrrolidine�)
and still increasing in bisadducts (�1 ls for bis-N-

methyl-3,4-fulleropyrrolidine�) but in any case shorter

than in common radicals. Furthermore, the linewidths

increase with increasing the temperature, and they de-

pend on T=g, indicating a spin-rotational mechanism

[22]. This effect is in some way anomalous for fullerenes,

since it is normally important only for species much

smaller, and actually, the spin-rotational mechanism
was initially ruled out as a cause of the observed line-

widths for the fullerene monoanions [23]. This latter

conclusion was based on the hypothesis of a rigid rotor,

assumption that is hardly acceptable for fullerene de-

rivatives. As pointed out in [22], many different con-

formations for these species suggest a flexible structure,

which can involve larger values of the spin-rotational

coupling tensor. The interconversion among conforma-
tions can be the process that modulates the spin-rota-

tional coupling affecting the T1. The time modulation of

spin–orbit interaction by the time fluctuation of orbital

angular momentum can also affect the relaxation times

with a T=g dependence [24]. This mechanism is effective

only if the electronic states of the molecule are nearly

degenerate, so that phonons of the solvent can excite

radiationless electronic transitions: such a mechanism is
probably effective for fullerene monoanions, where, as

known, solvent phonons drive easy radiationless tran-

sitions between close electronic states related to slightly

different conformations.

In either mechanism, conformational interconversion

plays the main role in determining the relaxation rates.

Conformational changes can be constrained in bi-

sadducts having a tether chain between the two addends.
We have recently performed the cycloaddition of a ni-

triloxide to C60, followed by the azomethine ylide gen-

eration, which attacks, within the same molecule, a

second double bond of the same fullerene spheroid [25].

The isoxazoline and the pyrrolidine rings are linked by

an aliphatic ðCH2Þ5 arm. In this way, three positional

isomers were obtained. The structure of the isomers has

been determined by means of NMR spectroscopy [25]
and is reported in Scheme 1 (bisadducts CIS1, CIS2, and

CIS3) together with the structure of the symmetric bi-

sadduct TRANS1 previously studied [26].

In the present work, we report an EPR study of the

radical anions obtained by chemical reduction of these

fullerene adducts. The presence of the methylene chain,

which can be expected to increase the energy barrier

between different conformations of the molecule, should
lead to a decrease of the rate of interconversion between

conformations.

By an X-band and High Frequency EPR (HF-EPR)

study in liquid and solid solution, we show in this report

that the radical anions of the bisadducts with the

methylene chain are effectively present in several con-

formations. EPR spectroscopy allows the determination

of the magnetic parameters of the different conforma-

tions, together with their concentrations.

Moreover, the number of the different conformations

detected is different in X-band EPR and HF-EPR

spectra, since it depends on the interconversion rate

compared with the Larmor frequency difference between

the various conformations. Very fast interconversion

rates do not allow the observation of some conforma-
tions at X-band (10GHz), while they are observed at W-

band (100GHz range).

2. Experimental

2.1. Instrumentation

X-band EPR measurements were performed with a

computer controlled Bruker ER 200 D spectrometer,

equipped with a nitrogen flow temperature controller.

For g values calibration, the microwave frequency was

measured with a 5342A Hewlett-Packard microwave

Scheme 1.
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frequency counter and a LiTCNQ crystal was used as g
value standard.

The HF-EPR spectra (around 110 and 220GHz)

were obtained at the NHMFL in Tallahassee (FL) with

a home made spectrometer [27]. This machine is built

around a superconducting magnet with a 17T ‘‘main’’

coil and a �0.1 T ‘‘sweep’’ coil (Oxford Instruments).

The source which has been used in this work is a Gunn

oscillator emitting in the 108–112GHz range and
equipped with a Schottky diode harmonic generator for

obtaining higher frequencies (ABmm, Paris). The oper-

ating microwave frequency is measured with, and fre-

quency locked to a source locking microwave counter

(EIP 578B from EIP Microwave, Milpitas, CA).

The spectrometer was used in its basic configuration

(‘‘single pass’’ transmission mode), that uses oversized-

cylindrical wave-guides for propagation of the micro-
wave power. The transmission probe is in a liquid he-

lium flow cryostat of the dynamic type (CF 1200 from

Oxford Instruments); the temperature is monitored

within �0.1�. We used a liquid helium cooled In–Sb

‘‘hot electron’’ bolometer (QMC Instruments, Cardiff).

