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Electron spin resonance spectroscopy of empty
and endohedral fullerenes®
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Fullerene derivatives exhibit many interesting structural, electronic, and chemical properties, largely determined by the
carbon cage’s ability to accept electrons. Electron spin resonance spectroscopy is a very sensitive and important technique
to detect open shell species and to determine HOMO and LUMO density distributions. Here we present a short overview of
the most significant and informative reports of electron spin resonance studies of empty and endohedral fullerenes, classified
on the basis of the entrapped moiety, cage size symmetry, and on the techniques used to generate the paramagnetic states.
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INTRODUCTION

Since the discovery of fullerenes in 1985 by Kroto, Curl, and
Smalley, an immediate question was posed: Is it possible to en-
capsulate atoms or molecules inside the hollow space of these
carbon allotropes? It was quickly found that the answer was
yes, and the same year, these authors reported the detection
of La@Cg;, Where the symbol @ is used to denote the inclusion
of La inside a Cg, cage.!! Since then, many examples of encapsu-
lated moieties have been reported with many different fullerene
cages containing a wide variety of atoms and clusters inside, and
these compounds are collectively called endohedral fullerenes
(EFs). The encapsulated species include non-metals; rare earth
metals; metals of groups I, lll, and 1V; and also metallic clusters
such as metallic carbides, nitrides, oxides, sulfides, cyanides,
and even hydrocarbon have been reported.”

Endohedral fullerenes exhibit many interesting structural,
electronic, and chemical properties, largely determined by the
EF carbon cage ability to accept electrons, generating stable
systems with highly positive encapsulated species inside highly
negative carbon cages with minimal reduction in symmetry.*!
These compounds are typically studied by electrochemistry, a
very useful tool for the characterization of their electronic
properties. When electrochemistry is combined with electron
spin resonance (ESR) detection of open shell species, a very
sensitive tool results to probe the paramagnetic states and
HOMO and LUMO density distributions. ESR spectroscopy is also
an important technique to probe the structure of these interest-
ing compounds. Herein, we have compiled the most significant
and informative reports of ESR studies of empty and endohedral
fullerenes, classified on the basis of the entrapped moiety, cage
size symmetry, and on the techniques used to obtain the
paramagnetic states. This is not an exhaustive review of the
subject but rather an overview of some selected examples.

EMPTY FULLERENES

Although most fullerene derivatives are ESR-silent because they
possess closed-shell electronic structures, there are several
chemical and electrochemical techniques that can be used to

introduce unpaired spins in situ via electron reduction or oxida-
tion. In 1991, the ESR study of the anion radical of C4, generated
by electrolysis was reported, which exhibited a g value of 1.9999.
This spectrum exhibited two interesting features: (i) the g factor
was significantly smaller than would be anticipated for a radical
consisting of only carbon atoms; and (ii) there was a dramatic
temperature effect on the line width.”! In addition, this spectrum
(refer to Fig. 1) consisted of two types of signal, one very broad
superimposed with a much sharper one, and the nature of the
latter has been the subject of extensive controversy.®

One of the most viable explanations for the presence of the
sharp signal was presented by Reed et al. in 2000, who
suggested that the existence of the sharp signal was caused by
a Cy200 impurity in solid Cgo samples that have been exposed to
air and light (refer to structure in Fig. 1). This explanation was
based on three main observations: (i) the ESR features of the an-
ion radical of an authentic sample of C;,,0 perfectly matched
those exhibited by the narrow line; (ii) the addition of C;,,0 to a
solution of the anion radical of Cgq resulted in an increase of the
relative intensity of this narrow signal only; and (iii) a sample of
high purity (Cgo) ™~ showed a sharp line-free ESR spectrum at 100 K.

An alternative interpretation for the observation of the sharp
ESR line was proposed by Dunsch et al. in 1998. Their interpreta-
tion was based on the idea that the anion radical of Cgy can
undergo partial dimerization to produce the dimeric dianion
(Ceo)3~, which should be ESR silent but could be converted into
the corresponding paramagnetic species (Cgp),— Via dispropor-
tionation reactions (refer to structure in Fig. 1). In 2002, Dunsch
and co-workers reported spectroelectrochemical studies of Cg
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with different electrolyte systems in order to determine the
source of the ESR spike signal. The authors found that higher
charged Cgo anions are unstable and react easily with most
organic solvents used in electrochemistry,m which, of these
interpretations for the nature of the species responsible for the
sharp ESR signal, still remains unanswered.

