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Preface

Over the last two decades, the research of endohedral fullerenes has made a dra-
matic progress. Many types of endohedral fullerenes have been discovered, their
production and separation techniques have been substantially improved, and
comprehensive studies of their chemical and physical properties became possible.
Encapsulation into the interior space of the fullerene cage stabilizes unique metal
clusters or single atoms which are not known to exist in the free form. However,
this stabilization is only partially achieved by the shielding of the species from the
surrounding. Another important factor is that the carbon cage is not “innocent”.
Namely, the electron transfer between the encapsulated species and the carbon cage
plays crucial role in the structure and properties of endohedral metallofullerenes.

Unprecedented molecular and electronic structure of endohedral fullerenes leads
to a plethora of phenomena at the interface between the endohedral atoms and
n-system of the carbon cage. Charge transfer in endohedral metallofullerene
(EMF) molecules can either leave encapsulated species intact (i.e., only carbon cage
is active as in empty fullerene) or proceed across the metal-cage interface, and
examples of both types are well documented nowadays. The latter case is especially
interesting since it opens the way to tune charge states of endohedral species while
keeping a fullerene as a protecting shell around the redox center. Good electron
accepting properties of fullerenes made them attractive building blocks for organic
electronics, and multiple studies of the EMF performance in this role have been
carried out, from fundamental photophysical studies of the donor—acceptor dyads to
the studies of the photoconversion efficiency in prototype bulk heterojunction solar
cells. High thermal stability of endohedral metallofullerenes allows deposition
of the molecules on various substrates in ultrahigh vacuum conditions and inves-
tigation of their electronic properties with high-resolution scanning probe and other
surface science methods. Peculiar electronic states and dynamics of fullerene
molecules and endohedral clusters could be investigated with the help of scanning
tunneling microscopy.

Single-electron transfer is inevitably accompanied by the change of the spin state
of the molecule, and here is another unique property of EMFs: the cage can either
keep an unpaired spin itself, or it can transfer the spin to the endohedral cluster, and
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hence both the cage and the cluster spin states can be altered. Furthermore,
encapsulation of the species with unpaired electrons (e.g., nitrogen or phosphorus
atoms or lanthanide-containing clusters) brings endohedral fullerenes to the fields of
molecular magnetism and quantum computing. Electron spin resonance, nuclear
magnetic resonance, magnetometry, and X-ray magnetic circular dichroism have
been used extensively to analyze spin-related phenomena in endohedral fullerenes.
Finally, well-defined spin state and long spin coherence make endohedral fullerenes
with nitrogen atom, such as N@Cg, attractive for the field of quantum computing.

The aim of this book is a concise analysis of the behavior of the interface
between encapsulated atoms and a carbon-based m-system under conditions of the
electron transfer and description of the spin-based phenomena caused by the
shielding of endohedral spins by the fullerene cage. In Chap. 1 we introduce the
reader into the world of endohedral fullerenes by describing the basics of their
synthesis, separation, and molecular structure elucidation. Chapter 2 gives an
overview of electrochemical studies of EMFs supported by the molecular orbital
analysis. Chapter 3 by Samoylova and Stevenson describes the development in the
non-chromatographic separation techniques, which benefit from the difference of
reduction and oxidation potentials of different types of EMFs and empty fullerenes.
Chapter 4 by Boltalina reviews the studies of the ions of EMFs in the gas phase by
various types of mass spectrometry and focuses on the ion molecular reactivity and
determination of the electron affinities. In Chap. 5, Zhen, Liu, and Yang give an
account on the photoexcitation behavior of EMF in molecular and supramolecular
dyads with donors and acceptors and describe possible applications of EMFs in
photovoltaics. Chapter 6 by Feng and Petek reviews the studies of the EMFs by
low-temperature scanning tunneling microscopy with a focus on superatom elec-
tronic state and switching of the molecular geometry by tunneling currents.
Chapters 7-9 are devoted to the studies of EMFs by electron spin resonance
spectroscopy (ESR). In Chap. 7, Wang and Wang describe ESR studies of Sc and
Y-based EMFs. Chapter 8 by Kato reviews ESR spectroscopy of lanthanide EMFs,
including those with large spin moments exceeding 1/2. In Chap. 9, we describe
EPR studies of ion radicals of EMFs in solution. Magnetic properties of EMFs with
endohedral lanthanides are described in Chaps. 10 and 11. Chapter 10 reviews the
studies by paramagnetic NMR in solution and describes the use of pNMR for the
analysis of molecular structure and dynamics of EMFs as well as for the analysis
of the magnetic anisotropy of lanthanide ions in nitride clusterfullerenes. Chapter
11 by Westerstrom and Greber provides extended introduction into the magnetism
of EMF and in particular into single-molecule magnetism of EMFs in bulk and in
molecular layers on surfaces. In Chap. 12, Lawler reviews nonmetal endohedral
fullerenes with emphasis on dihydrogen-containing fullerenes, their molecular
dynamics, and nuclear spin chemistry. Chapter 13 by Zhou and Porfyrakis gives a
detailed account of the synthesis and separation of Cgy with nitrogen atom in its
center, N@Cg, its studies by ESR spectroscopy, and chemical derivatization for
the use in quantum computing. In Chap. 14, Harneit describes general concepts of
quantum information processing and shows how pnictide endohedral fullerenes,
and especially N@Cg, can be used in this field. We hope that this collection of
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chapters prepared by the scientists with diverse expertise and summarizing the vast
development of our understanding of the charge transfer and spin-related properties
of endohedral fullerenes will bring the information about the fascinating properties
of these molecules to the broader audience and inspire further progress in this field.

Dresden, Germany Alexey A. Popov
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Chapter 1
Synthesis and Molecular Structures
of Endohedral Fullerenes

Alexey A. Popov

Abstract The chapter gives an introduction into the field of endohedral fullerenes
and describes development in the synthesis and molecular structure determination
of these compounds. An overview of elements capable of being encapsulated within
the fullerene cage is given. Different types of endohedral metallofullerenes and
clusterfullerenes as well as peculiarities in the carbon cage isomerism caused by
encapsulated species are discussed.

1.1 Introduction

The ability of fullerenes to encapsulate foreign atoms within their inner space was
first recognized in 1985, when stable species corresponding to LaCgo were detected
by mass-spectrometry during laser ablation of graphite impregnated with La [1].
Since then the field has undergone a dramatic development over the last 30 years,
and fullerenes encapsulating different atoms, ions, clusters, and even small mole-
cules have been synthesized, some of them in decent amounts. Such fullerenes are
termed as “endohedral” [2, 3] after a combination of Greek &vdov (“endon”—
within) and £3pa (“hedra”—face of a geometrical figure). In the chemical formulae,
endohedral species are written first followed by the symbol “@” and then by the
carbon cage, e.g., N@Cgq, denotes an endohedral fullerene molecule, in which
nitrogen atom is encapsulated inside Cg( cage.

Owing to the fundamental differences in their structural and electronic properties
as well as synthetic approaches, endohedral fullerenes can be divided into two main
classes: endohedral metallofullerenes (EMFs) and non-metal endohedral fullerenes
(nMEFs). The class of EMFs includes fullerenes encapsulating one, two, or three
metals atoms, as well as complex clusters comprising up to four metal atoms and up
to three atoms of electronegative non-metals (N, O, C, S). NMEFs can comprise
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Fig. 1.1 Periodic table of endohedral elements describing the possibility to encapsulate different
elements into carbon cages and suitable methods of synthesis for corresponding endohedral
fullerenes (note that molecular surgery is not taken into account)

single atoms (noble gasses, nitrogen, and phosphorus) as well as simple molecules
(H,, H,O, HF, etc.). Figure 1.1 shows the elements which have been successfully
placed inside fullerenes.

Encapsulation of species inside the fullerene cage can be achieved in two con-
ceptually different pathways: either species are “implanted” into empty fullerene
molecules (which are synthesized beforehand), or encapsulation happens during the
fullerene formation (Fig. 1.2). EMFs are usually obtained by the second procedure
(only alkali-metal-based EMFs can be also obtained by direct implantation into
Ce0), Whereas non-metal endohedral fullerenes (nMEFs) are synthesized by dif-
ferent implantation techniques.

1.2 Synthesis of Endohedral Metallofullerenes

The first EMFs were obtained in 1985 by laser ablation, but the real breakthrough in
their synthesis was achieved by the discovery of the macroscopic fullerene pro-
duction by arc-discharge synthesis in 1990 [4]. The use of metal-filled graphite
targets or electrodes in the laser evaporation or arc-discharge synthesis resulted in
formation of the appreciable amounts of EMFs along with much larger amounts of
empty fullerenes [5—7]. Since then, the arc-discharge remains the main method for
the EMF synthesis. Laser ablation coupled to mass-spectrometry detection of the
formed species is now used mainly to study the mechanism of the fullerene for-
mation [8, 9]. Ion bombardment of Cg( is employed for the synthesis of alkali-metal
EMFs, especially Li@Cg [10, 11].

‘When metal-filled electrodes are evaporated in the inert atmosphere (usually He)
by an arc-discharge method, mono- and dimetallofullerenes are formed. Rarely,
trimetallofullerenes can be also obtained in small amounts. Besides, acetylide C,
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Fig. 1.2 Different approaches to synthesize endohedral fullerenes. (i) Encapsulation during the
fullerene formation, such as in laser ablation or arc-discharge methods; main method for
endohedral metallofullerenes. (ii) Encapsulation into already available empty fullerene; typical
variants are implantation (through ion beam or high pressure-high temperature treatment) and
molecular surgery (encapsulation is achieved in a series of chemical reactions “opening” and then
“closing” the carbon cage); these approaches are applied for the synthesis of non-metal and
alkali-metal endohedral fullerenes

units (which are the main species in the hot carbon plasma) can be also trapped
inside the fullerene cages during the EMF formation, resulting in the so-called
carbide clusterfullerenes. The first molecular structure of such EMF, Sc,C,@Cgy,
was elucidated in 2001 [12], when detailed structural characterization of EMF
molecule became possible. Inability of mass-spectrometry to distinguish whether
carbon atoms are encapsulated inside the fullerene cage or are a part of it resulted in
a significant delay of the discovery of carbide clusterfullerenes. In fact, many
carbide clusterfullerenes were available from the very first studies of EMFs, but
were erroneously interpreted as di- and tri-EMFs.

In 1999 it was discovered that the presence of small amount of nitrogen gas in
the arc-discharge generator afforded Sc;N@Cg, a new type of EMFs with trimetal
nitride clusters [13]. The use of NH; reactive gas instead of molecular nitrogen
allowed much higher selectivity in the synthesis of nitride clusterfullerenes as the
yield of empty fullerenes in such conditions was reduced dramatically [14]. Similar
effect could be achieved by the use of solid organic sources of nitrogen (such as
guanidium thiocyanate or melamine) [15—17]. Discovery of nitride clusterfullerenes
triggered exhaustive studies of other clusterfullerenes. Modification of the EMF
synthesis by using either reactive gas (NH3z, CHy, SO,, CO,, H,) or solid chemicals
added to the graphite electrodes allowed the synthesis of new types of EMFs with
endohedral sulfur, oxygen, CH, CN, and other units, whose structures are discussed
below [18-27].

Usually, the arc-discharge synthesis produces simultaneously many different
EMF structures as well as empty fullerenes, which are then extracted from the soot
by organic solvents (EMFs as well as empty fullerene have reasonable solubility in
CS,, toluene, dichlorobenzene, other substituted benzenes, etc). The use of
hydrogen-containing reactive gasses (NHj3, CH4) or solid organic compounds
dramatically reduces the yield of empty fullerenes, which substantially simplifies
separation procedures; in certain cases, high selectivity for target EMFs can be
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achieved [23, 28]. However, extended chromatographic procedures, such as
high-performance liquid chromatography (HPLC) and recycling HPLC, are often
required to separate EMFs from empty fullerenes and from each other to obtain
them in compositionally and isomerically pure forms. Figure 1.3 demonstrates and
example of such separation. Arc-discharge synthesis of mixed Lu—Sc system with
NHj; as a source of nitrogen produces mainly a mixture of Lu,Sc;— N@C,,, nitride
clusterfullerenes (2n = 78-88) with small amounts of Cgy and C,; the most
abundant are EMFs with Cgy-I;, and Cgo-Ds;, carbon cages (Fig. 1.3a). The fraction
eluting at 18.5-20 min (marked “A” in Fig. 1.3a) is a mixture of three EMFs with
Ceg cage: Sc3N@Cgg, LuSc,N@Cgg, and Lu,ScN@Cgg. This fraction is then
subjected to recycling HPLC separation as shown in Fig. 1.3b, which eventually
gives pure individual components as verified by mass-spectrometry (Fig. 1.3c).
The need for extended chromatographic separation is one of the main bottle-
necks on the way to the broader availability of EMFs, and several
non-chromatographic procedures based on the variation of redox and chemical
properties of different EMFs were developed to circumvent this problem [29-35].
The methods based on redox properties of EMFs will be discussed in Chap. 3.

1@) A (c)|A1 sc,N@c,,’
B /\ Lu Sc, N@C,, (I, Il
c /
y i
£
©
E A2! T T T N 1
= LuSc,N@C,,
o™ T 3
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Fig. 1.3 An example of chromatographic separation of the mixed-metal nitride clusterfullerene
mixture: a HLPC curve of the raw Lu,Sc;- N@C,, mixture (x = 0-3, 2n = 68-88) extracted from
the soot, which was obtained by arc-discharge synthesis with NH; as reactive gas (note the small
amount of Cg and C5( in comparison to EMFs). Fraction A collected at 18.5-20.5 min is then
subjected to recycling HPLC separation shown in b. After 11 cycles, three components of the
fraction can be separated. ¢ Laser-desorption ionization mass spectrometry shows that Al is
ScsN@Cgg, A2 is LuScoN@Cgg, and A3 is Lu,ScN@Cgg. Based on the data from [36]
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1.3 Metals Forming Endohedral Metallofullerenes

Fullerenes are good electron acceptors, so metal atoms inside fullerenes transfer
their valence electrons to the carbon cage forming thus non-dissociative “salts” such
as La®*@Cg,”". Certainly, the ease of ionization of metal ions and stability of
negatively charged carbon cages play important role in the EMF formation.
Figure 1.1 shows the periodic table of elements and highlights the elements which
are able to form EMFs.

Encapsulation of alkali metals within the carbon cage can be achieved either by
the laser ablation [9] or by exposing thin films of fullerenes to the high-energy M*-
ion beams [10, 37]. Both methods produce mainly M@Cg, but the yield is rather
low. Bulk amounts are obtained so far only for Li@Cg, [38], which can be sta-
bilized in the form of cationic salts such as [Li*@Cgy]SbClg [11]. Among the
alkali earth metals, Be and Mg are not forming EMFs, whereas Ca, Sr, and Ba
afford monometallofullerenes M@C,,, in the arc-discharge synthesis with broad
range of carbon cage sizes [39-41]. Divalent lanthanides (Sm, Eu, Tm, Yb) behave
similarly to alkali earth in terms of the broad variety of the monometallofullerenes
they form in the arc-discharge synthesis [42-45]. For Sm—-EMFs, a series of
dimetallofullerenes Sm,@C,,, [46, 47] and even a trimetallofullerene Sm;@Cyg,
have been also characterized [48]. Neither alkali, nor alkali earth or divalent rare
earth metals are known to form clusterfullerenes.

The group III elements Sc, Y, and La, as well as trivalent lanthanides are the
most versatile metals in the EMF field as they afford a broad range of different types
of EMFs, from mono- and dimetallofullerenes to a variety of clusterfullerenes
[18=20]. Their structures will be discussed in more details further below.