The spectra were obtained by modulation of the

magnetic field at a frequency of 8 kHz with a modula-

tion amplitude of 0.01–0.07mT for spectra in liquid
solution and of 0.2–0.5mT for spectra in rigid phase.

The main coil was in persistent mode and the magnetic

field changed by variation of the additional field of the

sweep coil.

2.2. Materials

Functionalized fullerenes considered in this paper are
shown in Scheme 1 [25,26]. The following abbreviations

are used for the compounds: CIS1, 100,30-pentan-40H ,

50H -isoxazole[50,40:9,1]-pyrrolidin [300400:2,12] (C60-Ih)[5,6]
fullerene; CIS2, 100,30-pentan-40H ,50H -isoxazole[50,40:1, 9]-
pyrrolidin [300400:3,15] (C60-Ih)[5,6]fullerene; CIS3, 100, 30-
pentan-40H ,50H -isoxazole[50,40:1,9]-pyrrolidin [300400:13, 14]

(C60-Ih)[5,6]fullerene; NTEG, N-(3,6,9-trioxadecyl)-3,

4-fulleropyrrolidine (10,50-dihydro-10-[2-[2-(2-methoxy-
ethoxy)ethoxy]ethyl]-20H-[5,6]fullereno-C60-Ih-[1,9-c]
pyrrole); TRANS1, bis-TRANS1-[N-(3,6,9-trioxadecyl)-

3,4]-fulleropyrrolidine.

Dibenzo-18-crown-6 ether was used as purchased

from Aldrich. 2-Methyltetrahydrofuran (MeTHF) was

distilled over sodium before use.

2.3. Anion preparation

The very same samples of the CIS1, CIS2, and CIS3

monoanions were used for both X-band and W-band

EPR spectroscopy.

The radical anions were prepared by standard vac-

uum (10�4 mbar) techniques in a 10mm o.d. Pyrex tube.

The tube was equipped with three lateral arms. The first

one contained the fullerene sample together with the
dibenzo-18-crown-6 ether in equimolar amount. In the

second one a sodium mirror was formed by evaporating

the pure metal from a sodium-filled Drummond cali-

brated capillary, before introducing the solvent through

the vacuum line. The third arm was equipped with a

usual quartz EPR tube. After preparation of the sample

solution according to the procedure described in [21], a

small amount of this solution was transferred in the
EPR tube that was sealed with a flame and removed

from the remaining apparatus: in this way the EPR tube

with the sample is kept permanently under vacuum, and

no step occurs where the sample is exposed to air.

The concentrations of the samples were 10�5 M.

3. Results

3.1. CW X-band EPR of CIS1

The spectra recorded at different temperatures in li-

quid solution of MeTHF are reported in Fig. 1. They

show the hyperfine structure due to the coupling with

one 14N nucleus. The hyperfine coupling constant (hcc)

is reported in Table 1, where we report also the 14N hccs
of other FP anions for comparison. It should be noted

that the present radical has a 14N hcc which is nearly

one-half of the hcc of other fulleropyrrolidines.

In Fig. 2 an experimental spectrum, expanded to

show the hyperfine structure of the satellite lines due to

radicals bearing a 13C nucleus, is shown together with its

simulation. The simulations were obtained on the basis

of a best fit procedure by varying the number of different
13C hyperfine couplings, the relative abundance of the

radicals bearing each type of coupled 13C nucleus, and

the values of the hyperfine coupling constants. The re-

sults are reported in Table 2. All the radicals bearing a
13C are present with the abundance of 1%, indicating

Fig. 1. X-band CW-EPR spectra of CIS1 monoanion in MeTHF.
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that there are not equivalent positions, as expected be-

cause of the radical symmetry.

On decreasing the temperature from 280K the EPR

linewidths decrease until 220K, then increase again on

further lowering the temperature. The linewidths at

different temperatures are reported in Table 3.

The g-factor is 2.0001, a typical value of a fullerene

radical anion.

3.2. CW X-band EPR of CIS2

Fig. 3 reports the X-band EPR spectra of CIS2 rad-

ical anion at three temperatures.

The quite complex pattern can be ascribed to the

presence of at least four different species, three of them

showing 14N hyperfine splitting (Table 1). The simula-

tion (Fig. 4) of the best resolved spectrum at 160K al-
lows the determination of the g-factors and the 14N hccs

of the four radicals.