Electron spin resonance spectroscopic studies for the anion rad-
icals of higher empty fullerene are less abundant than for Cg. The
ESR spectrum of the anion radical of C;, showed a g value of 2.005
with remarkable anisotropy as a result of the symmetry of the ful-
lerene cage.”® In 2008, Dunsch and co-workers reported the ESR
study of the anion radicals of two bis-adducts of C;q, [C7o(CF3),]
and [C,o(CoFs),]™, generated by electrolysis. The ESR spectrum
spectra of the anion radicals showed a quartet with hfcc of
0.324G and an octet with hfcc of 0.83G for C;4(CF3), and Cyo
(C5Fs),, respectively. These results suggested that the spin distribu-
tion is coupled to only one of the two CF5 groups.””’ The ESR spec-
trum of the anion radical of C;4 exhibited a narrow signal with a g
value of 2.002,""” which is close to the g value of 2.003 reported for

the cation radical of C5¢ by Reed in 1996, an expected result
based on the lower symmetry of this fullerene cage. The ESR spec-
tra of the anion radicals of two isomers of C;g showed notable dif-
ferences, with g values of 2.002 and 2.004 for the C,, and D3
isomers, respectively."” In 2008, Dunsch and co-workers reported
the ESR studies of the mono, di, and trianion radicals of Cg, isomer
C, (3) generated via electrolysis, which showed a very sharp line
with a g value of 2.0009 for [Cg,]; as expected, the di-anion was
ESR-silent, and the tri-anion radical exhibited an ESR signal with a
g value of 2.0020. Additionally, the cation radical of the C; (3) iso-
mer of Cg, exhibited a g value of 2.0029."?Later, the same group
reported ESR studies of the anion radicals of the C;, C; D5, and
D.q isomers of Cgs."™ The ESR spectra of the C, and C, isomers
showed a sharp ESR line with g values of 2.0011 and 2.0004, re-
spectively (refer to Fig. 2a and b). The anion radical of the D, isomer
of Cg4 exhibited a sharp but not very intense line with a g value of
2.0008, as shown in the ESR spectrum of a mixture of C, and D, iso-
mers (Fig. 2c). The D,q isomer exhibited a broad signal with a g
value of 2.0013, which also showed an impurity signal arising from
the anion radical of the Cg,—C, isomer. The authors concluded that
the symmetry of the fullerene has a strong influence on the line
width of the ESR signal of these anion radicals, as previously
reported for fullerene dimers.

ENDOHEDRAL FULLERENES

Classical endohedral fullerenes

Unlike empty fullerenes, some endohedral fullerenes are intrinsi-
cally paramagnetic in their pristine form, so ESR studies have been
important for their characterization. In 1992, La-EF extracts were
characterized by ESR spectroscopy in solution and in the solid state,
exhibiting octet signals as a result of coupling of the electron spin
with a single 1=7/2 nucleus, with approximately equal intensities
and a hyperfine coupling constant (hfcc) of 1.25G and a g value
of 2.0010. These studies revealed that the metal center has a formal
charge of 3+ Thus, the formal charge states for these endohedral
compounds are best described by the formula M**[Cg,]*~. Similar
results were reported by Weaver and co-workers for ESR measure-
ments of Y-EF extracts, which exhibited two equal intensity lines
as a result of electron spin coupling with the 1=1/2 metal nucleus
with a small hfcc (0.48 G) centered at a g value of 1.9999.1"! In the
same vyear, Shinohara et al. published the preparation of
Sc-containing Cg, species, and ESR spectroscopy helped to
determine that it contained an encapsulated scandium trimer,
Sc;@Cg,,"® which was later shown to correspond to Sc;C,@Cgo.
Both solution and solid-state ESR spectra of Sc@Cg, exhibited simi-
lar features to those reported by Weaver and Johnson, suggesting
that Sc is present in a trivalent state,l"”’ which was corroborated
by DFT calculations.® In 1995, Boonman and co-workers studied
Er-EF extracts by high-frequency ESR spectroscopy.'? The ESR
spectra showed two resonances; the first, at high magnetic fields,
was assigned to a fullerene cage localized spin with a g value of
2.005, and the second, at lower magnetic fields, with an apparent
g value of ~8.6 was assigned to transitions of the Er** ions in the ful-
lerene system, which led to the conclusion that the electronic struc-
ture of these extracts was [Er*][C35] even though there was no
resolved hyperfine splitting.