In the group IV, formation of EMFs was achieved for Ti, Zr, and Hf. Laser
ablation gives monometallofullerenes M@C,,, (2n = 26-46) with the most abun-
dant species at 2n =28 and 44 [49, 50]. Bulk amounts of these small-cage
monometallofullerenes are not available. Arc-discharge synthesis of Ti-EMFs
yields several structures with one and two Ti atoms within one cage, mainly
Ti@Cgg, Ti@Cy, Ti,Cgo, and TirCgy [51, 52]. Ti,Cgy was found to be a carbide
clusterfullerene Ti,C,@Cg [53, 54], while molecular structures of other Ti-EMFs
are not known yet. Ti has been also encapsulated in EMFs in the form of several
types of clusterfullerenes, including aforementioned Ti,C,@Cg, sulfide Ti,S@Cg
[55], mixed-metal nitride clusterfullerenes TiM,N@Cg, (M = Sc and Y; Ti alone
cannot form nitride clusterfullerenes) [56, 57], and two types of mixed-metal car-
bide clusterfullerenes, TiM,C@Cg, and TiM,C,@Cgy (M = Sc, Y, Nd, Gd, Dy, Er,
Lu) [23, 58, 59], which can be synthesized with high selectivity when methane is
added to the arc-discharge reactor atmosphere. The information on the
arc-discharge synthesis of Zr and Hf-EMFs is rather scarce. Both metals were
found to form small amounts of EMFs [60]. Hf@Cg, and Hf,Cg were isolated and
studied spectroscopically, but their molecular structures were not elucidated [61].

Group V transition metals are not forming EMFs in laser ablation experiments
[9]. The first successful synthesis of vanadium EMFs, mixed-metal nitride
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clusterfullerenes VSco,N@I,-Cgy and V,ScN@[;,-Cg, was accomplished in 2015
[62]. It remains to be seen if nitride clusterfullerenes can be obtained with other
group V transition metals. Inconclusive data on the possible formation of EMFs in
the arc-discharge process are obtained on Nb [60] and Ge [63]. Laser ablation
studies showed that Ga and In are forming monometallofullerenes with the structure
distribution similar to that of alkali metals [9]. Other transition metals are not
known to form EMFs.

Very limited availability of actinides precludes detailed studies of their EMFs.
Formation of EMFs with Ac, Th, Pa, U, Np, and Am in the arc-discharge process
was detected by radiochromatographic method [64-67]. By their retention behav-
ior, the actinide-EMF were classified into two groups: Ac, U, Pu, Np, and Am are
similar to the trivalent lanthanide analogs, whereas Th and Pa are substantially
different. The amounts sufficient for spectroscopic characterization were obtained
for U@Cyg, and Th@Cg, [65]. In the laser ablation studies, uranium produces series
of monometallofullerenes with the largest abundance of U@C,g and U, @Cg, [49],
whereas Th gives a series of monometallofullerenes with the maxima at Th@Cjq4
and Th@C44 [9]

1.4 Synthesis of Non-metal Endohedral Fullerenes

Synthesis of nMEFs starts with a corresponding empty fullerene (for this reason,
nMEFs are mainly synthesized with the most abundant Cgy and C;q). We will
distinguish two approaches for the nMEF formation: implantation and molecular
surgery. By “implantation” we imply all methods based on penetration of atoms
through the wall of carbon cages under the impact of high-energy treatment. On the
contrary, “molecular surgery” implies opening of the fullerene cage with a series of
organic reaction, insertion of the species though the orifice, and then (optionally)
closing the cage.

The first implantation of non-metal atoms within fullerene has been achieved in
1991 by high-energy ion-molecular collisions of Cgo" or C;o* with He atoms [3,
68]. Ne [69, 70], and Ar [71] as well as alkali metals [72] have been also encap-
sulated in analogous experiments. Formation of nMEFs in these conditions was
detected by mass-spectrometry. These experiments established the principal pos-
sibility of the implantation, but they were not suitable for the synthesis of bulk
amounts of nMEFs.

In 1993 Saunders, Cross and their coworkers discovered that heating fullerene
samples to 780-850 °C resulted in a release of small amounts of helium [73]. The
authors hypothesized that He was trapped into fullerenes molecules during their
formation in arc-discharge performed in He atmosphere. Based on the amount of
released He, the degree of trapping was estimated as ca. one He@Cg, molecule for
every 880,000 molecules of fullerene. More importantly, this work showed that He
atoms can indeed penetrate through the wall of the carbon cage. In an attempt to
reverse the process, the authors heated fullerene in several atmospheres of He, Ne,
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Kr, or Xe and indeed found that these noble gasses can be encapsulated into Cg,
although with quite a low yield [73, 74]. In a subsequent work, the pressure of
helium was increased to 2500-3000 atm, which resulted in ca 0.1% yield of
He@Cg4y and He@C5 [75]. This high pressure-high temperature conditions have
been also applied for the synthesis of endohedral fullerenes with all other noble
gasses. Although the yield was still rather modest, it was sufficient for unambiguous
mass-spectroscopic characterization of such nMEFs as well the use of *He NMR
spectroscopy for the study of He-containing fullerenes and their derivatives [76,
77]. Further enrichment of the samples was accomplished with the use of chro-
matographic approaches enabling spectroscopic and even structural studies of
Ar@Cg [78], Kr@Cg [79, 80], and Xe@Cg [81]. High pressure-high temperature
method also resulted in smaller amounts of nMEFs with diatomic encapsulated
species He,@C,,,, Ne,@C,,, HeNe@C, N,@Cy 70, and *CO@Cq [82-85].

An original modification of high pressure-high temperature method for a syn-
thesis of He@Cgo and He, @Cg¢, with appreciable yields was proposed by Peng,
Wang et al. [86]. C4y was placed into reaction vessel containing explosive
cyclotetramethylenetetranitramine and 6 atm. of He; explosive was separated from
Ceo/He by a “flying” steel plate to reduce destruction of fullerenes. Detonation of
explosive material pushed the flying plate to compress helium, which attained
sufficient kinetic energy to penetrate the walls of Cgy cage (with concomitant
destruction of ca 60% of them). After the procedure, mass-spectrum of the soluble
part showed the presence of He@Cgy, whereas multistep HPLC separation allowed
purification of He, @Cgq. Separation of He@Cg, from Cgy, by HPLC was proved
impossible.

Another well-established method of synthesis of mono-atomic nMEFs is ion
implantation. The method was first reported by Weidinger et al. for the synthesis of
N@Cg): bombardment of Cg( film with nitrogen ions from a plasma discharge ion
source carried out in a vacuum of 10> mbar gave N@Cg, with the yield of 107 to
107%% [85, 87]. The procedure also results in the formation of N,@Cgy [87].
Although the yield of N@Cg, is low, the concentration of N@Cg, is already
sufficient for its detection by EPR spectroscopy [88]. Further enrichment of the
samples by HPLC is then possible, although separation factors are rather small and
hence many separation steps are necessary [87, 89, 90]. N@C,,, N,@C,y, and
P@Cg4 were also synthesized by ion implantation method [91-93]. Synthesis and
separation of N@Cg, are described in detail in Chap. 13.

Molecular surgery of fullerenes was developed as an alternative approach for the
synthesis of nMEFs as opposed to high-energy impact methods. A series of con-
trolled chemical reactions is applied to create an orifice in the fullerene cage,
different molecular species are then enclosed inside such “opened” fullerene, and
the orifice is then “closed” in another series of reactions. The full cycle of opening
the cage, placing a molecule inside, and then closing a cage was first accomplished
in 2005 by Komatsu et al. [94] in the synthesis of H,@Cg(. After that, syntheses
of He@Cgp79 [95], (Hp)i2@Cy [96], H,0@Cg [97], (H20),,@C5o [98],
H,O@Cs9N, and H,@CsoN [99] were reported. Besides, numerous procedures for
making an orifice in the fullerene cage were developed before 2005 and continued
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to be developed afterwards [100—102]. A broad range of molecular species was
encapsulated within such open-cage fullerenes, including H, [103], H,O [104], HF
[105], HCN [106], N, [107], CO [108], CO, [109], NH; [110], CH4 [111], and
CH,O [106]. Encapsulation usually requires high pressure and is often reversible.

Combination of molecular surgery for encapsulation of He with ion bombard-
ment for encapsulation of N was used in 2013 for the synthesis of HeN@Cg 7 and
the study of the mutual influence of encapsulated atoms [112].

1.5 Molecular Structures of Endohedral Fullerenes

1.5.1 Molecular Structure Determination

Single-crystal X-ray diffraction. Molecular structure elucidation of endohedral
fullerenes is not very straightforward. One should be able to determine the carbon
cage isomer, the structure of the internal species (when it is more complex than a
single atom or ion), and location of the endohedral species with respect to the
fullerene cage (center or off-center position, coordination to a particular cage
fragment, etc). Theoretically, single-crystal X-ray diffraction should be able to
address all these issues. However, the method meets sever difficulties in the studies
of fullerenes because of the rotational disorder of the fullerene molecules in their
crystals, which usually precludes direct determination of the carbon cage structures.
Furthermore, endohedral species often have several possible positions inside the
carbon cage, which makes disorder problem even more complicated for EMFs. It is
not then surprising that the progress in the crystallographic studies of EMFs during
the first decade (between 1990 and 2000) was very modest. In 2000s, the strategies
were developed to circumvent the disorder problem, which are either based on
co-crystallization (particularly successful and commonly used co-crystallizing
agents are Ni- or Co-octaethylporphyrines [113, 114], Ni - OEP and Co - OEP
hereafter) or include exohedral chemical derivatization of the EMF [115, 116]. Both
approaches hinder rotation of EMF molecules in their crystals and often (but not
always) reduce disorder in the positions of endohedral species thus enabling
determination of atomic coordinates. With the use of these approaches, molecular
structures of dozens of EMFs were elucidated by single-crystal X-ray diffraction.
X-ray structure elucidation is especially important for clusterfullerenes, since
alternative approaches such as NMR spectroscopy are not able to determine
geometry of the endohedral cluster. Figure 1.4 shows two examples of EMFs
co-crystallized with Ni - OEP: clusterfullerene CeLu,N@Cgo-I, [117] and
monometallofullerenes Sm@Cqgy-C,,(46) [118]. For the former, the study suc-
cessfully determined pyramidal structure of the CeLu,N cluster despite residual
disorder (Fig. 1.4a). The structure of Sm@Cy, (Fig. 1.4b, ¢) with multiple Sm
positions illustrates that the problem of disorder remains for many EMFs (especially
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(b)

Fig. 1.4 Single-crystal X-ray diffraction studies of endohedral metallofullerenes.
a CeLu,N@Cg, - Ni(OEP) - 2CsHg with 50% thermal ellipsoids; solvent molecules and
hydrogens are omitted, only major location of CeLu, with 0.65 fractional occupancy is shown;
the cluster is pyramidal with nitrogen positions above and below the CeLu, plane (only one
nitrogen is shown). Reproduced with permission from [117]. b Sm@Cy,-C,,(46) - Ni
(OEP) - 2C,Hg with 30% thermal ellipsoids, solvent molecules are omitted, only the major sites
for the fullerene at 0.88 fractional occupancy and the samarium atom with 0.58 fractional
occupancy are shown. ¢ Location of eight partially occupied sites for the samarium atom in
Sm@Cyy-C5,(46) (fractional occupancies are 0.58, 0.11, 0.08, 0.09, 0.06, 0.03, 0.03, and 0.02).
b and c are reproduced with permission from [118]

monometallofullerenes) and such disorder usually indicates that metal atoms cir-
culate inside the carbon cage.

Crystallographic studies of non-metal endohedral fullerenes are not as abundant
as those for EMFs. One of the reasons is that the carbon cage in nMEFs is usually
well known, hence the molecular structure is less ambiguous even when not
determined by single-crystal X-ray diffraction. Another reason was low yield of
nMEFs obtained by implantation techniques and difficulties of their separation. The
first successful single-crystal study of nMEF was performed with the sample
containing 9% of Kr@Cg, and showed that the Kr atom resides in the center of Cgq
[80]. With the development of molecular surgery approach after 2005 [94], pure
nMEFs became available in sufficient amounts, and their crystallographic studies
became possible [97, 98, 112]. Figure 1.5 shows molecular structures of He@Cg
and H,O@C5, determined for their co-crystals with Ni - OEP. Note that in both
molecules endohedral species are located in the center of the fullerene cage as
opposed to the off-center positions of metal atoms in EMFs.

Nuclear Magnetic Resonance. Nuclear magnetic resonance is another popular
method in the structural studies of endohedral fullerenes. In particular, '>*C NMR is
often applied to address the structure of the fullerene cage. Figure 1.6 shows an
illustrative example of the structure elucidation of EMF by '>’C NMR. As many
other carbide clusterfullerenes, Sc,C,@Cg, was first believed to be dimetallo-
fullerene Sc,@Cg,. However, '*C NMR study of the molecule showed that the
fullerene cage signals correspond to 82 carbons, and their intensity ratio points to
Cs, symmetry [119]. Furthermore, a signal corresponding to two more carbon
atoms (assigned to the endohedral acetylide unit) was been detected at much lower
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Refined occupancies
0.49(3), 0.48(3)

Fig. 1.5 Single-crystal X-ray diffraction studies of non-metal endohedral fullerenes.
a He@Cg, - 2Ni - OEP with 50% thermal ellipsoids, hydrogen atoms are omitted for clarity;
reproduced with permission from [112]. b H,O@C;, - Ni - OEP with 50% thermal ellipsoids,
hydrogen atoms and solvent molecules are omitted; encapsulated H,O molecule is disordered
between two positions with refined occupancies of 0.49(3) and 0.48(3). Reproduced with
permission from [98]

field (253.3 ppm) than the signals of cage carbons. Finally, connectivity pattern
determined in INADEQUATE NMR study provided compelling evidence of the
Cgr-C5,(8) isomer [120]. Such exhaustive '*C NMR studies of EMFs are still rather
rare and require appreciable amounts of '*C-enriched samples and long acquisition
times. So, only few INADEQUATE NMR studies of EMFs have been reported to
date. Elucidation of the carbon cage symmetry by 1D '>*C NMR is much more
common. For highly symmetric cages (such as icosahedral Cgy-I, with only two
carbon signals) this information can be sufficient for an unambiguous structure
elucidation. For low-symmetric cages, many isomers of given symmetry may exist,
and additional data (such as provided by quantum-chemical calculations or by other
spectroscopic techniques) is necessary to sort out the isomers.

13C NMR studies of those paramagnetic EMFs, whose paramagnetism is caused
by the odd number of electron transferred to the carbon cage, can be studied in their
ionic forms obtained by electrolysis. For example, C,, symmetry of the carbon cage
in paramagnetic La@Cg, was first determined by the study of its diamagnetic anion
[121, 122]. Paramagnetic 13C NMR studies of lanthanide-based (especially Ce)
EMFs were found to be useful for the determination of the position of metal atoms
and their dynamics [123-125], as will be discussed in Chap. 10.

The structure of the endohedral species cannot be directly elucidated from NMR
data. Still, multinuclear NMR techniques, such as 3Li [11], 89y [126], 4N [127,
128], "*°La [129, 130], and especially **Sc [130—134], can provide a detailed
information on the dynamics of the clusters. For instance, detection of two distinct
signals in Sc NMR spectra of Sc;NC@Cgq and Sc,0,@Cg, proves that the
clusters are not symmetric and rather rigid (the averaging of signals is not
happening).

NMR spectroscopy is also an important tool for nMEFs. Although carbon cage
isomerism for these molecules is not in question, '*C NMR studies still provide
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Fig. 1.6 13C NMR spectroscopic study of Sc,C, @Cgy-C;5,(8). a overall spectrum of 13C-enriched
sample, note the peak at 253.2 ppm due to the endohedral C, unit, which is reliable detected only
for *C-enriched sample; b '*C NMR spectrum in the range of fullerene cage carbons (intensity
distribution {1 x 1, 5 x 3, 11 x 6} corresponds to the Cg-C;5,(8) cage isomer);
¢ INADEQUATE NMR spectrum of '*C-enriched sample, all 19 cross-correlation peaks expected
for Cg,-C3,(8) cage are observed. a and c¢ are reproduced with permission from [120], b is
reproduced with permission from [119]

information on the interaction between the internal species and the fullerene.
Encapsulated species in nMEFs often include magnetic nuclei (lH, 3He, 129Xe), and
hence the studies of magnetic resonance on these nuclei may give a valuable
information about nMEFs. *He NMR spectroscopy has been especially common
because chemical shift of *He strongly depends on the fullerene cage (Fig. 1.7) and
is very sensitive to the chemical modification of the latter.