The g-factors, the linewidths, and the relative con-

centrations of the four radicals at different temperatures

are reported in Table 4. For three of the species (II, III,

and IV) there is a very slight increase of the linewidths

on increasing the temperature. The relative concentra-

tions of the radicals vary with the temperature indicat-
ing equilibrium between them. The species lacking the
14N coupling (species II) is always present with the

highest concentration.

3.3. CW X-band EPR of CIS3

The spectra at different temperatures in liquid solu-

tion of MeTHF are reported in Fig. 5.
The spectra show the presence of three radicals: two

give a single line spectrum (species I and II in Fig. 5) and

Table 1
14N hyperfine coupling constants for some fulleropyrrolidine radical anions

CIS1a CIS2a CIS3a NTEGb TRANS1b MFPc TegMFPc bisNMPc ;d

14N hcc 0.011 0.021 (I) 0.022 (III) 0.022 0.021 0.022 0.023 0.021

0.0 (II) 0.000 (II) 0.025

0.027 (III) 0.000 (I)

0.023 (IV)

The values (obtained from X-band EPR) are in mT. Precision �10�3 mT.
a This work.
bRef. [22].
cRef. [21].
d Two radicals were observed.

Fig. 2. Expanded view of the X-band spectrum of CIS1 monoanion in

MeTHF at 220K with simulation.

Table 2
13C hyperfine coupling constants (in mT, precision �10�3 mT) and abundance (%) of radicals bearing one 13C for CIS1, NTEG, and TRANS1

monoanions (from simulations of the X-band EPR spectra)

CIS1 13C hcc 0.272 0.244 0.174 0.122 0.076 0.054

Abundance (%) 1 1 1 1 1 1

NTEG 13C hcc 0.200 0.165 0.112 0.070

Abundance (%) 2 2 4 4

TRANS1 13C hcc 0.176 0.046

Abundance (%) 4 8

Table 3

Linewidth (LW) at different temperatures of CIS1 monoanion (from simulations of the X-band EPR spectra)

LW 8� 10�3 7� 10�3 6� 10�3 6� 10�3 7� 10�3 7� 10�3

Temp. 180K 200K 220K 240K 260K 280K

Linewidth are in mT (prec. err. �10�3 mT).
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the third one a triplet spectrum due to the coupling with

a 14N nucleus (species III). In Fig. 6 the spectrum at
200K is reported along with its simulation, from which

the 14N hcc of the species III (Table 1) and the g-factors

of the three radicals (Table 5) have been determined.

Table 5 reports also the linewidths and the relative

concentrations of the three species at different temper-

atures.

3.4. High Frequency EPR spectra of CIS1

In Fig. 7, we report theW-band EPR spectra, recorded

at about 110GHz, at different temperatures. At low
temperature the glassy phase spectrum has a total width

of about 1.5mT and shows features indicating the su-

perposition of different species with different g-tensors.

On increasing the temperature, the spectrum narrows

as the solvent softens and at 210K four narrow lines

Fig. 3. X-band spectra of CIS2 monoanion in MeTHF.

Fig. 4. Spectrum of CIS2 monoanion together with simulation (dotted

line) at 160K. Below, the reconstruction of the simulation shows the

features due to the four species underlying.

Table 4

Linewidth (LW), g-factors, and relative concentrations (RC) of the four species of CIS2 monoanion (from simulations of the X-band EPR spectra)

Species I II III IV

g-Factors 2:0012� 0:0001 2:0008� 0:0001 2:0007� 0:0001 2:0003� 0:0001

Temp. LW RC LW RC LW RC LW RC

240K 0.015 6% 0.016 64% 0.014 6% 0.025 24%

220K 0.015 5% 0.014 80% 0.011 5% 0.025 12%

160K 0.018 2% 0.011 79% 0.011 9% 0.021 10%

Linewidths are in mT (prec. err. �10�3 mT) and relative concentrations are expressed as percentage of the total intensity (rel. err. 5%).

Fig. 5. X-band spectra of CIS3 monoanion in MeTHF.

Fig. 6. X-band spectrum of CIS3 monoanion at 200K with simulation

(dotted line).
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(linewidth about 0.05mT) appear. On varying the tem-

perature, the relative intensities of the lines vary.

Moreover, different experiments with the same sample at

the same temperature but with different thermal ap-
proaches give rise to slightly different relative intensities

of the lines. The difference in the g-factors between the

first and fourth line is Dgmax � 1:3� 10�4.