With the development of better isolation and purification
methods, it was later possible to study the paramagnetic
properties of isomeric samples of EFs. Kikuchi et al. reported
ESR studies of the major isomers of M@Cgy, (M=La, Y),2%
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Figure 1. Representative Electron spin resonance (ESR) spectrum of the anion radical of Cgo (major, broad signal) containing a minor, narrow signal.
The two dimeric structures shown have been proposed to account for the sharp line. Reproduced with permission from ref 5. Copyright 1991 American

Chemical Society
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Figure 2. ESR spectra of the anion radicals of the (a) C; (14), (b) C; (11), (c) D, (22), and (d) D,y (23) isomers of Cg4 generated by electrolysis.
Reproduced with permission from ref 13. Copyright 2009 American Chemical Society

which exhibited a hfcc of 1.159G with eight symmetric lines
and 0.48 G with two symmetric lines for La and Y, respectively.
However, in agreement with previous measurements, the major Gy,
isomer of La-EF extracts exhibited another octet signal with a smaller
hfcc and at lower concentration. Akasaka and co-workers published
the first isolation and characterization of this minor isomer of La@Cg,
with a hfcc of 0.836 G, corresponding to C; symmetry.?" Isomers of
La@GC,,, (2n =76 — 90) studied by ESR spectroscopy exhibited similar
features to those reported previously, with small hfcc and g values
centered around 2.003.2% ESR studies of pure samples of Sc@Cg,
(G, G) and Sc@Cgy were reported by Shinohara in 2000. The ESR
spectra exhibited the typical octet as a result of the Sc nucleus hy-
perfine splitting (I=7/2) and similar g values, but the correspond-
ing hfccs were 3.82, 1.16, and 3.78 for Sc@Csg, (Cyy), Sc@cs; (Co),
and Sc@Cgy, respectively. These values of hfcc suggested that
the electron spin is localized mainly on the encapsulated Sc
nucleus.” Nevertheless, in 2005, a hyperfine structure study of
Sc@Cg, was reported using electron density functional theory
(DFT) calculations and ESR measurements and found that the elec-
tron density is distributed mainly around the carbon cage, with 5%
of the spin eigenstate associated with the Sc dyz orbital which
leads to the anisotropy observed for the resultant g and hffc
values.>¥

In 2003, Kato and co-workers examined the magnetic proper-
ties of Gd@Cg, by X- and W-band ESR spectroscopy in powder

form and in CS, and 1,2,4-tri-chlorobenzene solutions.?*! The
ESR spectrum of Gd@Cs; in tri-chlorobenzene solution exhibited
the behavior of a monomer with S =3, resulting from coupling
between Gd** and the carbon cage. The intramolecular
exchange coupling constant, J=—1.8cm™', was determined
from the simulation. Multi-frequency ESR spectroscopy has
been used to study a family of europium EFs, including
Eu@C,4 and three isomers of Eu@Cg,.12%! The spectra were fitted
in order to obtain information about the zero-field splitting pa-
rameters up to fourth order with a g value of 1.995, 1.993,
1.9946; 1.9919, 1.9928, 1.9933; 1.9925, 1.9921, 1.9939; and
19938, 19891, 1.9883 for EU@ng(CS), EU@ng (Cz), EU@ng
((C5y), and Eu@C,,4 (Dsp), respectively. ESR studies of Lu@Cg,
were reported by two different groups in 1998 and 2000.1%”!
Only a single broad peak was observed at room temperature
and at liquid nitrogen temperature, which was attributed to fast
nuclear spin relaxation. The spectra showed g values of 1.99705
and 2.0085 at room and liquid nitrogen temperatures, respec-
tively. Moreover, the broad spectrum exhibited a characteristic
Lorentzian line shape at room temperature, while the spectral
shape was distorted with the low field part of the spectrum
being more intense at 77 K.1*!

Electron spin resonance spectroscopy has also helped to
characterize classical endohedral fullerene derivatives,
especially those of La@Cg,. Some of the studied derivatives
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involve pyrrolidine addends, bis-silylated isomers, digermane
compounds, and bis-adducts of La@Cg,. These derivatives
exhibited hfccs between 0.10-1.93G and 0.52-3.81G for C,,
(9) and Cs (6), respectively. M@Cg, (M=Sc and Y) derivatives
studied by ESR spectroscopy exhibit hfccs close to the value
for the pristine M@Cg,, thus, chemical derivatization of
M@Cg, (M =La, Sc, and Y) does not result in significant electron
spin redistributions.