Optical spectroscopic studies. Optical spectroscopic techniques, such as
UV-Vis-NIR, FTIR, or Raman spectroscopy, can also help in the structure eluci-
dation of endohedral fullerenes. Although these methods do not provide structural
information directly, similarity of the spectral patterns of different EMFs may
indicate that these molecules have the same carbon cage isomer in the same formal
charge state. For example, Fig. 1.8a shows that Vis-NIR absorption spectra of a
series of Sc-EMFs with Cg, cage (Sc,@Cg,, Sc,C,@Cyg,, and Sc,S@Cyg,) are
virtually identical. Since absorption spectra in this energy range are dominated by
n—m* excitations of the fullerene, one can conclude that all these molecules share
the same Cg,-C5,(8) cage isomer. Likewise, very similar spectra are also measured
for Lu, @Cg,, Er, @Cyg,, and Er,S@Cg, (Fig. 1.8b). On the other hand, the spectra
of Lu, @Cg,, Er, @Cyg,, and Er,S@Cyg, with C(6) cage shown in Fig. 1.8c are again
very similar within the group, but are very different from the spectra of EMFs with
Cgy-C3,(8) cage. Thus, absorption spectra do not depend on the encapsulated
species but are determined solely by the cage isomer. Therefore, it is sufficient to
know the structure for only one of the compounds in the series to make reliable
conclusions on the carbon cage structure of the other compounds in the series with
similar spectra. Vibrational IR and Raman spectra also exhibit similar sensitivity to
the molecular structure of fullerenes [136]. In certain cases, combination of IR
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Fig. 1.7 *He NMR spectrum of the higher fullerene mixture (C7g, three isomer of C-g, and seven
isomers of Cg4, Cge) subjected to helium encapsulation; satellites are molecules with two
encapsulated He atoms. Reproduced with permission from [135]. Inset shows *He NMR of
Ceo/C7p mixture with encapsulated He; reproduced with permission from [75]
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Fig. 1.8 UV-Vis-NIR absorption spectra of selected EMFs with Cg, cage. a Three types of
Sc-EMFs: dimetallofullerene, carbide clusterfullerene, and sulfide clusterfullerene, all with
Cg-C5,(8) cage; b lanthanide (Lu, Er) di-EMFs and sulfide clusterfullerenes with Cg,-C3,(8) cage;
c same as (b), but with Cg,-C(6) cage. Note close similarity of all spectra within the series with the
same carbon cage in (a) and (b), and strong difference between the spectra of cage isomers in
(b) and (c¢)
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spectroscopy and DFT calculations of molecular structures and vibrational spectra
allowed reliable structure elucidation of EMFs [137, 138].

1.5.2 Types of Endohedral Metallofullerenes

Table 1.1 lists different classes of EMFs and metals which form them, formal
charges of endohedral species, and the most abundant and typical fullerene cages
for each class of EMFs. Representative examples of EMF molecules are shown in
Figs. 1.9, 1.10 and 1.11. Cage isomers of fullerene are labeled by their symmetry
and the number of the isomer in accordance with the spiral algorithm [139].
Usually, a short form of numbering system is used, in which only the isomers
following the isolated pentagon rule (IPR) are numbered. However, a large number
of the non-IPR isomers found for EMFs require the use of the extended notation,
which includes all possible isomers for a given number of carbon atoms. In this
chapter, we use a two-fold numbering system which is de facto employed in many
publications: the short notation is retained for all IPR isomers (i.e., their numbers
are usually below 1000), while the full notation is adopted for the non-IPR isomers
[19, 136].

Mono-, di-, and trimetallofullerenes. Although La@Cg, was the first EMF
ever detected, the isolation of EMFs with C¢y cage was proved to be difficult due to
the low kinetic stability. The first attempts of the bulk synthesis showed that for
trivalent metals (Sc, Y, and many lanthanides) the most abundant isolable
monometallofullerenes have Cg, cage. Its isomeric structure, C5,(9), was proposed
in the synchrotron X-ray diffraction studies of powder samples [140] and confirmed
by '*C NMR spectroscopic study of the La@Cg, anion [141]. Position of the metal
atom inside the carbon cage was a matter of numerous studies in 1990s when
endohedral structure was still questioned by some researchers. The first unam-
biguous proof of the endohedral position of metal atoms was obtained in the
synchrotron X-ray diffraction study of the Y@Cg, powder samples [142]. Electron
density distribution of Y@Cg, determined from the diffraction data showed the
maximum of the density at the interior of the Cg, cage. Importantly, Y atom was
found close to the wall of the fullerene cage rather than in its center. Non-central
position of metal atoms is typical for all EMFs and is caused by strong bonding
interaction between the metal ion and the carbon cage. More precise positon of
metal atom inside the Cg,-C,,(9) cage shown in Fig. 1.9 was determined by
single-crystal X-ray diffraction studies of M@Cg, EMFs [143, 144]. M"@Cy,
EMFs also have another, less abundant isomer with C(6) cage [121]. Akasaka and
coworkers also found that many La@C,,, EMFs remain in the carbon soot during
the standard extraction procedure. However, the use of 1,2,4-trichlorobenzene as
extraction solvent promoted reaction with insoluble EMFs with formation of sol-
uble La@C,,(CcH3Cl,) monoadducts. Structural characterization of such adducts
by single-crystal X-ray diffraction proved formation of La@C;,-C5(10612),
La@C74-D3u(1), La@Cgy-C3,(3), and La@Cg,-C3,(7) [145].
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Table 1.1 Families of EMFs with their cluster composition, formal charge, most abundant carbon
cages, and typical metals

Cluster Formal | Main Other cages Metals
charge | cage(s)
M 1+ Coo-In(1) Cro-Dsi(1) Li
Mm" 2+ Cyo-C(5), Cg2-C(6), | Coo-Iy(1), C74-D(1), Cso-C2y(3), | Ca, Sr, Ba, Sm,
Cs2-C2,(9) Csa, Coo, Coz, Co4-C5,(134), ete. Eu, Tm, Yb
MCN 2+ Cgr-C5(5), Cgr-Cy(6), | C76-C2,(19138) Y, Tb
Cs2-C2,(9)

M™ 3+ Cs2-C2,(9) Cg2-C,(6), Ceo-I4(1), Sc, Y, La, Ce,
C75-C5(10612), C74-D3;(1), Pr, Nd, Gd, Tb,
Cgo-Co(3), Cgo-C3u(7) Dy, Ho, Er, Lu

M, 4+ Cs2-C3,(8), Cgr-C(6) | Cr6-Tu(1), Cg2-C2,(9), Csg-D>(35), | Sc, Y, Er Lu,
Coo-C1(21), Cor-D5(85), Tm, Sm
Ci04-D34(822)

MG, 4+ Cg2-C3,(8), Cga-C(6) | Cg2-C2y(9), C72-C(10528), Sc, Y, La, Gd,
Cgo-C2,(5), Cg4-Dr4(23), Tb, Dy, Er, Lu
Cs4-C1(51383), Cy6-Ca,(9),
Co2-D3(85), Ci00-D5(450),
Ci02-Cs(574), C104-C5(816)

M,S 4+ Cg2-C3y(8), Cg2-Cy(6) | C70-C(7892), C7,-Cy(10528) Sc, Y, Dy, Er

M0 4+ Csg2-C3(8), Cgr-Cy(6) | C70-Cx(7892), Cre-Tu(1), Sc
Cs0-C2,(5)

M2 5+ C79N-[Ih] Y, Gd, Tb

M2 6+ Cgo-lh(7) C56-C2V(4059), CgQ-DSh(7), SC, La, Ce, Pr
C75-D»(10611), C76-Cy(17490),
C78-D31(5), Cgo-Ds(6),
Ci00-D5(450)

M3 6+ ng-lh(7) C74-C1(13771) Sm, Y, Tb, Er

M;N 6+ Cgo-11(7) Cgs-D3(6138), C79-C5,(7854), Sc
C78-D3;(5), Cgo-Ds(6), Cg2-C2,(9)

M;N 6+ Cgo-11(7) C76-C(17490), C75-C5(22010), Sc-mixed, Y,
Cgo-Dsy(6), Cgo-Cy(hept), La, Ce, Pr, Nd,
Cgr-C(39663), Cgys-C4(51365), Gd, Tb, Dy,
C36-D3(19), ng—D2(35) HO, Er, Tm, Lu

M,TiN 6+ Cgo-11(7) Sc, Y

M2T1C 6+ Cgo-]h(7) Cgo-DSh(7) Sc, Y, Nd, Gd,

Dy, Er, Lu
M,TiC, |6+ Cgo-I,(7) Cgo-Ds;,(7) Sc, Y, Nd, Gd,
Dy, Er, Lu

M3CH 6+ Cgo-lh(7) Sc

M3C2 6+ Cgo-lh(7) ng-D2(35) Sc, Lu

M4C2 6+ CSO'Ih(7) Sc

M402 6+ C80'Ih(7) Sc

M,0; 6+ Cgo-11(7) Sc

M;CN 6+ Cgo-11(7) C,5-C»(22010) Sc

M;C,CN | 6+ Cgo-11(7) Sc
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Smy@C104 Smz@Cgo

Fig. 1.9 Molecular structures of conventional endohedral metallofullerenes: monometallofullere-
nes (upper row) and di- and trimetallofullerenes (botfom row). Note that Tm@Cy, (and also
Sm@Cy,) and Sm,@C(4 are the largest mono- and dimetallofullerenes characterized so far by
single-crystal X-ray diffraction. Carbon cages are shown in gray color, metal atoms are colored,
nitrogen atom in Y,@CyoN is blue

Sc SCH@CBU Sc 2TIC@C 80 SCZTiCZ@CSO 50402 H@c 80

Fig. 1.10 Molecular structure of representative carbide clusterfullerenes. Carbon cages are shown
in gray, Sc atoms are magenta, Ti atoms are ice-blue, internal carbons are pink, hydrogen is light
green. The most typical are carbide clusterfullerenes with acetylide unit and two metal atoms
M,C,@C,,, such as Sc,C,@Cg,, with 2n from 72 to 104 and metals including Sc, Ti, Y, and
lanthanides). Sc,C,@Cgg, Sc;CH@Cg, and Sc,CoH@Cg( are known only for Sc and for the Cg
cage. M,TiC@Cgy and M,TiC,@Cyg are available for Sc, Y, and medium-sized lanthanides. See
Table 1.1 for further details
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Fig. 1.11 Molecular structures of representative clusterfullerenes with endohedral heteroatoms
(N, O, S). Nitride clusterfullerenes (represented here by Sc;N@Cg) are the most versatile EMFs in
terms of possible metals (Sc, Y, and lanthanides) and cage sizes (from Cgg to Cog and even larger).
Sc;C,CN@Cyg, Scy 0, @Cg, and Sc,03@Cg are unique members in each class described so far
only for Sc and for the Cg, cage. See Table 1.1 for further details

Mono-EMFs with divalent metals are also dominated by M"@Cj, species, but
here four isomers with C,(5), Cy(6), C3,(7), and C,,(9) are usually obtained in
comparable yield [43, 146, 147]. Detailed studies were also reported for MH@C74
structures Isolated for Ca, Ba, Eu, Sm, and Yb [42, 148, 149]. 13C NMR showed the
fluxional motion of metal atoms between several equivalent positions within the
symmetric C74-D5;,(1) carbon cage [150, 151]. Many Yb@C,, and especially
Sm@C,,, mono-EMFs with 2n = 74, 80, 82 (4 isomers), 84 (3 isomers), 90 (4
isomers), 92 (2 isomers), and 94 (4 isomers) were isolated and partially structurally
characterized [44, 118, 149, 152-158]. The largest characterized mono-EMF is
M@Cgyy4-C3,(134) with M = Ca, Tm, or Sm [155, 159]. Position of metal atom
inside the fullerene cage in M"™-mono-EMFs is often not well defined, resulting in
large disorder in X-ray determined structures (Fig. 1.4b).

Formation of dimetallofullerenes (di-EMFs) was discovered along with
mono-EMFs in early 1990s, when La, @Cgo and Y,@Cg, were obtained [6, 160].
La, @Cg, was shown to have icosahedral 1,(7) cage with freely rotating La, cluster
[129, 161]. Analogs di-EMFs structures were later described for Ce and Pr. In
addition to M,@Cg(-I;,(7), the family of di-EMFs based on early lanthanides
(M = La, Ce, Pr) is represented by a number of cages, including C;,-D,(10611),
Cq6-C4(17490), C75-D3;,(5), and Cgy-Ds;,(6) [123-125, 129, 162-164]. The largest
structurally characterized M"_di-EMF known so far is La,@C0o-D5(450), while
mass-spectrometry showed that di-EMFs up to La, @C,33 were formed [165].

Sc, Y, and “late” lanthanides (Er, Lu) also form di-EMF, but with rather unusual
bonding situation. Although these metals prefer a trivalent state in mono-EMFs, in
di-EMFs they adopt a formal 2+ charge state with the metal-metal bond in the
M, cluster [166]. The most abundant di-EMFs of this type are M,@Cg,-C5,(8)
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and M,@Cg,-Cy(6) [167-171]. Also known are Er,@Cg,-C,,(9) [172] and
Lu,@C74-T,(1) [173]. At the same time, in Sc, @Cgs-C5,(4059), the smallest iso-
lated di-EMF, Sc is trivalent [174]. Among the truly divalent metals, di-EMFs are
described so far for only for Sm (a series of di-EMFs, including Sm, @Cgg-D,(35),
Sm, @Cyy-C5(21), Smy@Cyy-D5(85), and Sm,@Cy04-D34(822)) [46, 47, 175].

A special group of di-EMFs to be mentioned are paramagnetic azafullerenes
M,@C,9N (M =Y, Tb, Gd) described first by Dorn a coworkers [176, 177]. The
carbon cage in these EMFs is quasi Cgg-I;,(7) with one of the carbon atoms sub-
stituted by nitrogen. Two metal atoms form a single-electron bond and both have
large spin population.

Genuine trimetallofullerenes are very rare. Possible formation of M;@Cg,
species for Er, Tb, and Y was shown by mass-spectrometry without further
structure elucidation. The only unambiguously characterized trimetallofullerene is
Sm; @Cgg-1;,(7), whose structure was elucidated by single-crystal X-ray diffraction
[48].

Although EMFs can comprise up to four metal atoms, the large number of metal
atoms can be achieved only in the form of the clusters with non-metals described
below. Endohedral metal atoms transfer their valence electrons to the carbon cage
and bear significant positive charges, which results in strong Coulomb repulsion
when two or more metals are encapsulated inside one carbon cage. The large
number of metal atoms in EMFs can be easier achieved in clusters with elec-
tronegative with non-metals: the latter bear a negative charge (the formal charge of
nitrogen in nitride clusterfullerenes is —3; oxygen, sulfur, and acetylide unit C, all
have a formal charge of —2) and hence partially compensate Coulomb repulsion
between the metal atoms.

Clusterfullerenes with endohedral carbon. The clusterfullerenes with carbon
atoms in the endohedral clusters is the most versatile family in terms of possible
cluster compositions (Fig. 1.10) [178, 179]. In addition to its obvious role of
forming the fullerene cage, carbon is also found in the core of several types of
endohedral clusters.