3.5. High Frequency EPR spectra of CIS2

In Fig. 8 the W-band spectra recorded at 120 and

165K of CIS2 are presented. Although the EPR tubes
were carefully sealed, minute leaks led to a degradation

of the samples. Because of this degradation, it was not

possible to acquire W-band spectra in the full temper-

ature range. In our opinion it is of paramount impor-

tance to use the same bisadduct derivatives to prepare

the anions used for all the spectroscopic measurements.

The limited temperature range available for the W-band

measurements does not restrict the analysis of the data.
For instance, the W-band spectra at 120 and 165K il-

lustrate very clearly the passage from a frozen matrix

(120K) to almost a fluid solution (165K): the inhomo-

geneously broadened spectrum at 120K changes to a

more resolved spectrum at 165K. The lines (linewidths

0.2–0.4mT) in the 165K spectrum can be attributed to

at least three different species.
The low resolution of this high field spectrum does

not allow a clear correlation between the species de-

tected at X- and W-bands. Nevertheless, the Dgmax at W-

band is about 4:5� 10�4, which compares well with the

difference in g-factors between the species II and IV seen

in the X-band spectra. The species I shows very low

intensity at X-band and is not visible at high frequency.

3.6. High Frequency EPR spectra of CIS3

The W-band spectra in liquid solution clearly show

the presence of four species (Fig. 9). In the spectrum

at 180K the linewidths of the four species are about

0.15mT and Dgmax � 6:5� 10�4. The difference in

the g-factor of the two more intense species is Dg �
1:9� 10�4: this difference agrees with the g-factor dif-
ference between the species II and III, which are the only

species visible at 180K in the X-band spectrum. The

species I is visible in X-band only for T > 200K and has

a g-factor that does not fit either of the low field feature

in the W-band spectrum at 180K.

Table 5

Linewidth (LW) and relative concentrations (RC) for the three species of CIS3 monoanion (from simulations of the X-band EPR spectra)

Species I II III

g-Factors 2:00034� 0:00010 2:00030� 0:00010 2:00010� 0:00010

Temp. LW (mT) RC LW (mT) RC LW (mT) RC

180K — — 0.010 11.0% 0.010 89.0%

200K 0.004 1.0% 0.009 12.9% 0.011 86.1%

220K 0.005 0.9% 0.007 12.6% 0.017 86.5%

240K 0.007 1.6% 0.009 12.4% 0.022 85.6%

Linewidths are in mT (prec. err. �10�3 mT) and relative concentrations are expressed as percentage of the total intensity (rel. err. 5%).

Fig. 7. W-band spectra of CIS1 monoanion in MeTHF.
Fig. 8. W-band spectra of CIS2 monoanion in MeTHF.
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In frozen matrix the spectra become very broad: the

total linewidth is about the double of the linewidth ob-

served in the CIS1 and CIS2 bisadduct spectra. This

feature is clearly evident in Fig. 10, where the glassy

phase spectra recorded at 220GHz of the three CIS bi-

sadducts are reported. For comparison in the same fig-
ure the spectrum of a symmetric FP bisadduct is

reported from [22].

4. Discussion

4.1. General features of the X-band and High Frequency

EPR spectra and g-factors

X-band EPR spectra of mono and bisFP radi-

cal anions show generally a single species having

hyperfine coupling with the pyrrolidinic nitrogen
and satellite lines due to 13C hyperfine structure

[21,22]. The anomalous temperature dependence of the

EPR linewidths of the latter radical anions was ex-

plained as due to a fast averaging between different

conformations.

This rapid interconversion was related to quick ra-

diationless transitions between nearly degenerate elec-

tronic states affecting the relaxation times. In agreement
with this hypothesis, we have shown that for different

bisadducts the anomalous contribution to the electron

spin relaxation behaviour decreases [22] as the stiffness

of the fullerene moiety and therefore the conforma-

tional energy difference increase. We have proposed that

the rapid interconversion among different conforma-

tions and the related fast radiationless transitions be-

tween the electronic states modulate the spin-rotational
and spin–orbit interactions in the spin hamiltonian,

which appears to be responsible for the short relaxation

times [22].