Electron spin resonance studies of dimetallofullerenes have
not been as fully explored because most of these EFs are
diamagnetic. However, the chemical reduction of La,Cgo was
reported by Kato in 2007,*® and the resulting ESR spectrum
of the anion radical of La,Cgy was very complex, exhibiting
very large hfcc for the La nuclei, clearly indicating high-spin
localization on the metals. The ESR spectra of [56]- and
[6,6]-pyrrolidine-derivatives of La,@Cgq also exhibited complex
spectra with high-spin localization on the (La-)** nuclei.*”!
Recently, Akasaka and co-workers published ESR studies of
the derivatives of La,@Cgy (I,) and La,@Cgg (Dsn), which
showed very similar signal patterns as those of the two
La,@Cgo isomers in the pristine form.*” In 2013, Wang and
co-workers reported the ESR study of the anion radical of
Y,@Cg;, prepared by potassium reduction in tetrahydrofuran.
The ESR spectrum showed three signals with a g value and
a hfcc of 2.0025 and 34.3G, respectively. These values
suggested that the spin distribution is mainly localized on
the Y nuclei.?"

Azafullerenes

When at least one fullerene cage carbon atom is replaced by a
nitrogen atom, the ESR spectra exhibit similar features as those
of simple radical centers on nitrogen. The ESR spectrum of
Y,@C;9N in toluene showed a 1:2:1 triplet with a g factor of
1.9740 and a large hfcc of 81.23 as a result of electron spin
coupling with two equivalent Y nuclei (refer to Fig. 3).5%
However, the ESR spectrum in the solid state showed a single
broadened line as a result of Heisenberg exchange, which was
confirmed by dilution of Y,@C;9N with the empty fullerene Cg,,

which has a comparable size. Similar results were obtained
by Dorn and co-workers for the ESR spectrum of Gd,@CygN,
which exhibited a g value of 1.9785% In 2012, Wang et al.
published the exohedral mono-derivatization and temperature
dependence of the paramagnetic properties of Y,@Cy9N. The
ESR spectra at low temperature showed pronounced anisot-
ropy, which suggests that the two Y nuclei exhibit restricted
motion.®* While the ESR spectrum of a pyrrolidine derivative
of Y,@C;9N showed similar features to that of pristine
Y,@CyN, different hfcc values indicated that each Y nucleus
is in a different electronic environment as a result of exohedral
functionalization.

In 2014, Wang et al. reported a detailed ESR and DFT study of
Y,@CgN, which was detected by mass spectrometry, but it was
difficult to separate from a mixture with Y,@Cg,. The paramag-
netic species Y,@Cg;N exhibited a g value of 1.97851 and two
hfccs of 7.7 and 69.8 G for two inequivalent Y nuclei. This large
hfcc value suggested that the unpaired spin is mainly localized
in the encapsulated metal nuclei. The DTF calculations of three
possible structures of Y,CgiN (Y,CN@Cgy, Y,Co@C7oN, and
Y,@Cg1N) concluded that the only possible species where the
unpaired spins are localized on the yttrium nuclei is Y,@Cg;N.**

Non-Metallic Endohedral Fullerenes

Endohedral fullerenes are usually prepared by adding the ap-
propriate staring materials during the arcing process. How-
ever, Knapp and co-workers reported the serendipitous
discovery of a new family of EFs by nitrogen implantation in
Cgo, Which produces a paramagnetic species with similar hy-
perfine properties to those of atomic nitrogen, N@Cgo, with
the encapsulated nitrogen atom in its quartet state, with
three unpaired electrons.*®" Q-band ESR spectroscopy of
N@Cgo showed two different signals.®”! A strong triplet signal
with a g value of 2.0030 and a hardly detectable doublet corre-
sponding to "*N@Ceo (I=1) and ">N@Ceo (I=1/2), respectively.
The ESR signal from ">N@Cq, was clearly visible after enrichment
with 99.9% '°N (refer to Fig. 4a).>’*® The ESR spectrum of
N@C5, exhibits the same g value with a smaller hfcc.**!

e [N S [ S—————

Toluene Solution

Pure solid

N

-—-w-«"'/ ',»'“/ r"’ “JW

Cg, Solid Solution

Figure 3. X-band ESR spectra of Y,@C79N samples in toluene solution, as a solid, and as a solid solution with Cg4. Reproduced with permission from ref