Carbon vapor in conditions of the fullerene synthesis mainly consists of C,
species, and formation of carbide clusterfullerenes with acetylide unit is believed to
be a result of the C, trapping. The inability of conventional mass spectrometry to
distinguish if C, unit is endohedral or is a part of the carbon cage bluffed the EMF
researchers for two decades and still remains a problem when new EMF compo-
sitions are detected in mass spectra. The most common endohedral carbide clusters
have M,C, composition, where M is a trivalent metal (Sc, Y, lanthanides La, Gd,
Tb, Dy, Ho, Er, Lu), and acetylide unit has a formal charge 2—, so that the total
charge of the cluster is 4+. A special case is Ti,C,@C5g, in which Ti atoms are in
the four-valent state and the charge of the cluster is 6+ [53]. The shape of the M,C,
cluster depends on the size of the carbon cage: in smaller cages, C, unit is per-
pendicular to the M---M axis, whereas in large cages more linear arrangement is
possible [180-182]. Fullerene cages in structurally characterized M,C,@C,,
molecules range from C;,-Cy(10528) [183] in Sc,C,@Co, to Cor-D5(85) [184] in
Gd2C2@C92 to C104-C2(816) in L32C2@C104 [185]
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The number of metal atoms in carbide clusterfullerenes with endohedral acet-
ylide unit can be also three or four. Encapsulation of M;C, clusters (two examples
known so far, Sc;C,@Cgq [186] and Lu;C,@Cgg [187]) result in paramagnetic but
rather stable EMF molecules. “Substitution” of one of the trivalent metals by Ti
gives closed-shell structures, and M,TiC,@Cg, EMFs were described for Sc and
medium-size lanthanides [23, 58].

The only acetylide clusterfullerene with four metal atoms known so far is
Sc,Cr,@Cyg [188]. In ScyCs, Sc atoms form a tetrahedron with one carbon atom in
the center and one above the Sc; face; the C, unit in Sc,C,@Cyg, adopts a formal
charge of —6 [189]. Wang et al. [24] showed that endohedral C, unit can also bear a
bonded hydrogen atom forming a paramagnetic Sc,C,H@Cgy,.

A single carbon atom can be a central atom in two types of endohedral clusters.
In Sc;CH@Cg, the central carbon atom is bonded by a hydrogen [22, 190],
whereas in the TiM,C@Cg, family (M = Sc, Y, Nd, Gd, Dy, Er, Lu) [23, 58, 59],
the p3-carbido ligand forms a double bond with Ti atom. Small amounts of other
cage sizes have been also reported (C;g for Sc,TiC cluster and Cg,-Cgg for larger
metals). Both types of clusterfullerenes with single carbon atoms exhibit a certain
analogy to nitride clusterfullerenes M3;N@Cg,. The difference in the valence of
carbon and nitrogen is compensated here either by an additional hydrogen atom
(C-H vs. N), or via encapsulation of the tetravalent metal and double bond for-
mation (C=Ti vs. N-Sc). An EMF with presumable composition Sc,C@Cg, was
detected by mass-spectrometry and studied computationally [191], but it is still
awaiting for a detailed structural characterization.

Nitride clusterfullerenes. In 1999 the molecular structure of the first isolated
nitride clusterfullerene, Sc;N@Cgy-1,(7), was determined by single-crystal X-ray
diffraction and '>C NMR spectroscopy [13]. The Sc atoms were found to form an
equilateral triangle with nitrogen atom in the center of the planar cluster (Fig. 1.11).
Eventually, nitride clusterfullerenes (NCFs) turned to be the most abundantly
produced EMFs [192, 193], and Sc;N@Cgo-1,,(7) is the third most abundantly
produced fullerene (after Cgo and C7p). ScsN@Cgq also has another, less abundant
isomer with Ds,(6) cage, whose structure was determined by 13C NMR spec-
troscopy [194] and single-crystal X-ray study [195]. In addition to Sc;N@Cg, the
family of Sc-based NCFs includes less abundant Scz;N@Cgg, Sc3N@Co,
ScsN@Cqg, and ScsN@Cyg,. The non-IPR cage structure with D3(6140) symmetry
and three pairs of adjacent pentagons was first proposed for Sc;N@Cgg in 2000
based on the '*C NMR and computational data [196] and then confirmed in 2003
by single-crystal X-ray diffraction study [197]. Sc;N@Cg-D5;,(5) was first isolated
in 2001 and characterized by '*C NMR and single-crystal X-ray diffraction [198].
The yield of Sc;sN@C5 is almost 50 times lower than that of Sc;N@Cgg, and this
NCF with the non-IPR C74-C5,(7854) cage was first isolated in 2007 and charac-
terized by vibrational spectroscopy and DFT computations [138]. Due to its low
kinetic stability, structural characterization of elusive Sc;N@Cg,-C,,(9) was
accomplished only in 2015 [199].

With the increase of the ionic radii of metals, the cage size distribution of
M3;N@C,, clusterfullerenes is shifting to larger fullerenes. Yttrium and the
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elements from the second half of the lanthanide row (Gd-Lu except for Yb) form
isolable MsN@C,,, NCFs with 2n = 78-88 [126, 187, 200-206]. M3sN@Cg(-1,(7)
is still the most abundant NCF for these metals. Other structurally characterized
cage isomers are C7g-C5(22010) [137, 207], Cgr-Cs(39663) [208], Cgs-C(51365)
[203], Cge-D3(19) [205], and Cgg-D,(35) [205].

For the first half of the lanthanide row (La, Ce, Pr, Nd), the distribution of the
fullerene size shifts further to larger cages with the highest yield for M3zN@Cgg
[209-211]. The relative yield of M3N@Cy¢ is also gradually increasing with the
increase of the ionic radius from Nd to La, so that the yield of La;N@Cg¢ equals
that of LasN@Cgg. Neither '*C NMR spectroscopic nor crystallographic studies
have been performed so far for any M3N@C,, with 2n > 88. Cy,-7(86) and
Cos-D-(186) cage isomers were tentatively assigned based on computational studies
[212-214].

Mixing “small” Sc and “larger” lanthanide metals in the M3N cluster enables the
tuning of the cluster size (from small Sc;N via MSc,N and M,ScN to larger M3N)
and opens a possibility for carbon cages to adopt the cluster of the most suitable
size [215]. Whereas the carbon cages smaller than C-g are not accessible for non-Sc
NCFs, mixing Sc with lanthanide makes it possible: for instance LuSc,N@Cg¢g and
Lu,ScN@Cgg can be formed in the mixed Lu—Sc system [36]. A drawback of the
mixed-metal NCFs is that the separation of individual compounds often becomes
more complicated as illustrated in Fig. 1.3 for a Lu,Sc;_,N@Cg4g mixture.

Cyano clusterfullerenes. Carbon and nitrogen at once can be encapsulated in
the form of cyanide fragment coordinated either to three metal atoms (Sc;NC@Cg
[134] and Sc;NC@C,g [216]) or to only one metal atom (YNC@Cg, [217],
TbNC@Cyg, [218, 219]). The formal charge of the Sc;NC cluster is 6+ (hence
formal charge of CN fragment is 3—), whereas YNC or TbNC are only twofold
charged (the formal charge of CN is 1—). A combination of both acetylide and
cyanide fragments in one EMF molecule, Sc;C,CN@Cyg, was also described [220].

Oxide clusterfullerenes. Oxygen-containing endohedral clusterfullerenes were
discovered in 2008. Arc-discharge synthesis in the presence of air and Cu(NOj3),
afforded formation of Sc,0,@Cgy-I;,(7) and Sc,O3;@Cgy-I,,(7) [221]. Both mole-
cules have Sc, tetrahedron, with two or three oxygen atoms located above the Sc;
faces in the us-fashion [221, 222] (Fig. 1.11). In Sc40,@Cg, two Sc atoms are in
the formal divalent state with the Sc—Sc bond, whereas in Sc,0;@Cg all Sc atoms
are in the 3+ oxidation state [133, 223]. The formal charge of both Sc40, and Sc,0;
clusters is 6+. Stevenson et al. also discovered Sc,O@Cg,-Cy(6) with bended
Sc—0O-Sc cluster [224]. Addition of CO, to the arc-discharge reactor atmosphere
afforded the whole family of Sc,0@C,,, oxide clusterfullerenes (2n = 70-94) [25].
From this family, Sc;0@C--C5(7892), Sc;0@C4-T, (1), Sco,O0@Cgy-C,,(5), and
Sc,0@Cg,-C5,(8) were isolated and characterized by X-ray diffraction [225-228].
Stevenson et al. [229] also reported that the use of Y or Lu instead of Sc in the
oxide clusterfullerene synthesis resulted in formation of Y,O@C,, and Lu,0@C,,
structures (2n = 80-92). Formation of M40, @C,,, or M;03@C,,, clusterfullerenes
with large metals was not detected.
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Sulfide clusterfullerenes. Sulfide clusterfullerenes were discovered in 2010 in
the form of M,S@Cg, molecules (M = Sc, Y, Dy, Lu) when guanidinium thio-
cyanate C(NH,);:SCN was used for the synthesis of nitride clusterfullerenes. Their
absorption spectra closely resembled those of M,C,@Cg,-C5,(8) which indicated
that isolated M,S @Cg, molecules also had C;,(8) cage isomer. With the use of SO,
as a reactive gas, Echegoyen et al. [26] synthesized a family of Sc,S@C,,, clus-
terfullerenes (2n = 70-100) and Ti,S@Cq5-D5,(5) [55]. The structures of two
isomers of Sc,S@Cg, with Cy6) and C;3,(8) cages as well as that of
Sc,S@C4,-Cy(10528) were  elucidated by  single-crystal X-ray diffraction
[230, 231]. The Sc,S cluster in these molecules has bent structure with the Sc—S—Sc
angles in the 97°-114°. Isolation and spectroscopic and electrochemical charac-
terization was also reported for Sc,S@Coo-C»(7892) [231]. The use of CHy as a
reactive gas and metal sulfide as a source of metal and sulfur afforded selective
synthesis of C3,(8) and Cy(6) isomers of Dy,S@Csg,.

1.5.3 Carbon Cage Isomerism of EMFs

Overview of the most abundant fullerene cages in EMFs (Table 1.1) shows that few
cages are repeatedly preferred for different types of clusterfullerenes. For instance,
Cgr-C5,(9) is preferred for M™ monometallofullerenes, some dimetallofullerenes
and EMFs with M,C,, M,S, and M,O clusters are usually formed with the
Cgr-C5,(8) and Cgy-Ci(6) cages, whereas many other clusterfullerenes are pre-
dominantly obtained with the Cgo-I;(7) cage. Computational studies showed that
the cage isomerism of EMFs is largely determined by the formal charge of the
fullerene, and that the lowest energy isomers for the same fullerene size are usually
different in different charge states, e.g., whereas the most stable isomer of hollow
Cgo is D»(2), the most stable isomer of Cgo6_ is I;,(7) [232]; furthermore, C806_-Ih(7)
has enhanced stability in comparison to many other cage sizes due to the very
uniform spatial distribution of the pentagons [212, 233]. Thus, this cage is preferred
for sixfold charged clusters such as (M>"),, (M>");N°7, (Sc*)4(Cy)°%, etc.
Likewise, Cg,-C5,(8) is the most suitable cage for the fourfold charged clusters such
as (M*"),, (M¥),8%7, or (M¥)5(C,»)*™ [234]. Thus, the most suitable carbon cage
isomers of EMFs can be reliably predicted by a broad search of empty fullerene
isomers in a proper charge state [212].

Another important factor in determination of the cage isomerism of EMFs is
commensurable size and shape of the endohedral cluster and the fullerene cage (the
factor is described as “cage form factor”). A clear illustration to the importance of
this factor is the evolution of the fullerene cage distribution for nitride cluster-
fullerenes with the increase of the metal size from Sc (Shannon ionic radius
R*=0.745A) to Y, Gd-Lu (R* =0.86-0.94 A) and further to La-Nd
(R** = 0.98-1.03 A). The increase of the M;N cluster size increases the strain in
M;3;N@C,, molecules when larger and larger clusters are encapsulated in the given
cage and hence shifts the distribution toward the larger cage sizes. The strain
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experienced by the M3N cluster can lead to the significant changes in its geometry:
whereas nitride clusters are usually planar, the Gd;N cluster is pyramidalized in the
Gd;N@Cg, molecule because of the limited space [235]. In larger cages (such as
Gd3;N@Cgg), the strain is reduced and the Gd;N cluster is also planar [236].
Another illustrative example of the cluster size factor is isomerism of MzN@Cog:
whereas ScsN cluster is encapsulated in the C,g-D3,(5) cage isomer, lanthanides
form M;N@C-g molecule with the non-IPR Cr5-C»(22010) cage [137]. The reason
is that the latter cage has a flattened shape and can easier accommodate large M;N
clusters, whereas the C;g-D5,(5) isomer is more suitable for clusters of smaller size
such as Sc;N. Likewise, the absence of nitride clusterfullerenes and availability of
dimetallofullerenes with C;, cage is also explained by this factor. The most stable
C,,°" isomer, Dy(10611), has elongated shape with two pentagon pairs on the
poles. The cage of such a shape perfectly suits dimetallofullerenes, such as
La,@C;,, but cannot accommodate triangular M;N cluster without dramatic dis-
tortion of the latter.

1.5.4 Endohedral Metallofullerenes with Non-conventional
Fullerene Cages

Large formal charge and strong metal-cage interaction lead to a specific structural
feature of EMFs, a violation of the isolated pentagon rule (IPR). According to IPR,
in stable fullerenes isomers all pentagons should be surrounded by hexagons, while
adjacency of pentagons is strongly destabilizing. This rule imposes a strict limi-
tation on the possible isomers of empty fullerenes, but is often violated in EMFs
(Fig. 1.12). In fact, experimental evidence of dozens of structurally characterized
non-IPR EMFs shows that the isolated pentagon rule is not applicable for met-
allofullerenes, and all isomers should be considered on an equal basis. The possi-
bility of the non-IPR EMFs was first anticipated by Kobayashi et al. [237] in
computational studies of Ca@C, isomers, and the first experimental evidence was
provided in 2000 by the synthesis of Sc,@Cgg [238] and Sc;N@Cgg [196]. Neither
Cgs nor Cgg have IPR cage isomers, and therefore both EMFs are inevitably
non-IPR ones. The most common non-IPR motif in EMFs is the adjacent pentagon
pair (APP, also known as pentalene unit). Non-IPR EMFs known so far have from
one to three APPs, depending on the number of metal atoms and the formal charge
of the cage. Since pentalene units are stabilized by coordinating metal atoms, the
number of APPs in a given non-IPR EMF molecule usually does not exceed the
number of metal atoms. Metal atoms coordinate to the carbon cage near adjacent
pentagons and hence stabilize otherwise destabilizing pentalene units (Fig. 1.12a).
Furthermore, the number of APPs is usually decreasing with the increase of the
cage size. For instance, among the non-IPR nitride clusterfullerenes, Sc;N@Cgg-D5
(6140) and Sc3N@Cy-C5,(7854) have 3 APPs, DySc,N@C4-Cy(17490) and
M;N@C5-C»(22010) have two APPs (M = Y, Dy, Gd), and M3N@Cg,-C((39663)
and M3N@Cgy-C((51365) have one APP (M = Gd).
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Fig. 1.12 Representative EMFs with non-conventional fullerene cages: a ScsN@C-,-C,,(7854)
with three pairs of adjacent pentagons; b LaSc,N@Cg(-C (hept) with one heptagon fused to two
pairs of adjacent pentagons; ¢ Sc;@Cge-C,,(4059) with two linear triquinanes (three fused
pentagons). Carbon cages are shown in gray except for unconventional cage fragments shown in
red; Sc atoms are magenta, La is orange, nitrogen is blue. The bottom row emphasizes how metal
atoms are coordinated to unconventional cage fragments, light blue lines denote the shortest
metal-carbon distances

Two other violations of the IPR in EMFs are presented by only few examples.
The structure of Sc;@Cgg, one of the first non-IPR EMFs, was unambiguously
elucidated only in 2014 and was found to have a Cg4-C5,(4059) cage with two
unsaturated linear triquinanes (Fig. 1.12c), i.e., triply fused pentagons [174].
LaSc,N@Cgy-C(hept), the first EMF with one heptagon and 13 pentagons, was
characterized in 2015 [239]. Its carbon cage has two pentalene units which are
fused to the heptagon ring (Fig. 1.12b). Stabilization of the Cgy-C,(hept) cage by
the LaSc,N cluster is another example of the effect of the cage form factor. DFT
calculations showed that this isomer is rather unstable for Cg®~ and ScsN@Cg,
(171/83 and 92/25 kJ/mol less stable than the most abundant 7,(7)/Ds;(6) isomers,
respectively), but with the increase of the cluster size the heptagon-containing
isomer increases its relative stability and becomes 35—40 kJ/mol more stable than
the Ds,(6) isomer when Y;N or LaSc,N clusters are encapsulated [239]. Similar
stabilization of heptagon-containing isomers with large or non-symmetric clusters
was also found for fullerenes of other sizes [240]. Recently, the second EMF with
heptagon in the carbon cage, carbide clusterfullerene Sc,C,@Cgg-Cy(hept), was
reported by Echegoyen et al. [241].
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1.6 Concluding Remarks

Since their discovery in 1985, endohedral fullerenes have come a long way from
few molecules detectable only in mass spectra to a well-established class of com-
pounds with a variety of well-defined molecular structures. The methods were
developed to encapsulate various species within the carbon cage, from single atoms
to complex hybrid clusters. Such variability enables the synthesis of molecules with
distinct and sometimes unique electronic and magnetic properties, as will be
described in the remaining chapters of this book.
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Chapter 2
Electrochemistry and Frontier Molecular
Orbitals of Endohedral Metallofullerenes

Alexey A. Popov

Abstract Fullerenes exhibit rich redox activity and are able to accommodate up to
6 surplus electrons or give away 1-2 electrons in solution. EMFs inherit this
property from empty fullerenes, and also add a new dimension to the redox
behavior because endohedral clusters can exhibit their own redox activity despite
their shielding by the carbon cage. This chapter provides a systematic overview of
electrochemical properties of different classes of endohedral metallofullerenes. In
particular, the balance between fullerene- and cluster-based redox activity in
complex endohedral metallofullerenes is discussed using frontier molecular orbitals
as a guide.