The detection of different conformations depends

upon the rate of the interconversion, compared with the

difference between the resonance frequencies of the EPR

lines of the different radicals. For example an inter-

conversion between conformations with no difference in
the Zeeman energy and in the 14N hccs, but large en-

ough differences in the 13C hccs, could give rise to a

broadening of the 13C satellite lines, leaving the shape

of the main spectrum unchanged. This would be the

case for example of a dynamical Jahn–Teller effect

leading to interconversion between several equivalent

conformations with the same g value and 14N hcc,

but in which the 13C nuclei would be exchanging their
different hccs.

The radical anions studied in this paper lack any

symmetry element, and therefore we expect that their

different conformations should correspond also to dif-

ferent g-factors, and different 14N hccs. In fact the

spectra of CIS1, CIS2, and CIS3 show the presence of

several radical anions with very small differences in g-

factors and some of these radicals show different hccs
with the 14N nucleus.

In the case of CIS2 and CIS3, the presence of several

radicals is detectable both in X-band and W-band EPR

spectra, whereas in the case of CIS1 the small differ-

ences in the g-factors do not allow to disentangle their

features in the X-band spectra. This latter compound

has two nearby rings, connected by a floppy aliphatic

chain. A quite flexible structure results that allows
several conformations with little energy differences.

Actually, four species are observed at W-band (Fig. 7),

with intensity ratios changing with the temperature and

thermal approach, which strongly supports the hy-

pothesis of interconverting conformers. Only one spe-

cies is visible in X-band spectra (Figs. 1 and 2), because

the low energetic barrier between the conformations

Fig. 10. Spectra at 220GHz in glassy phase of the CIS adducts. The

glassy phase spectrum of TRANS1 at 220GHz [22] is shown for

comparison.

Fig. 9. W-band spectra of CIS3 monoanion in MeTHF at different

temperatures.
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leads probably to a rapid interchange on the X-band
timescale.

In CIS2 and CIS3, the rings are bonded further apart

to the buckyball, which induces a strain in the aliphatic

chain and an increased rigidity of the fullerenic sphere.

In this case, the higher conformation energy barrier in-

volves well-separated conformations and effectively dif-

ferent species are observed even in the X-band spectra

(Figs. 3–6).
The occurrence of several conformations for the CIS

adducts can be also inferred by comparing the line-

shapes of their glassy phase HF-EPR spectra, recorded

at 220GHz, with the spectrum obtained for the more

rigid and symmetric FP bisadduct TRANS1 (see Fig.

10). In [22] we obtained that TRANS1 is present, both in

solution and in glassy phase, in a single conformation.

From the simulation of the well-resolved glassy phase
HF-EPR spectrum, it was possible to determine the

principal components of the quasi-axial g-tensor. The

220GHz unresolved rigid spectra of the CIS bisadducts

are clearly due to many conformers with different, but

close and slightly anisotropic g-tensors. CIS1 and CIS2

gave in fact narrower powder spectra with respect to

TRANS1. The HF-EPR spectrum of CIS3 adduct is

much broader, probably because its different confor-
mations have larger differences in the g-tensors, as the

conformations detected in the liquid phase HF-EPR

spectra show larger differences in the g-factors (for CIS1

and CIS3 conformers Dgmax � 1:3� 10�4 and 6:5�
10�4, respectively, that correspond, at 220GHz, to

DBmax � 0:5 and 2.5mT).

The g-factor values for all the species are largely

below the free electron g-factor value and this is a well-
known feature of fullerene anion derivatives. Although

a clear theory is not yet available to explain fully the

low g values, authors agree that this fact is due to the

closeness of the electronic states in these species [2,5].

We have shown in our previous reports that the ful-

lerene derivative g-factor values are shifted toward

higher values with respect to the C60 g-factor according

to a lower symmetry and/or a higher structural stiffness
[22]. So g-factors can be used as a rough estimate of

the structural features of a fullerene derivative radical

anion.

The single species in the X-band spectra of CIS1 ex-

hibits a g ¼ 2:0001, very close to 2.0000, and the species

observed at high frequency have g-factors differing from

this value of less than �1�10�4.

This means that the Zeeman frequencies of the dif-
ferent species observed at W-band have differences of

the order of �3� 106 s�1; the difference at X-band

would be 10 times smaller, �3� 105 s�1. Since at W-

band the different species are detectable, whereas at X-

band they give rise to a single line, we must conclude

that the interconversion frequency is between these two

values.

In CIS2 and CIS3 spectra the g values obtained from
the X-band spectra are larger than 2.0001 for most of

the species, indicating a shift toward higher values ac-

cording to the increased stiffness.

