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The radical anions of two C60 Nteg-fulleropyrrolidine (teg) 3,6,9-trioxadecyl) adducts, the monoadduct and
the trans1-bisadduct have been studied in liquid solution and glassy matrix of 2-MeTHF by continuous wave
(cw) and pulsed X-band EPR and cw high-frequency EPR. The hyperfine coupling constants of the14N nuclei
and of the13C nuclei in natural abundance have been determined and discussed, also in relation with the spin
density distribution on the fullerene sphere obtained by restricted Hartree-Fock half-electron approximation
(RHF-HE), and the hyperfine coupling constants obtained with the density functional method. The calculation
results show a reasonable agreement with the experimental data. Theg tensors have been determined by
HF-EPR in frozen matrix at low temperature, the monoadduct showing a rhombic tensor and the bisadduct
an axial one. The temperature dependence of the EPR line widths and of the electron spin-lattice relaxation
times measured by Inversion Recovery of the magnetization have been studied. The radical anion of the
bisadduct shows line widths decreasing on increasing the temperature, as usually expected, whereas the radical
anion of the monoadduct shows the opposite behavior. The electron spin-lattice relaxation times at room
temperature are respectivelyT1 ) 2.8 µs andT1 ) 200 ns. The relaxation behavior has been discussed and
compared with that of the C60 monoanion and of other fulleropyrrolidine adducts, taking into account the
time modulation of the parameters of the spin Hamiltonian due to the reorientation in solution, and the coupling
between rotational and electron spin magnetic moments. This spin-rotational mechanism gives rise to the
shortT1 and anomalous temperature dependence of the line widths in the monoadduct, whereas the larger
stiffness of the bisadduct reduces this effect.

Introduction

The paramagnetic species produced by reduction of C60 and
some of its derivatives have been extensively studied with EPR
in the past years.1-15 A comprehensive review on fulleride
anions and fullerenium cations has been recently published (see
ref 16, and references therein).

An interesting class of fullerene derivatives is that of the
fulleropyrrolidines (FP), prepared by 1,3-dipolar cycloaddition
of azomethine ylides to C60.17 This methodology provides a
broad variety of useful functionalized fullerenes, produced with
practical applications as the scope.18 In particular, elucidation
of the electronic structure of reduced fulleropyrrolidines be-
comes important as these compounds are extensively used as
electron-accepting units in electro- and photoactive diads.19 In
a recent cw and pulsed EPR study20 we have shown that the
EPR spectra of the radical anions of FP show some interesting
features, that give a better insight into their structure than similar
studies for many other fullerene derivatives.

In fact in general the radical anions of fullerene derivatives
in their EPR spectra show a single line, lacking any hyperfine
structure. On the other hand, in the case of FP radical anions
the spectra show a hyperfine structure due to the interaction of
the unpaired electron with the14N nucleus, and satellite lines
due to the anions bearing a13C in some position of the bucky
ball. From these data one can obtain an useful information on
the spin distribution on theπ system and on its symmetry.
Moreover, the temperature dependence of the EPR line widths,
and the direct measure ofT1 with pulsed EPR experiments, have
shown that the FP radical anions have in general a spin-lattice
relaxation time much shorter than ordinary radicals. This effect
is known to be typical of fullerene derivatives, theT1 value
being very short for C60

- (∼1 ns at room temperature), and
then increasing in monoadducts (for example∼100 ns for
N-methylfulleropyrrolidine-) and still increasing in bisadducts
(∼1 µs for bis-N-methyl-3,4-fulleropyrrolidine-).

The shortT1 has been attributed to the near degeneracy of
the π-electrons energy levels of fullerenes, allowing fast
radiationless transitions between the different electronic states.

In this paper we report a continuous wave X-band and
W-band, and pulsed X-band EPR study, on the radical anions
of two pyrrolidine adducts, the monoadduct NTEG and the
bisadduct TRANS1 (see Scheme 1).

† Universita di Padova. E-mail addresses: zoleo@corgia.chfi.unipd.it,
a.l.maniero@chfi.unipd.it, M.G.Severin@chfi.unipd.it, M.Brustolon@
chfi.unipd.it. Fax: +39-049-8275135.
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Experimental Section

Instrumentation. X-band EPR measurements were per-
formed with a computer controlled Bruker ER 200 D spec-
trometer, equipped with a nitrogen flow-temperature controller.
Forg values calibration, the microwave frequency was measured
with a 5342A Hewlett-Packard microwave frequency counter,
and a LiTCNQ crystal was used asg value standard.

The pulsed EPR experiments were performed in the 110-
300 K temperature range, using a Bruker ESP 380 spectrometer
equipped with a dielectric Bruker cavity and a variable tem-
perature unit.

The HF-EPR spectra (around 110 and 220 GHz) were
obtained at the NHMFL in Tallahassee (FL) with a homemade
spectrometer.21 This machine is built around a superconducting
magnet with a 17 T “main” coil and a( 0.1 T “sweep” coil
(Oxford Instruments Inc.). The source which has been used in
this work is a Gunn oscillator emitting in the 108 to 112 GHz
range, and equipped with a Schottky diode harmonic generator
for obtaining higher frequencies (ABmm, Paris). The operating
microwave frequency is measured with, and frequency locked
to a source locking microwave counter (EIP 578B from EIP
Microwave Inc., Milpitas, Ca).