32. Copyright 2008 American Chemical Society
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Figure 4. Left: X-band ESR spectra at 300 K of a Cq sample in CS, produced under a bean of 14N2 (top) and 15N2 (bottom). Right: X-band ESR spectra of
N@Cg;(COOEL), (a) in solution and (b) in the form of a powder at ambient temperature (c) simulation. Reproduced with permission from ref 38. Copy-

right 1998 Springer-Verlag

Functionalization of N@Ce, led to the observation of ESR
spectra with interesting features: (i) smaller hfccs than that of
pristine N@Ceo; and (ii) broadened line widths and reduced
relaxation times. In 1997, Weidinger and co-workers reported
the ESR study of the first N@Cg, derivative, N@Cg, diethyl
malonate monoadduct (N@Cg;(COOEt),).*” The ESR spectrum
of N@Cg7(COOEL), in solution showed similar features to that of
pristine N@Ceqo; however, in the solid state, new lines were
observed (refer to Fig. 4b) as a result of the distortion of the
icosahedral cage symmetry by addition of the addend, resulting
in the loss of the degeneracy of the nitrogen p-orbitals.

In 2006, Franco et al. reported the effect of the size and type
of ring system fused to the fullerene cage on the ESR signals of
N@Ce, derivatives.*"! The ESR powder spectra of N@Ce, deriva-
tives are similar but exhibiting significant differences in the line

widths (refer to Fig. 5), which was attributed to small dipolar
interactions of the nitrogen unpaired electrons with the protons
of the addends. The same year, Jones and co-workers reported
the epoxidation of N@Ceo, Which resulted in a decay of the
ESR signal intensity, likely as a result of a lower energy barrier
for the loss of nitrogen.”*? In 2011, Porfyrakis et al. studied the
stability of two N-methyl-pyrrolidine-N@Cg, derivatives and
found that both showed ESR signal losses when exposed to
ambient temperature and light. ESR spectroscopy is the princi-
pal tool to study the stability of N@Cgo derivatives.**

In 2012, Porfyrakis and co-workers reported the synthesis of a
switch based on a covalently linked N@Cgp-porphyrin dyad (refer
to structure 2N in Fig. 6). The N@Ceo ESR signals are modulated
by demetalation of 2N with a decrease of the pH, resulting in
the free-base porphyrin, which removes paramagnetic Cu and

e e W

x 10

x 50

3320 3325

3330 3335 3340 3345 3350

3355

Magnetic Field (Gauss)

Figure 5. X-band ESR spectra at room temperature of different N@Cg, derivatives. Reproduced with permission from ref 41. Copyright 2006 Elsevier B.V
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Before demetalation
——— After demetalation
i s Pt
334 335 336 337

Magnetic field (mT)

Figure 6. Molecular switch based on a covalently linked N@Cgo-porphyrin dyad controlled by metalation/demetalation. Reproduced with permission

from ref 44. Copyright 2012 American Chemical Society

the associated enhanced relaxation of the unpaired spin.**! The
authors also studied the concentration dependence of these sig-
nals and found that Cu[TPP] shows a remarkable effect in the
sample at high concentrations; thereby, they concluded that
the intramolecular dipolar coupling plays an important role in
the relaxation properties of this endohedral fullerene dyad. Re-
cently, Porfyrakis and co-workers reported a spin dipolar cou-
pling study between N@Ceqo and Cu spins for different N@Ceo-
phthalocyanine dyads. The authors established that the chemical
modification and length of the spacer can change the magni-
tude of the dipolar coupling. These systems also showed con-
centration dependence as previously reported.**!

Electron spin resonance studies of Cgo dimers with a nitrogen
atom included in one of the C4q cages were reported in 2001 by
Dinse et al.”*® They showed that the dimers are ESR-active and
exhibited similar features to those of N@Ceo; however, the in-
tensity of the observed signals is lower than that for a mixture
of N@Cgo/Ceo. Retention of spin activity of N@Cg, derivatives
has proven to be a serious challenge. Recently, Porfyrakis and
co-workers reported modified Bingel reaction conditions that
led to retain 94% of the retention of spin activity of N@Cgo,"*”
much better than those previously reported for 1,3-dipolar cy-
cloadditions (73-79%). In 2011, Porfyrakis et al. also found that
there is no change in the hffc and g value for a nitrogen-
containing fullerene dimer, which suggests that the nitrogen
atom is still in the center of the cage, confirming the previous
report by Dinse.”® Two years later, the same group reported
the synthesis of two dimers "*N@Cgo-Cgo and '*N@Cgo-Ceo.*"!
According to the ESR studies, these dimers are more stable in
solution than other N@Cg, derivatives previously reported. In
addition, ESR studies of dimers with a nitrogen atom in both
fullerene cages suggested that there is no effect on the stability
of the endohedral nitrogen species by the proximity the two
N@Ceo units.>”

In 2013, Akasaka and co-workers reported the preparation of
HeN@GC,, (n=30, 35) by nitrogen insertion in He@ C,, (n=30, 35).
The ESR spectra showed overlapped ESR signals for both fullerene
cages (refer to Fig. 7), which corroborated the generation of
HeN@C,,, (n=30, 35) with a hfcc of 5.99G for HeN@Cg, a little
larger than that of N@Ceq (5.67 G). In the case of HeN@Cy,, the
hffc measured was 5.59 G compared with 5.38 G for N@C,. These
results revealed that the encapsulated helium atom influences

the paramagnetic properties of the nitrogen atom coexisting in-
side of the fullerene cages.”"