4.2. 14N hyperfine couplings

In Table 1 we report the 14N hyperfine couplings for

our CIS adducts together with the hccs of other ful-
leropyrrolidine mono- and bisadducts. It is worth to

note that for all species the 14N hccs are very similar

except for CIS1. Apart from CIS1, for all species the 14N

hcc value is about 0.02mT. Since it is well known that

the spin density is mainly located on the equatorial belt

of the fullerene sphere [12,13], the hyperfine coupling

with the ring nitrogens requires a through bond spin

polarization or a direct spin-density transfer toward the
nitrogen nuclei.

In our previous report [21], we ruled out the spin

polarization mechanism as a source of coupling, on the

basis of the too large 14N hyperfine constant, and

showed that a direct spin-density transfer from the p
distribution to the sp3 lone pair was instead fully con-

sistent with this value. Furthermore, this mechanism,

called periconjugation, has been already mentioned in
the literature to explain other effects [28,29].

According to the model of the periconjugation, the

nearest carbon atoms having spin density (carbons 3a,

3b in Fig. 11a) overlap their p orbitals with the lone pair

sp3 orbital of the pyrrolidinic nitrogen. In order to have

effective interaction, the ring has to be bent toward the

sphere, i.e., the molecule has to assume the shown

conformation. In Fig. 11b, we report the same confor-
mation for CIS1, which is the only adduct (among the

ones we studied) where the carbon position 3b is occu-

pied by the isoxazolinic ring. Therefore, only one carbon

p orbital is available for the spin-density transfer,

and not surprisingly, the 14N hyperfine coupling con-

stant is one-half of the usual ones (0.011mT instead of

0.02mT).

Fig. 11. (a) Theoretical model of periconjugation, invoked to explain

the observed 14N hyperfine coupling constant in NMP monoanion [21].

(b) The same model for CIS1: only one carbon p orbital in position 3a

can interact with the lone pair sp3 nitrogen orbital.
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For CIS2 and CIS3, several species can be observed
in the spectra, some with and some without 14N hy-

perfine coupling. According to our model only confor-

mations with the pyrrolidinic ring bent toward the

sphere have the proper geometry to give rise to the

hyperfine interaction. We can assume that the strain of

the aliphatic chain in CIS2 and CIS3 allows for con-

formations where the nitrogen lone pair orbital points

away from the fullerenic sphere, as shown for CIS2 in
Fig. 12, which results in conformers without 14N hy-

perfine coupling.

We can notice also that the isoxazolinic nitrogen does

not seem to interact with the fullerenic sphere, or at least

does not give a measurable constant. We can rule out

that the observed nitrogen hcc in the CIS adducts is due

to the isoxazolinic instead of pyrrolidinic nitrogen, since

the adducts containing only the pyrrolidinic ring (see
Table 1) do show the same hyperfine coupling. The ni-

trogen hccs we observe have been rationalized in terms

of a direct spin transfer [21] and DFT-type studies were

presented in [22].

4.3. 13C hyperfine couplings

In the X-band EPR spectra of CIS1 satellite lines
beside the central triplet are apparent. These lines are

due to radicals with one 13C in some position of the

buckyball and this coupling can be very useful to in-

vestigate the spin distribution on the fullerene sphere

of the FP adducts. From the simulations of the CIS1

spectra, we obtain six sets of hccs, each set containing

only one radical. The number of sets is an indication

of the non-equivalent carbon positions on the bucky-
ball.

By comparison, in Table 2 we show the 13C hyper-

fine couplings for the two FP adducts studied in [22],

TRANS1� and NTEG�. Both TRANS1� and NTEG�

hccs involve 12 carbon atoms, but in TRANS1� they

are grouped in two sets, while in NTEG� they are in

four sets. The number of carbons, which hyperfine

coupling constants could be measured for, is 6 in
CIS1�. This can be explained, assuming that in CIS1�

several carbon atoms have a very low spin density and

the radicals with a 13C in these positions are unable to

give detectable 13C hyperfine couplings in the CW-EPR

spectra. Furthermore, the six carbon atoms are grouped

in six different sets. This means that the symmetry of

spin distribution decreases in the order: TRANS1�,
NTEG�, and CIS1�.