The spectrometer was used in its basic configuration (“single
pass” transmission mode), that uses oversized-cylindrical
waveguides for propagation of the microwave power.

The transmission probe is in a liquid helium flow cryostat of
the dynamic type (CF 1200 from Oxford Instruments Inc.); this
ensures a good thermal exchange between the cold helium gas
and the sample. The temperature is monitored within( 0.1
degree. With a calibrated thermometer, Lakeshore model CX-
1030-SD fixed a few millimeters to the side of the sample, the
temperature we measured, in the 100 to 150 K range, was within
(2 deg of the temperature of the Oxford CF1200 sensor.

We used a liquid helium cooled In-Sb “hot electron”
bolometer (QMC Instruments, London).

The spectra were obtained by modulation of the magnetic
field at a frequency of 8 kHz with a modulation amplitude of
0.01-0.07 mT for spectra in liquid solution and of 0.1-0.15
mT 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. At 110 GHz, the spectra were

recorded between 280 and 20 K for the NTEG- sample and
between 185 and 80 K for the TRANS1- sample. At 220 GHz
only spectra in the rigid phase limit (T < 120 K) were recorded.
For g factor measurements DPPH (Sigma, ground to fine
powder)22 was used as internal standard to calibrate the magnetic
field.

Materials. Functionalized fullerenes considered in this paper
are shown in Scheme 1. The compounds are fulleropyrrolidine
derivatives, prepared by reaction of the appropriate azomethine
ylide precursor with C60.17 The synthesis of NTEG-fullero-
pyrrolidine (NTEG) has already been reported in the literature.23

Compound TRANS1 is the trans1-bisadduct of the biscyclo-
addition of TEG-glycine and paraformaldehyde to C60. This
molecule was synthesized by the reaction of 2 equiv of TEG-
glycine, 1 equiv of C60 and 10 equiv of paraformaldehyde in
refluxing toluene, while the reaction was followed by HPLC.
Then, it was purified by medium-pressure column chromatog-
raphy and further purified by semipreparative HPLC column
chromatography. The material was characterized by a variety
of spectroscopic techniques, including ES-MS,1H and 13C
NMR, UV/vis, FT-IR and elemental analysis.24

Dibenzo-18-crown-6 was used as purchased from Aldrich.
Methyltetrahydrofuran (mp 137 K) was distilled over sodium
prior to use.

Abbreviations Used.MFP) N-methyl-3,4-fulleropyrrolidine
(2′H-[5,6]fullereno-C60-Ih-[1,9-c]pyrrole, 1′,5′-dihydro-1′-meth-
yl-); tegMFP) N-methyl-2-(3,6,9-trioxadecyl)-3,4-fulleropyr-
rolidine (2′H-[5,6]fullereno-C60-Ih-[1,9-c]pyrrole, 1′,5′-dihydro-
1′-methyl-2′-[[2-(2-methoxyethoxy)ethoxy]methyl]); bisMFP)
bis-[N-methyl-3,4-fulleropyrolidine]; NTEG) N-(3,6,9-tri-
oxadecyl)-3,4-fulleropyrrolidine (2′H-[5,6]fullereno-C60-Ih-
[1,9-c]pyrrole, 1′,5′-dihydro-1′-[2-[2-(2-methoxyethoxy)ethoxy]-
ethyl]); TRANS1 ) bis-TRANS1-[N-(3,6,9-trioxadecyl)-3,4-
fulleropyrrolidine]; TEG) 3,6,9-trioxadecyl; THF) tetrahy-
drofuran; MeTHF) 2-methyltetrahydrofuran.

Anion Preparation. The radical anions of NTEG and
TRANS1 were prepared by standard vacuum (10-4 mbar)
techniques in a 10 mm o.d. Pyrex tube. The tube was equipped
with three lateral arms. The first one contained the fullerene
sample, in some cases together with the dibenzo-18-crown-6
ether. In the second one a sodium mirror was formed by
evaporating the pure metal from a sodium-filled Drummond
calibrated capillary, before introducing the solvent through the
vacuum line. The third arm was equipped with an usual EPR
tube.

The concentrations of the samples were 10-5 M.

Results

Continuous Wave (cw) X-Band EPR. The spectra at
different temperatures for NTEG- and TRANS1- in liquid
solution of MeTHF are reported in Figure 1. The spectra show
the hyperfine structure due to the coupling with one nucleus of
14N in the case of NTEG-, and with two equivalent14N nuclei
in the case of TRANS1-. The hyperfine coupling constants
(hcc’s) are reported in Table 1. In the same table we report
also the14N hcc’s of other FP- for comparison.

In Figure 2 the hyperfine structures of the satellite lines due
to the radicals NTEG- and TRANS1- bearing a13C nucleus
are shown, together with the simulated spectra.

The simulations were obtained on the basis of a best fit
procedure on varying the number of different13C hyperfine
couplings, the relative abundances of the radicals bearing each
type of coupled13C nucleus, and the values of the hyperfine
coupling constants. The results are reported in Table 2.