NON-CLASSICAL ENDOHEDRAL FULLERENES

Metallic nitride EFs

The first report of an ESR spectrum for a member of this family of EFs
was published in 2001 by Dinse et al, who prepared the
corresponding anion radical of ScsN@Cgy by reduction with
potassium metal. The ESR spectrum (refer to Fig. 8) exhibited 22 lines
as a result of hyperfine coupling with three equivalent scandium nu-
clei with a large hfcc of 55.6 G and a g value of 1.9984. The spectrum
suggested that the spin distribution is mainly localized on the ScsN
moiety.”? Later, Echegoyen et al. were able to generate this anion
radical by electrolysis and obtained similar results.®® In 2006,
Dunsch et al. reported the first study of the stable paramagnetic cat-
ion of a non-IPR EF, ScsN@Ceg. These species were electrochemically
generated in situ, and the ESR spectrum showed 22 lines from three
equivalent Sc nuclei. In contrast to the previous results for
[ScsN@Cgol ~, [ScsN@Cegl™ exhibited a very small Sc hfcc of
1.289G, indicating that the spin distribution is largely localized on
the fullerene cage.® Similar results were obtained for the corre-
sponding anion radical [ScsN@Cggl ™, which had a hfcc of 1.75G.

ScsN@Cg, derivatives show more complex ESR spectra as a
result of the correspondingly lower symmetries. Dunsch and co-
workers reported ESR spectroscopic studies for the anions of
ScsN@Cgo-(CF3),y, derivatives (2n =2, 10, 12).°>) They showed that
chemical functionalization with two CF3 groups led to a g value of
1.9958 and a hfcc of 9.3 G for two equivalent Sc nuclei and 10.7 G
for another Sc nucleus for the anion radical of ScsN@Cgo-(CF3),.
The trianion radical of ScsN@Cgy-(CF3), showed the most com-
plex spectrum within this family of trifluoromethyl derivatives (re-
fer to Fig. 9), exhibiting a g value of 2.0006 and hfcc of 49.2 G for
one of the Sc nuclei and10.8 G for two equivalent Sc nuclei, indi-
cating that the spin distribution is preferentially localized on one
of the Sc nuclei. Additionally, the addition of more CF; groups
caused a change of the spin distribution evidenced by the low
values of the ESR parameters for three different Sc nuclei in all
studied derivatives, for example, 0.6, 11.1, and 21.5G for
ScaN@Cgo-(CF3)q with g values of 2.0009 and 0.6, 7.4 and 8.1 G
for ScsN@Cgo-(CF3)4, with a g value of 2.0012.
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Figure 7. X-band ESR spectra of HeN@GC,,, (n =30, 35) and N@C,,, (n =30, 35). Reproduced with permission from ref 51. Copyright 2013 Nature
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Figure 8. X-band ESR spectrum of the anion radical ScsN@Cg, obtained by potassium reduction, reported by Dinse and co-workers. Reproduced with

permission from ref 52. Copyright 2001 American Chemical Society

Electron spin resonance measurements for the radical anion
of N-ethyl-[5,6]-pyrrolidine derivative of ScsN@Cgy-generated
both via chemical and electrochemical methods showed
non-equivalent Sc nuclei with one hfcc for a single scandium
nucleus of 9.6G and for two equivalent Sc nuclei of 334G,
respectively (refer to Fig. 10c).°® Echegoyen and co-workers
studied two isomeric benzoadducts of ScsN@Cgo with [5,6] and
[6,6] addition patterns, the only difference being the addition site
on the Cgy cage (refer to Fig. 10a and b). The ESR spectra of the
anion radicals obtained by reaction of these isomers with
cobaltocene showed a hfcc of 9.1 for one Sc nucleus and 33.3G
for two equivalent Sc nuclei for the [5,6] adduct and 0.6 for an
one Sc nucleus and 47.9 G for two equivalent Sc nuclei for the
[6,6] adduct. Interestingly, the ESR data indicated that the

position of the exohedral derivatization resulted in drastic
changes of the spin density distributions.™”’