2.1 Introduction

Electrochemical properties of endohedral metallofullerenes (EMFs) were in focus
of the research since mid-1990s, when the first isomerically pure samples became
available [1-5]. Since that time, virtually any newly isolated EMF and many of
their derivatives were characterized electrochemically, in particular by cyclic
voltammetry or pulse voltammetric techniques (differential pulse voltammetry,
DPV, and squarewave voltammetry, SWV). Redox potentials, especially those of
the first oxidation and reduction steps (E,,(+/0) and E;,,(0/—), hereafter), provide
information on the electronic properties of fullerenes and enable straightforward
estimation of the HOMO-LUMO gap. Electrochemical gap (gapgc), defined as the
difference between E;,(+/0) and E;,(0/—) values, can be used, along with the
optical gap, as a measure of kinetic stability of fullerenes. Redox potentials dis-
cussed in this chapter are measured in o-dichlorobenzene and referred versus the Fe
(Cp)3™ couple. We will not distinguish the values obtained by cyclic voltammetry
(half-wave potentials, E7,,, for reversible processes, and peak potentials for irre-

A.A. Popov (D)

Leibniz Institute for Solid State and Materials Research,
Helmbholtzstra3e 20, 01069 Dresden, Germany

e-mail: a.popov@ifw-dresden.de

© Springer International Publishing AG 2017 35
A.A. Popov (ed.), Endohedral Fullerenes: Electron Transfer and Spin,
Nanostructure Science and Technology, DOI 10.1007/978-3-319-47049-8_2



36 A.A. Popov

(a)

[Li'@Ce,IPFs ]

-~ La@Cg,

- Y@C 82
-

20 1.0 0 -1.0 -2.0 -3.0 1.5 1 0.5 0 -0.5-1-1.5-2-2.5

Vs, Fc*/ Fe E(V) vs Fc/Fc*

Fig. 2.1 a Squarewave voltammetry of the [Li*@Cgy][PF; ] salt compared to that of fullerene
Ceo; Reproduced with permission from [16]. b Squarewave voltammetry of monometallofullerenes
MM @Cq,-C,,(9) with trivalent lanthanides measured in o-dichlorobenzene. Reproduced with
permission from [3]

versible processes) and those determined by pulse method (SWV, DPV).
Deviations between such values are usually less than few tens mV, which is not
substantial for an overview of electrochemical properties of EMFs.

Fullerenes are known as good electron acceptors and undergo multiple elec-
trochemically reversible single-electron redox processes in  solution.
Electrochemical studies of Cgy showed that it is able to accept up to 6 electrons
under optimized conditions at reduced temperature [6], whereas three—four rever-
sible reductions steps are usually accessible at room temperature in o-dichlor-
obenzene (0-DCB, the most common solvent for electrochemical studies of
fullerenes; Fig. 2.1). Similar cathodic behavior is exhibited by higher fullerenes
[7-10]. Oxidation of Cgq and C;q fullerenes occurs at relatively high potentials,
making it difficult to achieve the reversible process in standard electrochemical
studies [11-14]. However, oxidation of many other higher fullerenes (C7¢, C7g, Cgp,
Cg,4 etc.) occurs at less positive potentials and usually one or even two oxidation
steps can be accessed [8, 9, 15].

Encapsulation of metal atoms and clusters in EMFs can result in more complex
redox behavior than that of empty fullerenes. The carbon cage in the EMF molecule
can be considered as a special type of n-ligand, similar to those in organometallic
complexes (e.g., as in ferrocene). In terms of organometallic electrochemistry, the
ligand can be “non-innocent,” when it exhibits its own redox activity, or “inno-
cent,” when it does not take part in the redox process. In a similar fashion, both the
fullerene cage and the endohedral species can exhibit redox activity in EMFs.
Figure 2.2 shows two extremes of such redox behavior. In the first case, only the
carbon cage is redox-active, meaning that the valence and spin state endohedral
species remains intact during electrochemical processes (i.e., fullerene behaves as
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Fullerene-based
redox process

Endohedral
redox process

Fig. 2.2 Schematic description of the fullerene-based and endohedral redox processes. In the
former, with the surplus charge and spin density are delocalized over the fullerene cage, whereas in
the latter the spin state of the endohedral cluster is altered, whereas the fullerene remains intact.
Reproduced with permission from [18]

“non-innocent” ligand). In the second case, the endohedral cluster is the
redox-active species, whereas the carbon cage merely acts as an inert container,
transparent to electrons. In terms of organometallic electrochemistry, here the
fullerene cage behaves as an innocent ligand, even though the electron transfer
occurs across the metal/n-system interface. This type of electron transfer is
described as an endohedral (or in cavea) electron transfer process [17, 18]. An
obvious, but not always necessary, prerequisite for endohedral redox activity is a
suitable energy of the metal-based molecular orbitals (MOs), which should be the
frontier MOs (HOMO or LUMO) of the EMF molecule. Experimentally, the
endohedral redox processes can be revealed via unexpected redox behavior (e.g.,
shifted potential when compared to analogous molecules) and/or with the use of
spectroelectrochemical methods (such as electron spin resonance or nuclear mag-
netic resonance spectroelectrochemistry). In EPR spectra of ion-radicals, EMFs
with endohedral redox activity often exhibit rich hyperfine structure with large
coupling constants, as will be discussed in Chap. 9.
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2.2 Monometallofullerenes

In monometallofullerenes (mono-EMFs), metal atoms transfer all valence electrons
to the cage. The energies of metal-based electronic states are far from the frontier
MOs, and hence HOMO and LUMO are completely localized on the fullerene cage,
and redox activity of mono-EMFs is thus determined exclusively by the fullerene
cage. As a result, redox properties are not strongly dependent on a particular metal,
but are only determined by its valence state (i.e., the number of electrons transferred
to the fullerene). Mono-EMFs usually exhibit electrochemically reversible reduc-
tion and oxidations.

Li@Cg is the only MI@C60 EMF produced in sufficient amounts to be studied
electrochemically. In a neutral state Li@Cyg is paramagnetic, and its stable form is
the cation Li*@Cg,. Figure 2.1 shows that reduction behavior of Li*@Cg, is
similar to that of pristine Cgy but with a cathodic shift of all reduction steps by ca
0.6 V [19]. Such a shift can be rationalized taking into account Coulomb interaction
of electrons delocalized over the fullerene with the positive charge located in the
center of the fullerene. Note that the data in Fig. 2.1 can be also described as that of
Li@Cg. That is, the first reduction potential of Li*@Cg is the same as the first
oxidation potential of Li@Cg. If considered this way, Li@Cgq appears to be easy
to oxidize (—0.38 V) and easy to reduce (—0.95 V) due to an unpaired electron
delocalized over the cage. The small gapgc of Li@Cgy, 0.47 V, is a common
feature for paramagnetic mono-EMFs.

M"@C,, mono-EMFs (M" = Ca, Sm, Eu, Tm, Yb; 21 = 74-94) are diamag-
netic molecules with closed-shell electronic structure. Their redox properties are
comparable to those of higher empty fullerenes in that they are reasonably good

(a) (b)

1 YCN@C6)-Cyy

I." /J’ -'.'_
N

L7
4

Yb@Cw(ii!}"'_ Y

ThCN@C3(5)-Cy

Yb@waI'i.l]__{'

20 15 10 05 00 05 10 15 20 25 10 0.5 00 -0.5 -1.0 -1.5 -2.0 -2.5
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Fig. 2.3 a Cyclic voltammetry curves of Yb@Cg, and three isomers of Yb@Cg, (isomer I is
C(6), isomer II is Cy(5), isomer III is C,,(9)); reproduced with permission from [21]; b Cyclic
voltammetry of YbCN@Cg,-C(6) and TbCN@Cg,-Cy(5); reproduced with permission from [29].
Asterisk denotes oxidation of ferrocene, dots denote EMF redox processes. Note similar redox
potentials of Yb@Cg, and (Tb,Y)CN@Cg, EMFs with the same carbon cage isomers
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electron acceptors (the first reduction potentials are more positive than —1 V), but at
the same time their oxidation potentials are usually within the reach of standard
conditions [20-28]. EC gaps of M"@C,,, EMFs typically exceed 1 V (Fig. 2.3b).
Comparison of redox potentials of several Yb and Sm mono-EMFs with Cg, cages
(Table 2.1) shows that variation of redox potential due to the carbon cage iso-
merism can exceed 0.5 V. At the same time, variation of the metal has a minor
influence (typically less than 0.05 V).

The redox behavior of M™@C,,, mono-EMFs (M™ is Sc, Y, La, Ce, Pr, Nd,
Gd—Er, Lu) is substantially different from that of empty fullerenes and M"@C,,,
EMFs because M @C,,, molecules are radicals with an unpaired electron delo-
calized over the fullerene cage. As a result, their gapgc values are usually close to

Table 2.1 Redox potentials of monometallofullerenes, their derivatives, and cyano-clusterfullerenes

EMF Ox-II |Ox-I |Red-I |Red-II |Red-lII | Gap.. |References
Ceo-I1(1) 1.21 -1.12 |-1.50 |—-1.95 |2.33 [3]
Cgr-C1(3) 0.72 -0.69 |—1.04 |—1.58 141 [9]
Li*@Cgo-1,,(1) -0.39 [—-0.98 |—-1.44 [19]
Yb@Cg,-C5(5) 0.90 |0.38 -0.86 |[—0.98 1.24 [21]
Sm@Cg,-Cy(5) 0.42 -0.84 |-1.01 |—-1.51 1.26 [27]
Yb@Cyg,-C(6) 0.34 -0.62 |-0.92 |—-1.81 |0.96 [21]
Sm@Cgy-C3,(7) 0.56 -094 |-125 |-1.79 |1.50 [26]
Yb@Cg,-C5,(9) 0.61 -0.46 |[-0.78 1.07 [21]
Sm@Cg,-C5,(9) 0.52 -0.42 |-0.77 |—-1.60 |0.94 [26]
TbCN@Cg,-Cy(5) 0.50 -0.88 [-0.97 |—1.55 1.38 [29]
YCN@Cg,-C(6) 0.56 -0.59 |-0.84 |—-1.76 1.15 [30]
TbCN@Cg,-C(6) 0.55 -0.59 |-0.84 |—-1.77 1.14 [31]
TbCN@Cyg,-C5,(9) 0.55 -0.46 |-0.81 |—1.78 1.01 [31]
La@Cg,-C(6) 1.08 |-0.07 |[—047 |—-140 |-2.01 |0.40 [51
La@Cg,-C5,(9) 1.07 ]0.07 -042 |-1.37 |—-1.53 049 [1]
Ce@Cgy-C1y(9) 1.08 |0.08 -041 |[—-141 |—-1.53 049 [3]
Gd@Cyg,-C5,(9) 1.08 |0.09 -0.39 |-1.38 |—-222 048 [3]
Lu@Cgy-C5,(9) 0.11 -0.38 |[-1.17 |—-1.54 049 [32]
La@Cg,-cycloadducts

La@Cgy(Mes,Si),CH, -0.07 |-0.50 |—-1.71 |-1.75 043 [33]
La@Cg,Ad 1.01 |-0.07 [-0.50 |—-1.71 |-1.75 ]0.43 [34]
La@Cg,[C(COOE),] 0.08 -0.28 [-1.19 |- 0.36 [35]
La@Cgy-R

La@Cg,(C¢HsCHy)-a 0.25 -0.68 |—-1.02 |-1.21 |0.93 [36]
La@Cg,(C¢HsCH,)-d 0.15 -1.05 |-1.15 |—-1.81 1.20 [36]
La@Cg,[CBr(COOEt),]-A | 0.85 |0.38 -0.66 |—1.31 |—-1.47 1.04 [35]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)}r/ 0 pair
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0.5V, and such EMFs are normally easier to reduce or oxidize than empty
fullerenes (Fig. 2.1, Table 2.1) [1, 3, 32, 37, 38]. The most studied are M @Cg,
EMFs with C,,(9) cage isomer. Comparison of the redox potentials of such EMF
with several different metals (Table 2.1) shows the values remain almost constant
within the whole lanthanide row. Isomerism of the cage again has stronger influ-
ence: for instance, Cy(6) isomer of La@Csg, is easier to oxidize than C,,(9) isomer
by 0.14 V [5]. Interestingly, M"@Cg»-C>,(9) and MM @Cg,-C»(9) have very
similar reduction potentials, but oxidation potentials of MHI@ng-sz(9) are ca
0.4 V less positive.

Chemical derivatization of EMFs can significantly modify their redox potentials.
Comparison of the redox properties of several derivatives of La@Cgy-Cs(9)
(Table 2.1) shows that derivatives can be divided into two groups. Cycloaddition
(Diels—Alder, Bingel-Hirsch, bis-sylilation) does not change the paramagnetic state
of the molecule, and hence the small gapgc remains in the derivatives [33-35].
Redox potentials can be either positively or negatively shifted versus those of the
parent La@Cg,, depending on the addition site and the nature of the addend. On the
other hand, when La@Cg, is functionalized by the groups forming single bond to
the carbon cage (such as benzyl C¢gHsCH, or malonate CBr(COOEt),), the number
of added groups is odd, and the carbon cage of the derivative becomes diamagnetic
[35, 36]. Transformation of the open-shell structure of La@Cg, molecule to the
closed-shell structure of the derivative strongly affects redox potentials. Oxidation
potentials are shifted positively, whereas reduction potentials are shifted in the
negative direction, and resulting gapgc values usually exceed 1 V. Position of the
group(s) on the cage may have strong influence on the exact values, as can be seen
from comparison of the two isomer of La@Cg,(C¢HsCH,) with the difference of
E ,»(0/—) values of 0.37 V [36].