SCHEME 1

9854 J. Phys. Chem. A, Vol. 104, No. 44, 2000 Zoleo et al.



The EPR line shapes of NTEG- and TRANS1- depend in a
different way on the temperature, as can be seen in Figure 1.
The simulation of the spectra gives the peak-to-peak line width
dependence on the temperature reported in Figure 3. One can
see that the temperature dependence of the line widths has an
opposite trend for the two compounds. In fact, on increasing
the temperature the line width decreases for TRANS1- and
increases for NTEG-. The line widths for the two compounds
become similar at low temperature. In the figure the contribution

to the line width expected on the basis of the tumbling in
MeTHF solution for both NTEG- and TRANS1- is also
reported (see eqs 4 and 5 below).

Pulsed EPR.In liquid solution an FID was detected for both
radicals. The agreement between theT2 values obtained from
the FID and that obtained from the cw-EPR line widths has
been checked for some temperatures. To get theT1 values in
liquid solution, we performed an inversion recovery of the
magnetization. This was observed with the pulse sequence
π-T-π/2-t by varying the timeT between the inverting pulse
and theπ/2 pulse giving rise to the FID. The lengths of theπ
andπ/2 pulses were 24 and 16 ns, respectively. A monoexpo-
nential fit of the recovery curve gave theT1 values at the
different temperatures.

We find T1 ) 2800 ns for TRANS1- at room temperature,
and in liquid solution the value increases slightly on decreasing
the temperature. A much shorterT1 was measured for NTEG-,
and the value is strongly temperature dependent. The logarithmic
plot of 1/T1 values of NTEG- versus 1/T is reported in Figure
4.

High-Frequency EPR.The 110 GHz EPR spectra of NTEG-

in MeTHF liquid solution show a single line without any
hyperfine structure. The line width slightly decreases from room
temperature to 230 K (∆Bpp ) 0.06 mT), then it increases up
to 0.25 mT at 160 K and 0.39 mT at 150 K. The spectra in the
range 100-150 K are reported in Figure 5, upper spectrum.

At 130 K a slow motion spectrum appears showingg tensor
anisotropy. The spectrum changes on further decreasing the
temperature. The lines sharpen slightly and the splitting between
the features corresponding to theg tensor components increases
(see Figure 5). At 100 K a spectrum is obtained that does not
change on further lowering the temperature. Below 100 K the
spectrum has been recorded using a very low microwave power,
to avoid fast passage effects.

EPR spectra of TRANS1- have been recorded at 110 GHz
up to 185 K. At this temperature the spectrum consists of a
single line with∆Bpp ) 0.27 mT.

On lowering the temperature, at 130 K a powder spectrum
appears showing anisotropy due to a quasi-axialg tensor. On
further decreasing of the temperature the spectrum changes only
slightly (see Figure 5).

The g tensor components of both radicals have been
determined by simulating spectra taken at about 220 GHz. At
the magnetic fields of interest, the calibration of the magnet
and the linearity of the sweeps were tested using DPPH and
Mn2+ centers in a polycrystalline MnO/CaO standard.21,25 For
the experimental spectra we report in this paper we only use
DPPH for calibration. For this work, the accuracy of the field
measurement was(1.25× 10-5.

The experimental spectra with simulations are reported in
Figure 6 vs theg values. All the spectra have been corrected
for the component due to the dispersion using a Hilbert
transformation and then simulated using the Symphonia program
from Bruker, with Lorentzian line shapes. The line width
parameters are reported in the caption of Figure 6. Theg tensors
are reported in Table 3.

Figure 1. X-band EPR spectra of the radical anion NTEG- (upper
spectra) and TRANS1- in MeTHF at different temperatures in liquid
solution. The line widths vs the temperature are reported in Figure 3.

TABLE 1: 14N Hyperfine Coupling Constants for Some
Fulleropyrrolidines Radical Anions (Values in mT)

14N hcc NTEGb TRANS1b MFPa tegMFPa bisNMPa,c

experimental 0.022 0.021 0.022 0.023 0.021
0.025

calculated 0.028 0.026

a Reference 20.b This work. c Two radicals were observed.
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Calculations

Semiempirical and ab initio quantum chemical calculations
were performed for the mono- and trans bis-pyrrolidine-adducts
of fullerene and for their radical anions, by means of the
packages GAUSSIAN 98,26 MOPAC 9327 and with the PC-
GAMESS version28 of the GAMESS (US) QC package.29 The
calculations were performed on pyrrolidine adducts where

simplerN-methyl groups substituted theN-polyalkoxy chains.
Geometry optimizations carried out by using the semiempirical
PM3 Hamiltonian on both neutral molecules provided the most
stable structures with the pyrrolidine ring in its envelope
conformation (but the flap angle of 24° was smaller than the
experimental one30) and an axial position for theN-methyl
group. However, a different conformation, with an equatorial
N-methyl group, was also found, with only 0.5 kcal/mol energy
difference. This latter conformation, with the nitrogen lone pair
pointing toward theπ orbitals of the fullerene ball (Figure 7),
was used in the subsequent calculations. As a matter of fact,
geometry optimization at the ab initio (STO-3G) level gives,
as the most stable equilibrium structure, an envelope-CH3-
equatorial conformation for the pyrrolidine ring, with a more
correct 36° flap angle.30

Semiempirical single point electronic energy calculations, at
the neutral molecule (semiempirical) geometry, were carried out
for the anion radicals, to get an estimate of the spin density
distribution. Unrestricted open shell Hartree-Fock calculations,
UHF,31 that would have easily allowed for the contribution of
spin-polarization, gave unreliable results owing to the strong
spin contamination of the doublet by higher spin states (〈S2〉 )
4.684). We tried two types of restricted semiempirical HF
calculations: the correct restricted open shell (ROHF),32 with
PC-GAMESS, and the half-electron approximation (RHF-HE)33

Figure 2. Experimental (continuous line) and simulated X-band spectra
of NTEG- (upper spectrum,T ) 160 K) and TRANS1- (T ) 280 K)
in MeTHF solution, showing the satellite lines due to radical anions
bearing a13C nucleus. For the parameters of the simulation see Table
2.