4.4. CW-EPR linewidth

The EPR linewidths of radicals in dilute solutions

are determined usually to large extent by modulation of

the anisotropic parameters in the Hamiltonian: the

source of this modulation is commonly rotational dif-

fusion. For rotational correlation times typical of me-
dium-sized radicals in low viscosity solutions, only

secular and pseudosecular contributions to the electron

spin relaxation need to be taken into account in the X-

band EPR spectroscopy. In this motion regime, the

spin–lattice relaxation time T1 is longer than the spin–

spin relaxation time T2 and the linewidth increases on

increasing solution viscosity, i.e., lowering temperature

[30].
On the other hand, it is well known that the EPR

spectra of C60 monoanion consist of a single broad line

at room temperature, which strongly narrows on de-

creasing temperature [2,5,6]. This anomalous behavior

has been widely discussed in the past years and authors

generally agree that it depends on non-secular contri-

butions, responsible for unusually short spin–lattice

relaxation times [5,23,31]. A similar trend of the line-
widths, though less pronounced, is displayed by several

FP radical anions, which we have studied in our pre-

vious reports. In these cases, the T1 times were mea-

sured directly by saturation and inversion recovery

pulse techniques and resulted very short if compared

with the T1 relaxation time of TRANS1 monoanion,

which did not show anomalous linewidth trend. In

these cases, T1 was actually determining the CW-EPR
linewidth and we proposed a mechanism to explain the

short T1 [22].

Also for CIS1� one can notice a slight diminution of

the linewidth on decreasing the temperature, as reported

in Table 3, though this decrement is much less than for

simple FP monoadducts in the same solvent: for in-

stance, for NTEG� the peak to peak linewidth decreases

from about 8� 106 s�1 down to 3� 106 s�1 in the range
260–160K [22], while for CIS1� linewidth variations

are between 1:4� 106 s�1 and 1:0� 106 s�1 in the same

temperature range.

For CIS2� four species are visible in the X-band

spectra and the analysis of the spectral profile is

complicated. However, it is apparent that the line-

width trend is different for each species, as one can see

Fig. 12. Possible conformations of CIS2 with the nitrogen lone pair

orbital pointing toward the fullerenic sphere (a) and far from the ful-

lerenic sphere (b).
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from the Table 4. Only the species with the highest g-
factor, giving rise to the triplet at low field (species I),

presents a line broadening on lowering temperature, as

typical of ‘‘normal’’ low symmetry radicals. The other

species, with lower g-factors, behave like typical ful-

lerene derivative radicals, although linewidth varia-

tions are quite small. It is reasonable, on the basis of

our model, that the four species are conformers of the

CIS2 molecule in equilibrium and that the different
linewidth trend relates to a different spin-density dis-

tribution and/or a different stiffness of the conformers.

Accordingly, the species with the highest g-factor

corresponds to a stiffer conformation. This is also in

agreement with the g-factor analysis discussed previ-

ously.

Similarly, the lowest g-factor values in CIS3� spectra

can be attributed to a flexible conformer, since the
linewidth trend is a remarkable linewidth reduction on

lowering the temperature, as typical for high symmetry

fullerene derivative radicals.

5. Conclusions

This study has shown that in the low symmetry rad-
icals we examined anomalous effects in the EPR line-

widths are also present. Evidence is found that the

increase in linewidths on increasing the temperature can

be correlated with the lack of stiffness of the fullerene

moiety.

The values of the 14N hcc in the different compounds

show that the spin-density distribution near the pyrrol-

idine ring is nearly the same in all the radicals. More-
over, in some cases the lack of any 14N coupling

indicates the presence of conformations with an axial

nitrogen lone pair.

The values of the measured 13C hcc have provided an

indication of the symmetry of the spin-density distri-

bution over the buckyball, that compares well with the

molecular symmetry of the compounds.

The X-band spectra have shown that for compounds
CIS2 and CIS3 the radical anions are present in different

conformations in thermodynamic equilibrium. This is in

agreement with the expectation that the methylene chain

connecting the two rings would increase the energy

barrier between them, in comparison with the FP mono

and bisadducts.

For CIS1, the HF-EPR spectra results put in evi-

dence different conformations. Comparing the X-band
and W-band data we have been able to estimate the

value for the interconversion rate between different

CIS1 conformations. This dynamical information

could only be obtained by measuring the EPR spectra

at different frequencies and stresses the importance

to use a multifrequency approach in order to investi-

gate the dynamical behaviour of fullerene derivative
radicals.
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