2.3 Dimetallofullerenes

Whereas mono-EMFs show only cage-based redox properties, the encapsulation of
two normally trivalent metal atoms (such as Sc, Y, La, and some lanthanides)
within an EMF results in dimetallofullerenes (di-EMFs) with endohedral redox
activity. The reason for the metal-based redox activity of M,@C,,, is the metal—
metal bonding orbital (Figs. 2.4 and 2.5), which has a comparable energy to the
frontier MOs of the carbon cage and can be either the HOMO or the LUMO of the
di-EMF molecule.

Whether the M—M bonding MO in a given di-EMF involves the HOMO or the
LUMO depends on the relative energies of the cage frontier MO and the energy of
the metal-metal bonding orbital. It was shown that the energy of the M—M bonding
MO in EMFs is similar to the lowest energy valence MO of the free metal dimer,
which usually has (ns)o-é character [39]. The energy of the (ns)aé orbital in the M,
dimer correlates with the ns*(n — 1)d' — ns'(n — 1)d* excitation energy of the free
metal atom, and therefore this excitation energy to a large extent determines the
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Sc3CN@Csgo ScaC2@Cso Sc402@Cs0

Fig. 2.4 DFT-computed frontier molecular orbitals (HOMO and LUMO) of several endohedral
metallofullerenes with Cgo-,(7) carbon cage (formal charge of the cage —6): La,@Cg,
Sc;CN@Cgy, ScyCr@Cgy, and ScyO,@Cgp. Metals atoms are orange (La) or magenta (Sc)

Sc2@Cs2 Sc2C2@Cs2 Sc20@Cs2 Sc2S@Cs2

Fig. 2.5 DFT-computed frontier molecular orbitals (HOMO and LUMO) of several endohedral
metallofullerenes with Cg,-C3,(8) carbon cage (formal charge of the cage —4): Sc,@Cg,,
Sc,Co@Cyy, Sc,;0@Cy,, and Sc,S@Cg,. Scandium atoms are magenta, oxygen is red, sulfur is
yellow

valence state of metal atoms in di-EMFs. For instance, ns’(n — 1)d' — ns'(n — 1)
d? excitation energies increase in the row La—Sc/Y—Lu as 0.33-1.43/1.36-2.34 eV,
respectively, and the (ns)a§ MO in corresponding M, dimers are stabilized in the
row La,—Sco/Y,—Lu,. As a result, in di-EMFs, La is always trivalent (the La—La
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bonding MO is the LUMO in (La3+)2@Cg;), Lu tends to adopt a divalent state
(the Lu-Lu bonding MO is the HOMO or even below the HOMO level in
(Lu2+)2@C§;), whereas the valence state of Sc, Y, and other lanthanides is more
sensitive to the energy of the carbon cage MOs [39]. Figures 2.4 and 2.5 show
frontier MOs of La, @Cg(-1,(7) and Sc, @Cg,-C5,(8) with M—M bonding LUMO
and HOMO, respectively.

Since the La-La bonding MO is the LUMO in La-based di-EMFs (Fig. 2.4),
reduction of a La, @C,,, molecules should be an endohedral redox process, whereas
oxidation is expected to be fullerene-based. Electrochemical studies of La,@C,,
(2n =72, 78, 80) showed that these EMFs exhibit 2-3 reversible single-electron
reduction steps and are relatively easy to reduce (Fig. 2.6). For instance, the first
reduction of La, @Cg-I;, occurs at —0.31 V [4]. Likewise, the first reductions of
La,@C;, (—0.68) [40], La, @C7g (—0.40 V) [41], and La, @Cg(-Ds;, (—0.36 V) [42]
are also significantly more positive than for EMFs with fullerene-based reduction
(Table 2.2). The first reduction potentials of analogous Ce di-EMFs are systemat-
ically more negative by up to 0.13 V (see Table 2.2) [42—45].

Metal-based reduction of La,@Cg, is proved EPR spectroscopy. The M-M
bonding orbitals in di-EMFs have hybrid spd character with large s-contribution.
When such orbital is populated by a single electron, a hyperfine structure with large
metal-based hyperfine constants can be expected in EPR spectra of corresponding
anion-radicals. The EPR spectrum of the [La, @Cgy-I;,]” radical-anion exhibits a
huge '**La coupling constant of 364 G, which proves predominant localization of
the spin density on the metals (see Chap. 8 for more details on EPR spectroscopy of
La,@Cgy anion and derivatives) [48]. Another indication of the endohedral
reduction in La and Ce di-EMFs is the difference between the first and the second
reduction potentials. For a cage-based redox process, the difference between the
first and second reduction (or oxidation) steps is usually within 0.4-0.5 V range if
the process is based on the same cage MO (see Table 2.1 for reduction potentials of
Ceo, Cgo etc.). An endohedral redox process results in a much larger potential
difference for the consequent redox steps, since these steps are either based on the

Fig. 2.6 Cyclic voltammetry Red-Il
of La, @Cg-1;,(7) compared
to that of La@Cg,-C5,(9);
scan rate 20 mV/s, o- Ox-ll
dichlorobenzene solution.
Reproduced with permission
from [4] and [1]

Laz@Cao-ln(T)

Red-ll/Red-IIl
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Table 2.2 Redox potentials of representative di-EMFs

EMF Ox-II |Ox-I |Red-I |Red-II |Red-Ill |Gapgc |References
La,@C,,-D,(10611) | 0.75 024 |-068 |-192 |- 0.92 [40]
Ce,@C7,-D,(10611) | 0.82 0.18 |-0.81 |-1.86 0.99 [43]
La,@C,4-C4(17490) | 0.65 021 |-0.63 |-1.83 -2.40 0.84 [46]
La, @C5-D3;(5) 0.62 026 |-040 |-1.84 |-2.28 0.66 [41]
Ce, @Crg-D3(5) 0.79 0.25 |-0.52 |-1.86 |-—-2.23 0.77 [44]
La, @Cg(-Ds;(6) 0.78 022 |-036 |-1.72 0.58 [42]
Ce, @Cgo-Ds,(6) 0.66 020 |-040 |-1.76 |-2.16 0.60 [42]
La, @Cgo-1;(7) 0.95 0.56 |[-031 |-1.72 0.87 [4]
Ce, @Cgo-I)(7) 0.95 0.57 |-039 |-1.71 - 0.96 [45]
Gd, @C79N-1;(7) 0.51 |-096 |-198 |- 1.45 [47]

cluster MO (which has a much higher on-site Coulomb interaction than in the
fullerene cage) or affect different MOs (one on the cluster and one on the carbon
cage). The difference between the first and the second reduction potentials in all
La,@C,, and Ce, @C,,, di-EMFs is in the range of 1.23—-1.44 V (Table 2.2), which
is much larger than for consequent cage-based reductions.

Substituting one carbon atom for a nitrogen atom in M,@Cgy-, results in
paramagnetic azafullerenes M,@C,oN (M =Y, Tb, Gd) [47, 49]. The SOMO of
these molecules is an M—M bonding MO similar to the anion radicals of La,@Cgy,.
In line with this MO analysis, the ESR study of Y,@C79N revealed an enhanced
%Y hfc constant of 81.2 G (see Chap. 7 for more details on EPR spectra of
Y,@C9N) [49]. An electrochemical study of Gd,@C9N showed that its first
reduction potential, —0.96 V, is not as positive as that of La, @Cg(-1;,. However, the
second reduction of Gd,@C9N is found at —1.98 V, i.e., the difference between
the first and second reduction potentials is as large as 1.02 V. Based on redox
potentials and DFT calculations, which predict a Gd,-localized LUMO, the first
reduction of Gd,@C,9N can be tentatively assigned to an endohedral reduction.
Interestingly, the M-M bonding SOMO in M,@C;9N is “buried” below the
cage-based MOs, and hence oxidation of M,@C,9N should be a cage-based pro-
cess [47, 49]. Indeed, the oxidation potential of Gd,@C9N is +0.51 V, which is
close to the value of La, @Cgy-I;, (+0.56) with cage-based oxidation.

Metal-based oxidation and fullerene-based reduction can be expected for
di-EMFs with metal-based HOMO, such as M,@Cg, di-EMFs (M = Sc, Lu, Y
etc.). The information on electrochemical behavior of such di-EMFs is rather
limited, and the proof of the metal-based oxidation is not as straightforward as for
La-based di-EMFs. The most illustrative in such situation is comparison with redox
behavior of other EMFs, with the same carbon cage in the same formal charge state.
Figure 2.5 compares frontier MOs of Sc,@Cg,, Sc,Cr,@Cgy, Sc,0@Cyg,, and
Sc,S@Cyy, all with the Cgo-C3,(8) cage isomer in the formal charge of —4. It can be
seen that in the whole series, the HOMO of Sc, @Cyg, is localized on the endohedral
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scandium dimer, whereas the HOMO of other clusterfullerenes is mainly fullerene
based. At the same time, the LUMO of Sc,@Cg, as well as that of Sc,O@Cg, and
Sc,S@Cyg; is localized on the fullerene cage. Based on the MO analysis, similar
reduction potentials can be expected for Sc,@Cg, and clusterfullerenes due to the
same nature of electron-accepting orbital, whereas oxidation potential of Sc,@Cg,
should be more negative than in other clusterfullerenes because of the higher energy
of the Sc—Sc bonding MO than that of the cage MO. Indeed, oxidation potential of
Sc, @Cgr-C3,(8), +0.05 V [50], is considerably less positive than that of
Sc,C,@Cyg, (+0.47 V) [51], Sc,O@Cy, (+0.54 V) [52], or Sc,S@Cg, (+0.52 V)
[53], whereas their reduction potentials are more similar (Table 2.3). Definitive
proof of the Sc-based oxidation of Sc,@Cyg, is provided by EPR spectrum of its
radical-cation with a huge *3(Sc) hfc constant of 199 G (see Chap. 9).

Since the energy of the (ns)oé orbital in the M, dimer and hence the energy of
the M-M bonding orbital in di-EMFs correlates with the ns’(n — 1)d' — ns'
(n — 1)d* excitation energy of the free metal atom, the oxidation potentials of
di-EMFs with M—M bonding HOMO can be expected to vary with the metal. In

Table 2.3 Redox potentials of representative EMFs with 4-fold charged cluster (oxide, sulfide,
and carbide clusterfullerenes and dimetallofullerenes)

EMF Ox-II |Ox-I |Red-I |Red-II |Red-IIl |Gap.. |References
Sc,0@Cy-C5(7892) 0.55 0.10 |-1.36 |[—-1.80 |- 1.46 [54]
Sc,S@C-C5(7892) 0.65 0.14 |-144 |—-1.87 |[-1.99 1.58 [55]
ScrC,@C4,-Cs(10528) 041 |-1.19 |-154 |-1.75 1.60 [56]
Sc,S@C,-Cs(10528) 1.21 064 |—-1.14 |—-153 |-224 1.78 [57]
Sc,0@Cr6-T4(1) 032 |-091 |—-1.40 |[-1.65 1.23 [58]
Sc,Cr @Cgo-C5,(5) 041 |-074 |—-133 |- 1.15 [59]
Sc;0@Cgo-C,,(5) 0.56 024 |-0.89 |—-148 |[-1.75 1.13 [60]
Er, @Cg,-Cy(6) 0.65 002 |-1.01 |[-131 |- 1.03 [61]
Lu, @Cg,-Cy(6) 0.74 034 |-1.00 |-132 |-1.77 1.34 [61]
Sc,Cr, @Cg,-Cy(6) 0.64 042 |-093 |—-130 |- 1.35 [62]
Sc,0@Cg,y-Cy(6) 0.72 035 |-096 |[—-128 |-1.74 1.31 [53]
Sc,S@Cy,-Ci(6) 0.65 039 |-098 |[-1.12 |[-1.73 1.37 [53]
Er,S@Cg,-Cy(6) 039 |—-1.01 |[-1.85 |-2.21 1.40 [61]
Sc, @Cg,-C5,(8) 0.05 |-1.10 |- 1.15 [50]
Er, @Cg,y-C3,(8) 0.13 |-1.14 |—-141 |-1.83 1.27 [61]
Lu, @Cg,-C3,(8) 0.95 050 |—-1.16 |—-1.46 |-1.77 1.66 [61]
Sc,C,@Cy,-C54(8) 0.93 047 |-094 |-1.15 |-1.60 141 [51]
Sc,0@Cgy-C5,(8) 1.09 0.54 |-1.17 |—144 |-1.55 1.71 [52]
Sc2S@Cgy-Cs(8) 0.96 052 |-1.04 |-1.19 |[-1.63 1.56 [53]
Er,S@Cg,-C5,(8) 0.88 051 |-098 |[-1.21 |-1.70 1.49 [61]
Sc,C,@Cy,-C5y(9) 0.67 025 |-0.74 |-0.96 0.99 [63]
ScrC,@Cg6-C5,(9) 047 |-0.84 |—1.11 |-1.63 1.31 [64]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)}'/O pair
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Fig. 2.7 a Cyclic voltammetry of a series of Lu,@Cg,, Er, @Cg,, and Er,S@Csg,, all with Cg,-
C;3,(8) cage isomer; b isomeric EMFs with Cg,-Cy(6) cage. Scan rate 100 mV/s, o-
dichlorobenzene solution

particular, Lu with the lowest energy of this MO should have the highest oxidation
potential. Indeed, whereas reduction potentials of Er, @Cg, and Lu, @Cg, are close
to each other and to that of Er,S@Csg,, their oxidation potentials are substantially
different: Er,@Csg, is easier to oxidize than Lu, @Cg;, by 0.36 V (see Fig. 2.7 and
Table 2.3 for comparison of cyclic voltammetry curves and redox potentials).
Furthermore, the first oxidation potential of Lu, @Cg, is close to that of Er,S@Csg,,
which has fullerene-based oxidation. Similar redox properties are observed for Cg,-
C,(6) cage isomers of these EMFs (Table 2.3). Thus, due to the metal-based redox
process, oxidation potentials of di-EMFs are subject to significant variation in
dependence on the encapsulated metal.

2.4 Clusterfullerenes

Electrochemical properties of clusterfullerenes (CFs), i.e., endohedral metallo-
fullerenes whose endohedral species comprise metal and nonmetal atoms, may vary
significantly in dependence on the formal charges and spatial localization of frontier
MOs. Typical formal charges of endohedral cluster are +2 (cyano-clusterfullerenes
with single metal, such as YCN@Cg, and TbCN@Cg,), +4 (carbide CFs
M,C,@C,,, sulfide CFs M,S@C,,,, oxide CFs M,0@C,,), or +6 (nitride CFs
M;N@C,,, methano-CF Sc;CH@Cygy, u3-carbido CF M,TiC@Cg,, oxide CF
Sc40,@Cgg, and many other EMFs, see Chap. 1 for a complete list).
Clusterfullerenes with formal charge +2. Redox potentials of MCN@Cg, are
similar to those of corresponding cage isomers of mono-EMFs with divalent metals,
M"@Cg, with corresponding cage isomers (Refs. [29-31], see Table 2.1). This
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close similarity indicates that the fullerene cage has the dominant contribution to
HOMO and LUMO of these clusterfullerenes. Reduction and oxidation steps are
usually reversible, similar to those of mono-EMFs (Fig. 2.3).