TABLE 2: 13C Hyperfine Coupling Constants and Number
of Equivalent Positions for each hcc of NTEG and TRANS1
Radical Anions (Values in mT)

NTEG n equivalent13C 2 2 4 4
A (13C) 0.200 0.165 0.112 0.070

TRANS1 n equivalent13C 4 8
A (13C) 0.176 0.046

Figure 3. Temperature dependence of the X-band EPR peak-to-peak
line widths of NTEG- (squares) and TRANS1- (circles). The lines
show the calculated contribution to the line widths due to the modulation
of the spin Hamiltonian parameters by the reorientation in solution (see
text). Key: lower line, TRANS1-; upper line, NTEG-.
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using Gaussian and MOPAC93 packages. Since the first method
provides results not consistent with the molecular symmetry only
the results obtained using the RHF-HE method will be reported.

To compare the spin density distribution with the experi-
mental13C hcc’s’, the values of the computed semiempirical
total atomic spin density of the 2s orbital component are shown
in Tables 4 and 5 for the 12 carbon atoms with the highest spin
densities. In the same tables are reported also the13C hcc’s’
obtained with the expression:

where 134.77 mT is the13C hcc for one electron in a 2s orbital.34

The spin density distribution is also shown in Figure 8 with
different intensities of the colored balls. The data show that the
unpaired electron is mainly localized on the fullerene belt and
its distribution corresponds to the molecular symmetry (Cs for
the monoadduct andC2h for the bisadduct).

UHF single point calculations, at the ab initio (STO-3G)
optimized neutral molecule geometries, were also performed
with the density functional method, as implemented in GAUSS-
IAN98. The Becke’s three Parameter hybrid exchange Func-
tional35 as modified by the LYP correlation functional36

(B3LYP) was used in the calculations, with a 6-31G(d) basis
set. In this case the13C and14N hcc’s’ can be obtained directly,
and their values are reported respectively in Tables 4 and 5,
and in Table 1.

Even with this more sophisticated method, which is reported
to be very effective in reproducing the effects of spin polariza-
tion with minimal spin contamination (we obtained a very good
value of〈S2〉 ) 0.755), the13C hcc’s’ distribution is very similar
to that obtained with semiempirical RHF methods and with a
worse geometrical structure. The hcc’s’ are higher than the
previous ones and with only small differences between them.

Discussion

HF-EPR Spectra, g Tensors andg Factors. The g factors
of fullerene anion radicals in solution are typically shifted to
unusually low values if compared with the free electron: the
C60 monoaniong factor is shifted to around 2.0000. The actual
value changes slightly with the solvent and the counter-
ion.5,16,37,43

As known, theg factor depends on the electronic state of the
radical, and on the spin-orbit coupling constants of the atoms
in the radical. A highly symmetric electron distribution is
expected to affect theg factors because of a more efficient spin-
orbit mixing due to the quasi degenerate excited electronic states.
Moreover, it has been stressed37 that the calculation of theg

Figure 4. Logarithmic plot of 1/T1 (s-1) vs 1/T for NTEG-. The
electron spin-lattice relaxation timeT1 is obtained by pulsed EPR
spectroscopy following the inversion recovery of the magnetization.

a(13C) ) 134.77FC
2s (1)

Figure 5. W-band EPR spectra of NTEG- (upper spectrum) and
TRANS1- in liquid solution of MeTHF near to the freezing point of
the solvent and in frozen solutions.
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factor for the C60 monoanion should take into account the
possible dynamic Jahn-Teller effect, and the coupling between
electronic and vibrational states.

Several theoretical calculations of theg factors for the C60

radical monoanions can be found in the literature,38 but a
satisfactory agreement between calculations and experimental
values is still lacking.

In Table 6 we report theg factors of some FP radical anions.
One can see that theg factors of the monoadducts FP radical

anions are very similar to those of the parent compound, and
therefore the electronic properties of the former radicals cannot
be very different from those of the latter one.

On the other hand, theg factors of bisadducts FP radical
anions are shifted toward a larger value, closer to that of the
free electron. On the basis of the previous considerations, this

Figure 6. Experimental and simulated HF-EPR spectra of NTEG-

(upper spectrum) and TRANS1- in rigid matrix of MeTHF (ν ) 220
GHz). The parameters for the simulations are the following. NTEG-:
gxx ) 2.00085,gyy ) 2.00038,gzz ) 1.99925; inhomogeneous line
widths for the three components, respectively, 0.28 mT, 0.20 mT and
0.68 mT; TRANS1-, gxx ) 2.00147,gyy ) 2.00038,gzz ) 2.00027;
inhomogeneous line width for the three components, 0.21 mT.