Mixed metal nitride fullerenes have also been studied by ESR
spectroscopy. Dunsch and co-workers reported ESR measure-
ments of TiSc,@Cgy, Which is a neutral radical, and shows a
broad ESR line at room temperature in toluene solution, but
cooling results in a well-defined signal with a g value of
1.9454.°8 Two years later, the same group reported an ESR
study at different temperatures for TiY,N@Cg, in toluene
solution, which has an electronic structure represented by
[TiY>N)®*1[CS51 and showed a spectrum with g factor of 1.9579
and significant anisotropy. They also compared the results with
those previously reported for TiSc,N@Cgo 8 and found that the
line width of the ESR lines of TiSc,N@Cgo was much larger than

J. Phys. Org. Chem. 2016, 29 781-792
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that of TiY,N@Cgo, showing that these Ti-based mixed metal
nitride fullerenes have different electronic structures attributed
to the difference of the spin distribution of these species
resulting from the different electronic configurations of Y**
and Sc®* and the consequent geometric structures of the cluster
encapsulated. Recently, Yang and co-workers reported the syn-
thesis of two paramagnetic species, V,Scs _ N@Cgo (x=1,2).5%
The ESR spectra show broad signals at 130K with g factors of
2.1998 and 1.9998 for V,ScN@Cgy and VSc,N@Cgo, respectively.
They suggested that the smaller g factor and line width of the
ESR signal of VSc,N@Cgo compared with that of V,ScN@Cgy may
be a result of the entrapment of the additional paramagnetic
V3 jon.

Metallic Carbide EFs

Electron spin resonance studies of metallic carbide endohedral
fullerenes have mainly focused on compounds with three metals
in the endohedral cluster, such as Scz;C,@Cgg and its derivatives,
which are paramagnetic in their pristine form. The ESR spectrum
of Sc3C,@Cgo showed a well-resolved hfcc of 6.22 G and a g value
of 1.9985, resulting in 22 lines from three equivalents Sc nuclei.®”
In 2007, Kato and co-workers reported ESR measurements of
two isomers of the adamantylidene derivatives of Sc3C,@Cgo.
ESR measurements of the [5,6] and [6,6]-adducts showed
dramatically different spectra from that of the pristine metal-
lic carbide, with a pattern of 15 lines with similar hfcc for
two non-equivalent Sc nuclei of 7.33 and 1.96G for the
[6,6]-adduct and 7.90 and 1.70G for the [5,6]-adduct.®"
Exohedral functionalization of Sc3C,@Cg, via a 1,3-dipolar cy-
cloaddition reaction to yield a fulleropyrrolidine derivative
led to a higher spin density on a unique Sc nucleus and a
lower spin density on the other two Sc nuclei.®” The ESR
spectrum showed a g value of 2.0007 and a hfcc of 8.6 G cor-
responding to one Sc nucleus and 4.82G for the two equiv-
alent Sc nuclei. Upon a second addition to ScsC,@Cg, Six
isomers exhibited very complex ESR spectra in comparison

with the pristine Sc;C,@Cgy and its mono-adduct (refer to
Fig. 11). Nevertheless, one of the bis-adducts exhibited three
different hfccs for the Sc atoms with values of 8.207, 4.822,
and 4.734G and a g value of 2.0006, which clearly showed
that the spin distribution is unequally localized on the en-
capsulated cluster.®®! The ESR detection of non-equivalent
Sc nuclei has also been reported by Kato et al. in 1994.1%%
The ESR spectrum from a fraction of Sc-EF extract showed
a g value of 2.005 and hfccs of 3.19, 573G, and 5.75G for
the Sc nuclei.

Wang et al. recently reported the design of a molecular
magnetic switch based on a derivative of Sc;C,@Cg (refer to
structure in Fig. 12). The compound contains two spin centers,
one localized on an exohedral nitroxide radical adduct and
the other on the Sc;C,@Cgo unit, which exhibit strong cou-
pling. The ESR signals of the two radical centers were
broadened, and only three resonant lines from the nitroxide
radical were observed with a g value of 2.0026 and hfcc of
15.5 G. The spin-spin interaction between the endohedral ful-
lerene and the nitroxide radical can be reversibly modulated
by reduction reactions of the nitroxide group that result in
the observation of the signals for Sc;C,@Cg, (refer to Fig. 12),
with a g value of 1.9948 and hfcc of 8.5 G. They also showed that
the ESR signals of ScsC,@Cgo are modulated by varying the
distance between these spin centers or by changing the tem-
perature of system.!®”