Oxide, carbide, and sulfide clusterfullerenes with fourfold charged clusters.
For clusterfullerenes with +4 charge, the most typical cages are Cgy-C5,(8) and
Cgr-Cy(6). Figure 2.5 compares frontier MOs of the carbide CF Sc,C,@Cyg,, oxide
CF Sc,0@Cg,, and sulfide CF Sc,S@Cyg,, all with the Cg,-C5,(8) cage isomers. In
these molecules, the HOMOs are predominantly localized on the carbon cage,
which results in close values of their oxidation potentials at 0.47-0.54 V
(Table 2.3), significantly more positive that the first oxidation potential of the
di-EMF Sc, @Cyg, with the same carbon cage isomer but metal-based HOMO. The
LUMO distributions of these CFs show a subtle balance between the fullerene and
the cluster: the LUMO of Sc,O@Cyg, is localized on the fullerene, the LUMO of
Sc,S@Cy, is also largely fullerene-based but with noticeable metal contributions,
whereas the LUMO of Sc,C,@Cg, is predominantly localized on the carbide
cluster. The first reduction potentials follow the order of the cage contribution to the
LUMOs: the most negative value is reported for Sc,O@Cg, (—1.17 V) [52] fol-
lowed by Sc,S@Cg, (—1.04 V) [53] and then by Sc,C,@Cg, (—0.94 V) [S1].
Similar correlations between redox potential and endohedral cluster can be revealed
for analogous CFs with Cg,-Cy(6) cages (Table 2.3). Remarkably, CFs with
Cgy-C3,(8) and C(6) cages exhibit different electrochemical behavior in terms of
reversibility: whereas EMFs with Cy(6) cage have reversible reductions, those of
EMFs with C3,(8) cage are electrochemically irreversible (Fig. 2.7). In fact, low
electrochemical reversibility of reduction and oxidation steps is rather common for
CFs, and we will return to this point below, in the discussion of nitride CFs.

Information on electrochemical properties of carbide, sulfide, or oxide CFs with
other cage sizes is rather limited. All data available at the moment of mid 2016 are
compiled in Table 2.3. Typically, compounds exhibit reasonably high gapgc (ex-
ceeding 1 V) and irreversible reduction behavior. When different clusters are
available within the same fullerene cage, redox potential are usually rather similar.

Nitride Clusterfullerenes. Figure 2.8 shows frontier MOs of nitride cluster-
fullerenes ScsN@Cgy-I;, and Y;N@Cg-I;,. Y;N@Cgq with fullerene-based HOMO
and LUMO represents a typical situation for a majority of nitride CFs. On the
contrary, high electronegativity of Sc results in rather unique situation for
Sc;N@Cgg, whose LUMO has large cluster contribution. Furthermore, there is a
structural flexibility caused by rotation of the M;N cluster inside the cage, which
also affects spatial localization of the LUMO. Computational studies showed that in
the neutral state, Sc;N@Cgq and Y3;N@Cgq both have C5-symmetric configuration,
in which metal atoms are facing hexagons in quasi-n® manner (albeit somewhat
shifted from the center of hexagons to pentagon/hexagon edges) [65]. In the anionic
state, Cs,-symmetric configuration with metals n*-coordinating centers of
pentagon/hexagon edges is preferred for Sc;N@Cgo. Importantly, rotation of the
cluster in Sc;N@Cyg results in dramatic redistributing of the LUMO: in the
Cs-conformer, the orbitals is equally shared between the cage and the cluster,
whereas in the Cs,-conormer the cluster has dominant contribution to the LUMO
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Sc3N@Ces Sc3N@Csgo

LUMO (C3) LUMO (Cay) LUMO

Fig. 2.8 Frontier molecular orbitals (HOMO and LUMO) of Sc;N@Cgg-D3(6140), ScsN@Cgg-
1,,(7), and Y3N@Cgy-1,,(7). The LUMO of ScsN@Cg is show for two conformers: C3-conformer is
the lowest energy for the neutral state, whereas Cs,-conformer is the lowest energy for the anion.
For Y;N@Cg,, C5-conformer has the lowest energy in both neutral and anionic states

(Fig. 2.8). For Y3N@Cg, Cs,~conformer is much higher in energy due to the larger
size of the cluster, and the Cs-conformer with dominant cage contribution to the
LUMO remains the ground state for both neutral and anionic forms.

Based on the spatial distribution of frontier orbitals, one can expect similar
anodic and different cathodic behavior of ScsN@Cg, and Y;N@Cg,. Indeed, both
EMFs have similar oxidation potential near 0.6 V, but noticeably different reduc-
tion potentials, —1.26 V for Sc;N@Cgq and —1.41 for Y;N@Cgy. Sc;N@Cyg is
reduced mainly at its endohedral cluster, as was also proved by the EPR spectrum
of its anion radical [66]. Y;N@Cg is reduced predominantly at its fullerene cage,
and its reduction potential can be considered as a reference point for cage-based
reduction in EMFs with Cgy-I), cage. Not only reduction potential of the two nitride
CFs is different, they also have a different reversibility of the process. At modest
voltammetric scan rates both EMFs exhibit electrochemically irreversible but
chemically reversible reduction. That is, reduction is followed by a chemical
reaction, which can be reversed at positive potentials so that pristine EMF is
restored. However, in Sc;N@Cg electrochemical reversibility of the first reduction
can be achieved at scan rates of several V/s (Fig. 2.9), whereas in Y;N@Cg, and
many other nitride CFs the first reduction remains electrochemically irreversible up
to the scan rates of at least 70 V/s [67, 68].

The nature of the follow-up reaction in reduction of nitride CFs was debated for
quite a long time. Reaction with solvent or decomposition of nitride CFs upon
reduction can be excluded by chemical reversibility of the reduction. Hypothesis of
dimerization of anion-radicals was proposed in 2008 based on ESR
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Fig. 2.9 a Cyclic voltammograms of Sc;N@Cg(-I;,(7) in o-dichlorobenzene at scan rates of
100 mV/s in the upper panel, and 6 V/s (1), 10 V/s (2), and 20 V/s (3) in the lower panel. The
different scan rates for each reduction reflect the scan rate necessary to achieve full electrochemical
reversibility. Reproduced with permission from [69]; b cyclic voltammograms of the Gd;N@C,,,
family measured in o-dichlorobenzene at 100 mV/s. Reproduced from Ref. [70]

spectroelectrochemical studies of Sc;N@Cgg [71]. Although radical-anion and
radical-cation could be detected by ESR upon reduction and oxidation, respectively,
integral intensity of the radical-anion was an order of magnitude lower in the same
experimental conditions. This fact indicated that the main product of the reduction
was diamagnetic, and reversible formation of the single-bonded (Sc;N@Cgg™ ),
dimer was proposed. DFT computations showed that dimerization of anion radicals
of nitride CFs is more energetically favorable than that of empty fullerenes [72].
Recently, a strong argument in favor of dimerization hypothesis was provided by an
observation of (Sc;N@Cg ), dimers in the single-crystal X-ray diffraction study of
the anion-radical ScsN@Cyg, crystallized with cryptand [2,2,2] (Na™) cation [73].

Electrochemical properties of nitride CFs were studied in a lot of details, with
many cage sizes and different metals in nitride clusters (Table 2.4). For Sc-based
nitride CFs, available cages are Cgg, C7g, two isomers of Cgg, and Cg,. Remarkably,
Sci;N@Cgg-1), has the highest oxidation potential among the series, whereas the first
oxidation potential of another isomer, ScsN@Cgy-Ds;, is 0.25 V more negative.
The difference in oxidation potentials of the two isomers was used by Echegoyen
et al. for their facile separation [69]. Redox behavior of Sc;N@Cgg was studied
especially carefully, and cage-based reduction and oxidation were confirmed by
EPR spectroelectrochemistry in agreement with DFT-predicted localization of
HOMO and LUMO on the carbon cage (Fig. 2.8) [71].

For medium size nitride clusters, such as exemplified by Gd;N in Table 2.4 and
Fig. 2.9, cages from Crg to Cgg were studied electrochemically (note that C;g and
Cg, cage isomers for Sc;N and Gd;N are different). Even larger cages, up to Cog,
were studied for large lanthanides such as La or Ce. Redox properties of all these
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Table 2.4 Redox potentials of representative nitride clusterfullerenes

EMF Ox-II |Ox-I |Red-I |Red-Il |Red-llI |Gap. |References
ScsN@Cegg-D3(6140) 0.85 033 |—-145 |-2.05 1.78 [74]
ScsN@Crg-D3y(5) 0.68 021 |—-1.56 |[-191 1.77 [75]
ScsN@Cgo-Dsj(6) 0.34 | —1.33 1.68 [76]
ScsN@Cgy-1,(7) 1.09 059 |-126 |-1.62 |—-2.37 1.85 [69]
ScsN@Cgy-C5,(9) 0.37 0.00 |—-1.35 |-1.52 |-1.78 1.35 [77]
Gd;N@Co5-C»(22010) | 1.00 047 |—-153 |-1.89 2.00 [78]
Gd3N@Cgy-1;(7) 0.58 |—-144 |-1.86 |—2.13 2.02 [79]
Gd3sN@Cg,-C((39663) 0.38 |—1.53 |-1.87 1.91 [70]
Gd;N@Cgy-Cy(51365) 032 |—-1.37 |-1.76 1.69 [79]
Gd3;N@Cge-D5(17) 033 |—-139 |-1.72 1.82 [70]
Gd3;N@Cgg-D,(35) 0.45 0.05 |—-139 |[-1.71 1.49 [80]
CesN@Cgg-D,(35) 0.63 0.08 |—-1.30 |-1.57 1.38 [81]
Ce;N@Co,-T(92) 032 |—-148 |-1.64 1.80 [82]
CezN@Cyg-D,(186) 0.67 0.18 |—-1.50 |-1.84 1.68 [83]

+/0

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp);™ pair

NCFs are to some extent similar to the properties of M3N@Cgq-I;,(7). The first (and
sometimes also the second) oxidation step is usually reversible, while reduction
steps are electrochemically irreversible. Variation of redox potentials of different
NCFs with the same carbon cage hardly exceeds 0.1 V and is usually smaller
(except for Sc). With variation of the carbon cages, reduction potentials also do not
show significant changes, whereas oxidation potentials seem to shift cathodically
with the increase of the cage size, so that the electrochemical gap tends to be
smaller for larger cages, from 2.0 V for M3N@C-5-C5(22010) to ca 1.7 V for
M;3;N@Cy6. Redox properties of M3sN@Cgg-D,(35) NCFs fall apart from the others
in that it is the only group of NCFs which exhibits electrochemically reversible
reductions and the most cathodically shifted oxidation near +0.05 V.

Derivatives of Sc;N@Cgy. Chemical derivatization (such as cycloaddition or
radical addition) and its influence on electrochemical properties of nitride CFs has
been studied very extensively, especially for ScsN@Cgg-1;,. Table 2.5 compares
redox potentials of several derivatives of the latter. There are at least two factors
which determine how redox potentials are changed in the derivative when com-
pared to the pristine EMFs. First, topology of the m-system of the fullerene is
changed in its derivatives, which substantially influence the energies of frontier
MOs. Second, the energies of the frontier MOs can be influenced by an
electron-donating or electron-withdrawing nature of the addends.

Highly symmetrical Cgy-I, fullerene has only two types of bonds at which
cycloaddition can occur: pentagon/hexagon edge (denoted as [5,6]) and
hexagon/hexagon edge (denoted as [6,6]). Besides, the sigma-bond at the func-
tionalized edge can remain intact (then the cycloadduct is “closed”) or it can be
broken (then the cycloadduct is “open”). Thus, four types of cycloadducts can be
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Table 2.5 Redox potentials of ScsN@Cg-I;, derivatives

ScsN@Cg derivative Ox-II | Ox-I |Red-I |Red-II |Red-Ill | Gapgc | References
ScsN@Cgo-1,,(7) 1.09 [0.59 |—-1.26 |—-1.62 |-237 |1.85 [69]
[5,6]-closed Scz;N@Cyg- 0.62 |—1.18 |—-1.57 |-2.29 |[1.80 [84]
pyrrolidine (N-ethyl)

[5,6]-closed ScsN@Cgp- 0.62 |—1.16 |—-1.54 |-2.26 |[1.78 [84]
Diels—Alder

[5,6]-closed Sc;N@Cgo(CeH,) 1092 034 |—1.11 |-1.50 |—2.21 |1.45 |[85]

[6,6]-closed Sc;N@Cgo(CsH,) |0.83 |0.42 |-1.08 |-129 |—223 |1.50 |[85]

[6,6]-open ScsN@Cgq- 1.08 [0.56 |[—-1.34 |—-190 |-2.22 |1.90 [86]
methano-C(CO,Et),

[6,6]-open ScsN@Cgg- 1.08 |0.50 |—1.48 |-2.01 |—2.40 |1.98 [87]
methano-(CHPh)

[6,6]-open ScsN@Cgy-PCBM | 1.15 |0.52 |—-1.33 |-191 |- 1.85 [88]
1,4-Sc;N@Cgp(Mes,Si),CH, 0.08 |[—145 |- - 1.53 [89]
1,4-Sc;N@Cgo(CF3) 1.66 (043 |-1.16 |—1.65 |-2.14 |1.59 [90]
ScsN@Cyo(CF3), 0.55 |—-1.06 |—-1.55 |-2.03 |1.61 [91]
ScsN@Cgo(CF3)q9 0.86 |—0.84 |—-1.32 |-2.11 1.70 [91]
ScsN@Cgo(CF3),2 095 [—095 |—-138 |—-1.98 |[1.90 [91]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)}"o pair

expected for ScsN@Cgg-1;: [5,6]-open, [5,6]-closed, [6,6]-open, and [6,6]-closed.
Electrochemical data is available for three of them, whereas [5,6]-open cycload-
ducts (which are very rare) have not been studied by electrochemistry so far. [5,6]-
closed adducts are the most abundant products of cycloaddition to Sc;N@Cygg in
Prato or Diels—Alder reactions. Remarkably, they exhibit reversible reductions (as
opposed to electrochemically irreversible reductions of pristine Sc;N@Cg) [84,
85]. In all three [5,6]-closed adducts listed in Table 2.5, the first reduction is more
positive than that of Sc;N@Cg. Oxidation potential is virtually not affected by the
addend. [6,6]-closed adducts also exhibit reversible reduction behavior, and their
reduction potentials are slightly more positive than in analogous [5,6]-closed
adducts, as can be concluded from the comparison of two isomers of
ScsN@Cgo(CeHy) benzoadducts [85]. [6,6]-open adducts (such as those obtained in
Bingel-Hirsch reaction or PCBM-like-derivatives of Sc;N@Cg) exhibit distinctly
different electrochemical behavior: their reductions are irreversible and occur at
more negative potentials than in ScsN@Cg,.

Reaction of ScsN@Cg, with two bulky radical groups (such CF; or benzyl) or its
bis-silylation result in 1,4-addition to one of the fullerene hexagons. Comparison of
two  derivatives  with  1,4-addition  pattern,  ScsN@Cgo(CF;), and
ScsN@Cgg(Mes,Si1),CH, (Mes = mesityl), shows how the electronic properties of
the addends can affect redox potentials [89, 90]. Strongly electron-donating
(Mes,Si),CH, shifts reduction and oxidation potentials negatively with respect to
the Sc;N@Cyg, values, whereas electron-withdrawing CF; groups move redox
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potentials positively [89, 90]. As a result, the difference of the first reduction
potentials of the two derivatives (which is solely due to the electron-
donating/withdrawing effects) is as large as 0.29 V. Note that both derivatives
exhibit reversible reduction steps. Interestingly, multiple CF; addition shifts the first
reduction potential further in the positive direction up to ScsN@Cgy(CF3);q
(E1p(0/—-) = = 0.84 V), whereas for ScsN@Cgy(CF3);, the effect is reversed
(E12(0/—) = — 0.95 V), presumably because saturation of the m-system outweighs
the electron-withdrawing effect of CF; groups [91].

Mixed-metal nitride clusterfullerenes with electroactive metals. Nitride
clusterfullerenes provide a convenient platform for creating redox-active endohe-
dral cluster via formation of the mixed-metal clusters with redox-active metals.
Three such metals were incorporated in nitride CFs so far: cerium, titan, and
vanadium.