Figure 7. Conformation of the pyrrolidine ring with the R group in
axial position, allowing a mixing between the N lone pair and the 2p
orbitals on carbon atoms 6 and 6′.

TABLE 3: g Tensors Obtained from HF-EPR Spectra in
Glassy Solutions of MeTHFa

gx gy gz 〈g〉
NTEG 2.00085 2.00038 1.99925 2.00016
TRANS1 2.00147 2.00038 2.00027 2.00071

a In the last column the averageg value is reported.

TABLE 4: Total Atomic Spin Density of the 2s Orbital for
the Carbon Nuclei of NTEG- and Calculated 13C hcc’s

carbon atoma F2s
b 13C hccc 13C hccd

12, 12′ 0.001257 0.17 0.31
9, 9′ 0.001138 0.15 0.27
27 0.00108 0.14 0.30
16 0.000954 0.13 0.26
26 0.000925 0.12 0.21
17 0.000874 0.12 0.24
20, 20′ 0.000825 0.11 0.25
23, 23′ 0.000776 0.10 0.22

a For the numbering of the atoms see Figure 8.b 2s spin densities
calculated by PM3/RHF-HE method.c 13C hyperfine coupling con-
stants (mT) calculated by relationship (1) and the 2s spin densities
obtained by PM3/RHF-HE method.d 13C hyperfine coupling constants
(mT) calculated by the density functional method.

TABLE 5: Total Atomic Spin Density of the 2s Orbital for
the Carbon Nuclei of TRANS1- and Calculated 13C hcc’s.

carbon atoma F2s
b 13C hccc 13C hccd

20, 20′
12, 12′ 0.001102 0.15 0.29
9, 9′
23, 23′ 0.000989 0.13 0.25
17 0.000975
27 0.000973 0.13 0.28
16 0.000941
26 0.000939 0.13 0.25

a For the numbering of the atoms see Figure 8.b 2s spin densities
calculated by PM3/RHF-HE method.c 13C hyperfine coupling con-
stants (mT) calculated by relationship (1) and the 2s spin densities
obtained by PM3/RHF-HE method.d 13C hyperfine coupling constants
(mT) calculated by the density functional method.
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effect could be attributed to a lower symmetry of the electron
distribution, or to a different structural rigidity of the fullerene
sphere.

On the basis of the experimental results the electron distribu-
tion in the bisadduct TRANS1- is found to have a higher
symmetry with respect to the monoadduct NTEG-. Therefore,
we can suppose that the low value of theg factors of fullerene
anions could originate in the low structural rigidity of these
compounds.

In the case of TRANS1 and of the other bisadducts, we can
expect that the presence of two pairs of carbon atoms with a
sp3 hybridization can give rise to a stiffer structure, and as a

consequence theg factor of the bisadducts is more similar to
that of the free electron.

A different rigidity of NTEG and TRANS1 can be inferred
also from the low-temperature HF-EPR spectra of the two
radical anions. As can be seen in Figure 5, the spectra of the
two radicals show a different behavior in the frozen MeTHF
matrix in the range 100-130 K. In the spectrum of NTEG-

the EPR lines are moving apart on decreasing the temperature,
and the spectrum at 130 K still shows slow motion effects,
whereas TRANS1- at this temperature gives a more rigid matrix
spectrum. Moreover, the spectrum of NTEG- in Figure 6,
recorded at a frequency near to 220 GHz, was simulated with
three different inhomogeneous line widths for the three com-
ponents (respectively, 0.28, 0.2 and 0.68 mT for thegxx, gyy

andgzzcomponents), whereas the simulation for TRANS1- was
done with about the same line width for the three components
(0.21 mT). The different inhomogeneous broadening, with a
larger broadening for one of the components in the NTEG-

spectrum, suggests for this latter radical the presence of more
conformations slightly distorted along one of the principal axes
of the g tensor. To confirm this conclusion we compared the
EPR spectra of NTEG- taken at 220 and 110 GHz, and found
a substantial dependence of the line widths on the frequency.
In fact, the spectrum at 110 GHz is simulated with respectively,
0.17, 0.13 and 0.38 mT for thegxx, gyy andgzz components.

14N Hyperfine Couplings. In Table 1 we report the14N
hyperfine couplings for radical anions of some fulleropyrrolidine
mono- and bisadducts. It is worth to be noted that for all the
reported radicals the14N hyperfine couplings are very similar,
independently of their being mono- or bisadducts, and for the
latter ones independently of their symmetry.

The values of the14N hyperfine couplings for NTEG- and
TRANS1- calculated with the density functional method are
also reported in Table 1. The agreement with the experimental
values is very good. In ref 20 we discussed the origin of the
14N hyperfine coupling, and we concluded that it is too large to
be explained by a spin polarization of the C-C and C-N bonds.
The spin density must derive therefore from a direct transfer
from theπ distribution on the bucky ball to the sp3 lone pair
orbital of the nitrogen atom, in agreement with the mechanism
of periconjugation.39 The lone pair of the nitrogen in the bent
pyrrolidine ring is overlapping with the p orbitals on carbon
atoms 6 and 6′ (see Figures 7 and 8). Therefore, the value of
the 14N hyperfine coupling, assuming that the conformation of
the pyrrolidine ring does not vary for the different adducts, is
a direct measure of the spin density distribution on the two
carbon atoms interacting with the nitrogen lone pair. As a
consequence we must conclude that the spin density near the
pyrrolidine rings is the same for all the adducts, and it is
determined by a local symmetry of the spin distribution due to
the periconjugation with the nitrogen lone pair and not to the
symmetry of the wholeπ distribution on the bucky ball.