The generation of paramagnetic species by chemical
methods allowed the characterization of two different me-
tallic carbide EFs, M,C,@Cg, (M=Y, Sc). The ESR spectra of
both [Y,C,@Cg,]™ and [Sc,C,@Cg,]~ showed unsymmetrical
features with hfcc and g values of 0.45 and 0.40G and
2.00383 for Yttrium and 0.48 and 0.97G and 2.00261 for
scandium. The small hfcc values (<1G) suggested that the
spin distribution is largely localized on the carbon cages.*"!
Similar results were reported for the anion radical of non-
IPR metallic carbide Sc;C.@C7,.%" The ESR spectrum
showed 15 symmetrical lines with a g value of 2.0050 and

0= 20008
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ioc(Sc2) = 4 822 Gauss
hiee(Ses) = 4 734 Gouss

-~ M lhn |
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Figure 11. ESR Spectra of (a) pristine, (b) [5,6]-pyrrolidine, and (c) [5,6],[5,6]-bis-pyrrolidine of ScsC,@Cgy. Reproduced with permission from ref 60.
Copyright 1994 American Chemical Society. Reproduced with permission from ref 62. Copyright 2010 The Royal Society of Chemistry. Reproduced with

permission from ref 63. Copyright 2012 The Royal Society of Chemistry
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Figure 12. Molecular switch of paramagnetic properties of Sc3C,@Cgo. Reproduced with permission from ref 65. Copyright 2015 Nature

a hfcc of 0.77 G for two equivalent Sc nuclei, which reflects the
higher molecular symmetry compared with that of Sc,C,@Cg,.

Other families of EFs

Electron spin resonance studies of metallic oxide clusters have
been reported only for the anion and cation radicals of
Sc;0,@Cgp, and the values of the hfcc are the highest
reported for a metallic cluster encapsulated in a fullerene
cage to date.®”’ In 2012, Dunsch and co-workers generated
the anion and cation radicals of Sc;0,@Cgy by electrolysis.
Fifteen lines were observed in the ESR spectrum of
[Sc,0,@Cgol™ (refer to Fig. 13), indicating the presence of
two pairs of equivalent Sc nuclei with a hfcc of 18 and
1504 G, with a g value of 1.9960, and the spin mainly
localized on the metallic cluster. The anion radical exhibited
also exhibited a complex pattern with a g value of 1.9956
and a hfcc of 2.6 and 27.4G. The anion radical of the first
metallic cyanide endohedral fullerene ScsNC@Cgg was also

2000 2400 2800 3200 3600 4000 4400 480C
Magnetic Field, Gauss

<

\Ai

characterized by ESR spectroscopy. Wang et al. reported the
generation of the anion radical by reduction with potassium
metal. The ESR spectrum exhibited a small hfcc of 3.89G for
two equivalent Sc nuclei and 1.95G for the third Sc nucleus,
suggesting that the spin distribution is mainly localized on the
cyanide moiety.®® In 2014, Wang and co-workers reported the
ESR study of Sc,CoH@Cgo.*” The ESR signal was not detected
in CS, solution at room temperature, but when the temperature
was decreased, a distinguishable ESR line was observed with a
line width of about 500 G; unfortunately, it was not possible to
measure any hfcc; however, the large peak width suggested
a strong spin-metal coupling for the Sc(3d)-based unpaired
spin distributions.

OUTLOOK

Empty and endohedral fullerene research has been very active in
the last couple of decades, and this trend will likely continue, as
reflected by the increasing number of publications in this field.

(b)

sim.

3300 3400 3500 3600 3700
Magnetic Field, Gauss

3450 3465 3480 3495 3510
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3525

Figure 13. ESR Spectra of (a) anion, (b) cation radical of Sc;0,@Cgo, and (c) anion radical of ScsNC@Cgo. Reproduced with permission from ref 67.
Copyright 2012 American Chemical Society. Reproduced with permission from ref 68. Copyright 2013 The Royal Society of Chemistry
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These materials exhibit interesting properties based both on the
fullerene cages and on the encapsulated moieties or
functionalized addends. Undoubtedly, ESR spectroscopy has
become on one of the most important tools to identify,
characterize, and study the paramagnetic properties of fullerene
compounds. ESR spectroscopy is the only technique capable of
providing detailed electron spin densities for open shell fullerene
systems, thus allowing detailed descriptions of their HOMO and
LUMO levels, which are important to assess the potential
photovoltaic properties of these compounds.
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