Figure 8. Numbering of the carbon atoms for the two compounds
NTEG and TRANS1. The molecular structure is laying on a symmetry
plane, the atom C′ below the plane corresponding to atom C above.
The positions with a circle correspond to the 12 carbon atoms bearing
the highest spin densities on the 2s orbital. The intensity of the gray
indicates the spin density level, see Tables 4 and 5.

TABLE 6: g Factors for Radical Anions of C60 and Some
FP Derivatives in Liquid Solutiona

g factor ref.

C60 2.0000 15
MFP (MeTHF) 1.9999 20
TegMFP (MeTHF) 1.9999 20
BisMFPb (230 K) (MeTHF) 2.0013 20

2.0011
NTEG (MeTHF) 1.9999 this work
TRANS1 (MeTHF) 2.0003 this work

a The error is(0.0002.b Two radicals were observed.
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13C Hyperfine Couplings. The experimental13C hyperfine
couplings reported in Table 2 involve in both TRANS1- and
NTEG- 12 carbon atoms, grouped in four sets of equivalent
hcc’s in the case of NTEG-, and in two sets in the case of
TRANS1-. This confirms that the symmetry of spin distribution
in TRANS1- is higher than in NTEG-.

The calculated hcc’s data do not show any clear cor-
respondence with experimental ones as regard their grouping
in equivalent nuclei sets, the calculated spin distribution being
more homogeneous, with all the hcc’s very similar between
them. Moreover the hcc’s calculated by the density functional
method are all bigger than the experimental ones.

The only correspondence between experimental and calcu-
lated spin density distribution is its heaping up on 12 carbon
atoms. According to the calculations they are the carbon atoms
in the equatorial belt of the radicals, shown in Figure 8.

It should be noted that the13C hcc’s depend strongly on the
partial s character of the orbital bearing the unpaired electron.
This depends in turn on the geometry of the radical anion that
has been optimized for the neutral molecule and not for the
radical.

It is worth to compare the13C hyperfine couplings for the
radical anion of TRANS1 with those of another trans1-fullerene
bisadduct, reported by Brezova´ et al.40 For the anion radical of
C60(C(COOEt)2)2 the authors find three groups of 4 equivalent
nuclei 13C, corresponding to hcc’s of 0.19, 0.0854, and 0.0684
mT. There is a substantial agreement of their results with the
data reported in Table 2, both for the number of13C showing a
hcc of this order of magnitude (12 in both cases), and also for
the values of the hcc’s. In the quoted paper, the authors assume
that the spin density is mainly located on the keto groups, and
therefore they attribute the largest splitting constant to the13C
in the latter groups.

On the basis of the experimental results and of the spin density
calculations reported above, we conclude instead as most
probable that also for the C60 derivatives in ref 40 the13C hcc’s.
are due to the fullerene carbon atoms of the equatorial belt,
with a spin density distribution similar to that reported in Figure
8. In fact theπ electron distribution on the fullerene moiety of
a trans1-C60 bisadduct should not be substantially modified by
the different attached groups, as long as aπ conjugation with
these latter is not present.

cw-EPR Line Widths and T1 Values. In general the EPR
line widths of radicals in dilute solutions depend mainly on the
modulation of the Zeeman and hyperfine interactions due to
the rotational diffusion. For rotational correlation times typical
of medium-sized radicals in low viscosity solutions, only the
secular and pseudosecular contributions to the electron spin
relaxation must be taken into account in the X-band EPR
spectroscopy. Therefore, in this motion re´gime the spin-lattice
time T1 is longer than the spin-spin relaxation timeT2. The
line widths are proportional to the correlation time of the motion,
and they increase on increasing the viscosity of the solution.

In the Redfield approximation34 the line width contribution
due to the tumbling in solution is proportional toη/T, whereη
is the viscosity. The viscosity for MeTHF41 was obtained by
the relationship

([η] ) kg m-1 s-1).
For TRANS1- at T ) 170 K the experimental peak-to-peak

line width is ∆Bpp ) 2 × 106 s-1.

By considering a fixed contribution to the cw-EPR line width
due to the 100 kHz modulation sidebands (200 kHzf 1.25×
106 s-1), we obtain a contribution due to the tumbling in
solution: (∆Bpp)tumb ) 7.5× 105 s-1, corresponding to a spin-
spin relaxation rate

By taking into account the proportionality of 1/T2 to η/T, and
by using eq 2, we obtain the temperature dependence of the
line width reported in Figure 3 as a continuous line. The
agreement with the experimental values indicates that the
temperature dependence of the line width for this radical is
determined by its tumbling in solution.

It should be noted that, despite the relatively bulky radical,
the line widths are small. This is due to the small anisotropies
of the hyperfine andg tensors of the radicals.

In fact, in the Redfield limit the line width contribution due
to the tumbling for an electron spin coupled with a nucleus with
spin quantum numberMI is given by34

The three coefficients are

where in the inner productsg0 and TN
0 are, respectively, the

deviations of theg tensor and of the hyperfine tensorTN from
the average values, andτc is the correlation time of the tumbling
motion. In the Debye approximation:

whereη is the viscosity of the solution andr0 is the radius of
the radical.

For the radicals of NTEG and TRANS1, due to the small
value of the 14N hcc, and therefore of the corresponding
hyperfine tensor, the largest contribution is expected to be due
to the A parameter in (5). From the principal values of theg
tensors of the two radicals measured by HF-EPR (see Table 3),
the (g0:g0) value can be obtained: 1.35× 10-6 for NTEG-,
8.8 × 10-7 for TRANS1-.

For B ) 330 mT, we obtain for theA parameter in eqs 5 the
valuesA/s-1 ) 1.5 × 1014τc for NTEG-, andA/s-1 ) 9.9 ×
1013τc for TRANS1-.

By comparing the experimental value for 1/T2 at 170 K
obtained above, and by using eqs 5 and 6, we estimate the radius
of TRANS1-. A value ofτc ) 6.6× 10-9 s, is obtained, giving
2r0 ≈ 8 Å, in good agreement with the expected average radius
for the radical.

The line width contribution due to the tumbling for NTEG-

can be obtained from that of TRANS1-; the former is expected
to be 1.5 times that of the latter (see the upper line in Figure
3), on the basis of the values of theA parameters reported above.

log10η ) -3.986+ 162/(T - 81) (2)

( 1
T2

)
tumb

)
x3
2

(∆Bpp)tumb ) 6.5× 105 s-1 (3)

( 1
T2

)
tumb

) A + BM1 + CM1
2 (4)

A ) 2
15(µBBz

p )2

(g0:g0)τc

B ) 4
15(µBBz

p )(g0:TN
0)τc

C ) 2
15

1

p2
(TN

0 :TN
0)τc (5)

τc )
4πηr0

3

3kBT
(6)
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The experimental temperature dependence of the line width
of NTEG- , also reported in Figure 3, cannot therefore be
explained by the time modulation of the magnetic interactions
due to the tumbling in solution. The line width increases on
increasing the temperature. This result is similar to that obtained
for the radical anion C60

- (see ref 16 and references therein,
and also refs 42 and 43) and the radical anions of other
fulleropyrrolidines.20 For these systems, it has been shown that
the anomalous line widths were due to a non secular contribu-
tion. In fact, the electron spin-lattice relaxation times have been
measured in these previous cases, and they have been found to
be anomalously short.

For C60
- the EPR line width at room temperature varies

between 1 and 8 mT depending on the solvent and the
counterion. In ref 42 by measuring the spin-lattice relaxation
time T1 it has been shown that the EPR line widths above 50 K
are completely determined by the fast relaxation. The extrapola-
tion of theT1 values to higher temperatures gives a spin lifetime
of ≈1 ns at room temperature.

In ref 20 we have shown that for the monoadducts fullero-
pyrrolidine radicals a similar effect is present, although much
less pronounced, and we obtained a valueT1 ) 100 ns at room
temperature. However for the fulleropyrrolidine bisadducts much
longerT1 values were found.

In the present work, as reported above, we find a valueT1 )
200 ns for NTEG- andT1 ) 2800 ns for TRANS1- at room
temperature. Therefore, for the former radical we have a short
T1, similar to that of other fullerene pyrrolidine monoadducts,
whereas theT1 of TRANS1- is more than 10 times longer, as
for other pyrrolidine bisadducts. The shortT1 of NTEG- means
that there is a non secular contribution to the EPR line width
similar to that already found for other C60 derivatives. This gives
rise to the temperature dependence of the EPR line width in
Figure 3. In Figure 4 we report the plot of ln(1/T1) vs 1/T for
the latter radical. The linear plot shows that a temperature
activated process affects the lifetime of the spin state, with an
activation energy∆ ) 6.4 ( 0.5 kJ/mol (536 cm-1). This
activation energy can be compared with those measured for C60

-

and MFP-. The values are reported in Table 7. It should be
noted that for C60

- the activation energy is obtained from the
EPR line widths in glassy solution of THF-Pyridine; the line
width varies smoothly through the temperature of the softening
of the glass, suggesting that the tumbling of C60

- is not affected
significantly on going from glass to solution.43 Different values
of the activation energies, but of the same order of magnitude,
are obtained in different solvents.42,43One can see that the values
relative to the fulleropyrrolidine derivatives are of the same order
of magnitude with respect to that of C60

-.
Similar anomalous temperature dependence of the electron

spin relaxation rate, increasing with the temperature, have been
attributed in the past to spin-rotational relaxation mechanisms.34

These effects are known to derive from a coupling between the
electron spin magnetic moment and the magnetic moment of
the rotating radical modulated in time by the interaction of the
radical with the solvent. On increasing the viscosity of the
solvent, the lifetime of the rotational angular momentum
decreases, with a temperature dependence opposite with respect
to that of the correlation time of the tumbling. A relation of

inverse proportionality between the reorientational correlation
time τc and the correlation time of the angular momentumτJ

has been given by Hubbard.44

Therefore, the signature of the spin-rotational contribution
is its linear dependence on the parameterT/η.

In Figure 9 we report the dependence of (1/T1) on T/η for
NTEG- in MeTHF. As one can see, the linear dependence is
quite good, pointing to a spin-rotational effect.

Spin rotational effects have been observed in the past for
small size radicals and low viscosity solutions.34 The spin
Hamiltonian responsible for these effects is given by

whereJ is a magnetic moment due to the rotation of the slightly
unbalanced charge distribution on the molecule,S is the electron
spin magnetic moment andC is the spin-rotation coupling
tensor. To apply the theory quantitatively,C must be known.

A simple expression forC and therefore for the spin rotational
contribution to the line width can be obtained under the
assumptions thatC is time independent, that the molecule is
rotating as a rigid rotor, and that a good model for the rotational
diffusion is the Brownian motion. With these assumptions the
relationship holds:

where∆g is a tensor describing the deviation ofg from the
free spin value.34

By calculating from eq 6 theτc value for NTEG (with 2r0 )
8 Å as for TRANS1-, and obtaining∆g from the values in
Table 3), we find atT ) 250 K a contribution to the line width
(1/T1)sr ) 103 s-1, which is 3 orders of magnitude smaller than
the EPR line widths.

TABLE 7: Activation Energies from the Arrhenius Plot of
the EPR Line Widths

∆/hc, cm-1 ref

C60
- (THF-pyridine, glassy solution) 240 42

MFP- (MeTHF, liquid solution) 652 20
NTEG- (MeTHF, liquid solution) 536 this work

Figure 9. Plot of 1/T1 (s-1) vsT/η for NTEG-, whereη is the viscosity
of MeTHF (see text).

Hspinrot) J‚C̃‚S (7)

( 1
T1

)
sc

) ( 1
T2

)
sr

) 1
9

∆g:∆g
τc

(8)
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A similar calculation of the spin-rotational contribution to
the line width of C60

- has been done by Eaton at al., and they
conclude that the calculated contribution is too small to be taken
into account in determining the relaxation rate.43

However, the model used to obtain eq 8 is hardly acceptable
for NTEG and C60. In particular, the hypothesis of a rigid rotor
seems unrealistic. Therefore, we cannot drop out the possibility
of larger values of the coupling tensorC for these non rigid
radicals. This assumption would be consistent with the larger
spin-rotational effect on C60, less rigid than NTEG, and also
with the negligible effect on TRANS1, more rigid than NTEG
as discussed above.

However, there is also another possible hypothesis on the
origin of the observed line width effects. Apart the magnetic
moment deriving from the rotation of the molecule, another
possible spin-rotational contribution was foreseen by Kivelson
and Atkins.45 This is the contribution due to the spin-orbit
interaction

time modulated by time fluctuations of the orbital angular
momentuml.

It is well-known that for fullerene derivatives the near
degeneracies of the electronic states allow radiationless transi-
tions between the ground state and the low energy excited ones
driven by the coupling with the solvent cage. This effect can
be considered as producing an electron circulation on the
fullereneπ network, giving rise to an electron orbital angular
momentum different from zero. In general the effect of spin
Hamiltonian (9) for radicals is negligible, since the excited states
are far away from the energy of the phonons of the solvent
cage. As pointed out by Kivelson and Atkins this effect can
become important for radicals with low lying excited states.

The efficiency of the relaxation mechanism in (9) depends
on the lifetime of the orbital angular momentuml. As for the
rotational angular momentum, its lifetime will decrease on
increasing the viscosity of the solvent. Therefore, the relaxation
rates for the time modulation of the orbital angular momentum
should increase on increasingT/η, as for the spin-rotational
relaxation.

We conclude that a spin-rotational relaxation mechanism,
thermally activated with the energies listed in Table 7, is
responsible for the anomalous temperature dependence of the
EPR line widths of the fullerene radical anions.

Conclusions

The spin Hamiltonian parameters of the monoadduct and the
bisadduct fulleropyrrolidine radical anions studied in this paper
have been fully characterized. In particular, for the first time
full g tensors for two fulleropyrrolidine radical anions have been
determined, by means of high-frequency EPR spectra at low
temperature.

Some features were already observed in a previous work for
similar adducts,20 and have been confirmed in the present one.
Among them, the origin of the14N hyperfine couplings due to
the bending of the pyrrolidine ring that allows a direct mixing
of the lone pair orbital on the nitrogen atom with theπ
distribution on the fullerene. In this paper calculations performed
with the density functional method have given calculated values
for the 14N hyperfine coupling very near to the experimental
ones. The spin distribution is found to be on the equatorial belt
of the fullerene sphere, as obtained comparing the results of
the calculations with the experimentally determined13C hcc’s.

From theg tensors of NTEG- and TRANS1- obtained at
low temperature an orthorhombic symmetry for the former and
an axial one for the latter have been determined. Furthermore,
we have found a dependence of theg factors of FP radical anions
on the structural rigidity of the fullerene sphere.

An anomalous dependence of the EPR line widths on the
temperature for the monoadducts radicals, due to a shortT1

increasing on decreasing the temperature, has been observed,
in agreement with previous results. In the present paper we have
also shown that 1/T1 has a nearly linear dependence onT/η,
and a spin-rotational relaxation mechanism is very likely to be
responsible for the observed effect.
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