Ce is different from all other lanthanides in that its Ce' valence state is
accessible and known for a plethora of inorganic and organometallic compounds,
and redox potential of the Ce' /Ce™ couple can vary in a broad range [92].
However, redox behavior of Ce-based mono- and di-EMFs as well as Ce;N-nitride
CFs was found to be very similar to that of La-counterparts, suggesting that Ce'" in
EMFs is electrochemically inert. The first indication that endohedral Ce can be
redox active was obtained in 2010 with isolation of CeLu,N@Cgq-I;, [93]. Its first
oxidation potential at 0.01 V was ca 0.6 V more negative than expected for a
fullerene-based oxidation in M3N@Cg-I;, nitride CF, which was interpreted as an
oxidation of endohedral Ce™. DFT computational study also showed that removal
of the 4f' electron from Ce is more energetically favorable (i.e., gives lower ion-
ization potential) than removal of an electron from the fullerene cage.

In a follow-up study, Sc and Y were chosen to vary the size of the endohedral
cluster in the CeM,N@Cyg series (Shannon’s radii of Sc**, Lu**, and Y>* ions are
0.745, 0.86, and 0.90 A, respectively) [94]. Figure 2.10a shows cyclic voltam-
mograms of three CeM,N@Cg-I, NCFs compared to PrSco,N@Cgq-I;, (the latter
was chosen as a reference because of the close ionic radii of Ces+, 1.01 A, and Pr*,
0.99 A). Whereas cathodic behavior with the first reduction near —1.36 V is similar
for all four EMFs, their anodic behavior is quite different (Table 2.6). CeM,N@Cg
compounds exhibit one reversible oxidation step whose potential varies from
-0.07 V for CeY,M@Cg to +0.33 V for CeSc,N@Cg,. The latter is still 0.31 V
more negative than the oxidation potential of PrSc,N@Csg,, hence indicating a
Ce-based redox process. Compelling evidence of the endohedral oxidation of Ce'™
in CeM,N@Cgy-I, NCFs was provided by NMR spectroscopy of the
CeM,N@Cg,* cations obtained by chemical oxidation (Fig. 2.10b). The NMR
study showed that cations are diamagnetic, which is possible only in case of
endohedral Ce™ — Ce'" oxidation (cage-based oxidation would produce radicals
with non-detectable NMR signals). The metal dependence of the oxidation potential
can be explained by a buildup of an inner strain in the CeM,N@Cg, row with
increasing the cluster size from CeSc,N to CeY,N. The strained is caused by the
limited interior space inside the Cgq-I;, cage, and the increase of the ionic radius of
M>* in the Sc — Lu — Y series makes the corresponding CeM,;N@Cg, more
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Fig. 2.10 a Cyclic voltammetry PrScoN@Cgo-1;,(7) and CeM,N@Cg-1;,(7) (M = Sc, Lu, and Y)
(scan rate 100 mV/s, o-dichlorobenzene solution). Strong negative shift of the oxidation potential
on coming from PrSc,N@Cg (fullerene-based oxidation) to CeSc,N@Cyg, (Ce-based oxidation) is
observed. Further negative shift in the CeM,N@Cgy, series is caused by the increased inner strain
with the increase of the metal size. b ">C and **Sc NMR spectra of pristine and oxidized
CeSc,N@Cg in o-dichlorobenzene solution. Based on the data from [94]

prone to oxidation as a way to release the strain (ionic radius of Ce**, 0.87 A, is
considerably smaller than that of Ce®"). Therefore, the oxidation potential of
CeM,;N@Cg-1;, shifts to more negative values for larger M>* ions.

The concept of the strain-driven Ce'"/Ce"™ endohedral redox couple was further
developed in the study of Ce,M;_,N@C,, nitride CFs with different cages and
cluster compositions (x = 1, 2; M = Sc or Y; 2n = 78, 84, 86, 88) [95]. Redox
potentials were determined for 12 Ce-containing NCFs and compared to the non-Ce
analogs. On the basis of the shift of the oxidation potential and an increased
difference between the first and second oxidation potentials, an endohedral
Ce™ — Ce' redox process at the first oxidation step was proven for CeSc,N@Csg,
CeY,N@Cgy, and Ce,YN@Cgq. Less confidently, an endohedral oxidation of Ce
was also proposed for Ce,ScN@Cgq, CeY,N@Cgq, and CesN@Cgg. For cages
larger than Cgg, the cluster-induced strain is weaker than for the Cgo-I), cage,
whereas cage oxidation potentials are below those for M3N@Cg(-1;,. Thus, the
preference of an endohedral Ce or a fullerene-based oxidation at the first anodic
step depends on whether the inner strain is high enough to render a Ce-based
oxidation below the oxidation potential of the fullerene cage. It is thus possible that
varying the cluster composition can switch the oxidation mechanism.

Titanium and vanadium do not form nitride CFs on their own, but can be
incorporated into the nitride CF by a mixed-metal approach. In particular, titan was
encapsulated as TiSc,N@Cgy, and TiY,N@Cgy, whereas vanadium formed
VSc,N@Cg and V,ScN@Cgq [96-98]. Comparison of the redox potentials of Ti-
and V-containing nitride CFs to those of Y;N@Cg, (Table 2.6) shows that their
electrochemical properties are largely determined by the transition metals. These
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Table 2.6 Redox potentials of selected endohedral metallofullerenes with Cgy-1;, cage

EMF Ox-1I | Ox-I Red-I |Red-II |Red-Ill | Gapgc | References
Y3N@Cgo-1;(7) 0.64 —-141 |-1.83 2.05 [84]
La, @Cgy-1;(7) 0.95 0.56 -031 |-1.72 |-2.13 0.87 [4]
Smz@Cgo-1,(7) 0.78 0.30 -0.83 | —1.88 1.13 [108]
ScsN@Cgg-1,(7) 1.09 0.59 -126 |-1.62 |-2.37 1.85 [69]
Sc3;CH@Cyo-11(7) 0.67 -1.21 |-1.53 |-228 1.88 [100]
Sc;CN@Cyo-15(7) 0.60 -1.05 |-1.68 1.65 [102]
Sc3Cr @Cgo-14(7) -0.03 |-050 |[-1.64 |-1.84 0.47 [109]
Sc, TIC@Cgy-1;(7) 0.66 -0.67 |—-1.51 -1.66 1.33 [106]
Lu,TiC@Cgy-1,,(7) 1.10 0.63 -0.87 |—-1.53 1.50 [105]
Dy, TiC@Cgy-1,(7) 0.61 -097 |-1.62 |-1.87 1.58 [107]
Sc,TiC, @Cgo-11(7) 0.53 -0.76 |-1.01 -1.96 1.26 [106]
Dy, TiC, @Cgo-I(7) 0.47 -1.14 |-1.58 |-2.29 1.61 [107]
TiScoN@Cgo-1,(7) 0.16 -094 | -1.58 1.10 [99]
TiY,N@Cgy-1,(7) 0.00 -1.11 |-1.79 1.11 [96]
VScoN@Cgo-1,(7) 0.44 -042 |-0.66 |-1.33 0.86 [98]
V,ScEN@Cgo-1(7) 0.60 -0.77 |-238 |- 1.37 [98]
CeY,N@Cgy-1)(7) -0.07 |-136 |[-1.88 1.30 [94]
CeLu,N@Cgg-1,(7) 0.01 -1.39 |-1.88 1.40 [110]
CeScoN@Cgo-1;,(7) 0.33 -1.31 |-1.83 1.64 [94]
Sc40,@Cyo-1;(7) 0.79 0.00 —-1.10 |-1.73 1.10 [101]
ScCo@Cgo-1;(7) 0.01 -153 |-1.97 1.54 [103]
Sc,CoH@Cyo-15(7) 0.20 -0.87 |—-1.68 |-1.95 1.07 [103]

+/0

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp);"™ pair

nitride CFs are paramagnetic and have Ti or V in the formal oxidation state 3+,
which is subject to reduction and oxidation within the window of potentials defined
by the oxidation and reduction of the fullerene cage. Oxidation of V,ScN@Cg, at
+0.60 V 1is the only process which cannot be reliably assigned to the cage or
transition metal. Remarkably, Ti- and V-based redox processes in nitride CFs are
electrochemically reversible (Fig. 2.11).

Other clusterfullerenes with 6-fold charged cage. For many clusterfullerenes
with sixfold charged cluster, Cgy-I;, cage isomer is the most abundant, or even the
only cage isolated in sufficient amounts for electrochemical studies. Comparison of
redox potentials of these EMFs to the first oxidation and reduction potentials of
Y;N@Cg-I, (Table 2.6) shows that the cluster-based reduction is typical for all of
them. All E;,(0/—) values in Table 2.6 are substantially more positive than
—1.41 V reported for Y3;N@Cgq-I, and span rather broad range, from —1.21 V for
Sc;CH@Cg [100] to —0.31 V in the aforementioned La, @Cg-I), [4]. At the same
time, the first oxidation potentials for a majority of clusterfullerenes listed in
Table 2.6 is close to +0.6 V, which is an indication of the fullerene-based process.
Several exception exist though, in which oxidation is also a cluster-based process:
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Fig. 2.11 a Cyclic voltammogram of Ti-nitride cluster fullerene TiSc,N@Cg(-1,(7) (scan rate
20 mV/s, o-dichlorobenzene solution), vertical bars denote redox potentials of SczN@Cgg-1,(7);
reproduced with permission from [99]. b Cyclic voltammetry of V-nitride clusterfullerenes
VSc,N@Cgy-I;,(7) and V,ScN@Cgy-I,(7) (scan rate 100 mV/s, o-dichlorobenzene solution);
asterisks denote redox potential of ferrocene, block letters marks redox processes of EMFs.
Reproduced with permission from [98]
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Fig. 2.12 a Cyclic voltammetry (upper trace) and squarewave voltammetry (lower trace) of
Sc,0,@Cgo-1;,(7) (scan rate 20 mV/s, o-dichlorobenzene solution); reproduced with permission
from [104]; b comparison of the squarewave voltammograms of isoelectronic Lu, TiC@Cg-1,(7)
and Lu,ScN@Cg-1,(7) in o-dichlorobenzene solution. Note almost identical oxidation potentials
and a 0.51 V difference for the reduction potentials

Typical examples are Sc,C,@Cg, Sc40,@Cgy, M,TiC,@Cgy (M = Sc, Dy). Low
oxidation potentials are also reported for paramagnetic clusterfullerenes (Smz@Cgy,
Sc3C,@Cygp, or ScyC,H@Cygg), but in this case deviation from a typical values
cannot serve as an indication of the cluster-based redox process. Importantly,
cluster-based reductions are usually electrochemically reversible.

An overview of the frontier MOs of representative clusterfullerenes with Cgq-1;,
cage, including La, @Cgg, Sc;CN@Cgp, Sc4Cr,@Cg, and Sc,0,@Cyg, is given in
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Fig. 2.4; frontier MOs of nitride CFs Sc;N@Cg-I;, and Y3;N@Cgg-1;, are shown in
Fig. 2.8 as discussed above. Spatial localization of the HOMOs and LUMOs in
these compounds can again serve as a guide to the experimentally measured redox
potentials. For instance, both HOMO and LUMO of Sc,0,@Cg are predominantly
localized on the Sc4O, cluster. Experimentally, Sc,0,@Cg, exhibits reversible
reduction and oxidation at 0.00 and —1.10 V (Fig. 2.12), respectively, which is far
from the values expected for the fullerene-based redox processes [101]. Indeed,
EPR spectroelectrochemistry proved localization of the spin density on the cluster
in radical-anion and radical-cation of Sc;O,@Cgq [101]. In Sc;CN@Cyg, the
LUMO is localized on the cluster, and its first reduction potential at —1.05 V is
much more positive than the reference cage value of ca —1.4 V. On the contrary,
HOMO is largely localized on the cage, and the first oxidation potential of
Sc3;CN@Cg, 0.60 V, is in the range of the values for cage-based oxidation [102].
On the contrary, Sc4C,@Cg has its HOMO localized on the Sc,C, cluster, and its
first oxidation potential is 0.01 V, whereas the LUMO has large cage component,
and the first reduction of Sc,C,@Cg occurs at quite rather negative potential of
—1.53 V [103]. Note that in some cases frontier MOs have mixed character with
equally considerable contributions from the cluster and the cage (HOMO of
Scz;NC@Cgp, LUMO of Sc,C,@Cgp). It can be understood so that the cage and the
cluster MOs have equal energies, and hence they are efficiently “hybridized”. In
such cases, redox potentials of EMFs are usually close to those for EMFs with
fullerene-based redox processes.

A special case of in cavea electrochemistry is a found in a series of Ti-based
carbide CFs with the formulae M,TiC@Cgq-I;,, where M is Sc, Y, or lanthanides
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Fig. 2.13 a Frontier molecular orbitals of Sc,TiC@Cgy-I;,(7) and Sc,TiC,@Cgy-I;(7).
b Dependence of the first reduction potentials in M;TiC@Cgy-1;,(7) and M,TiC,@Cgy-1,(7)
molecules on the ionic radius of M>*. Vertical blue arrows mark the shift of the reduction
potentials caused by replacement of single central carbon atom by a C, unit. Reproduced with
permission from [106]
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from Gd to Lu [105-107]. M,TiC@Cg, carbide CF is isostructural and isoelec-
tronic to M;ScN@Cg nitride CF, and certain similarity in their electronic prop-
erties can be expected. Indeed, the HOMO of M,TiC@Cg, is essentially a
fullerene-based orbital, and hence oxidation potential of all M,TiC@Cg, EMFs is
close to 0.6 V similar to those of M,ScN@Cg nitride CFs. However, the LUMO of
M,TiC@Cgy is localized predominantly on the Ti atom (Fig. 2.13a), and the first
reduction of M,TiC@Cg, EMFs can be thus described as an endohedral TitV/Titt-
redox couple with considerably more positive reduction potential than that of
M,ScN@Cyg (Fig. 2.12b). Interestingly, reduction potentials in the M,TiC@Cyg
series vary systematically with the ionic radius of M** (Fig. 2.13b), although these
metals are not involved in the electron transfer. The most negative value of —1.04 V
is found for Gd,TiC@Cgy-I;,, whereas the most positive reduction potential of
—0.67 V is reported for Sc,TiC @Cgy-I;,. The reason for such a variation of the Ti"/
Ti"™-redox potential in different M,TiC@Cgy EMFs is rooted in the inner strain,
similar to the situation discussed above for Ce-based nitride CFs. Ionic radius of
Ti™, 0.67 A, is much larger than that of Ti'", 0.61 A, and hence the size of the
cluster is increased in the reduced state. When the cluster is already rather large
(Gd,TiC), further increase of its size builds up a significant strain caused by the
limited inner space in the fullerene cage. Thus, a higher energy (and more negative
potential) is needed to add an electron to Gd,TiC@Cg, when compared to
Sc,TiC@Cgo with much smaller cluster. The same reasoning can explain reduction
potentials of M,TiC,@Cgo. Here LUMO is also Ti-based (Fig. 2.13a), but reduc-
tion potentials are more negative than in M,TiC@Cg, analogs. Obviously, C, unit
occupies more space than a single carbon atom, and hence size-driven strain is
stronger in M,TiC,@Cgy,.

2.5 Concluding Remarks

Interaction between metals atoms and clusters with carbon-based m-system in
endohedral fullerenes result in fascinating diversity of the electronic structures of
EMFs, which also reflects in the electrochemical properties of these molecules.
Whereas monometallofullerenes exhibit only fullerene-based redox activity, start-
ing from dimetallofullerenes and to more complex clusters, the frontier orbitals can
be partially or completely localized on the endohedral species. As a result, the latter
undergo electron transfer reactions independently on the carbon cage. Endohedral
electrochemistry thus opens the way to unusual bonding and spin states in charged
endohedral metallofullerenes.
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Chapter 3

Non-Chromatographic Separation
of Endohedral Metallofullerenes
by Utilizing Their Redox Properties

Nataliya Samoylova and Steven Stevenson

Abstract Development of non-chromatographic separation for endohedral met-
allofullerenes has been put forward by many research groups with the goal of more
straightforward and less expensive alternatives to HPLC. This chapter describes the
progress in non-chromatographic separation approaches utilizing redox properties
of EMFs, including electrolysis-assisted separation, separation with the use of
redox-active solvents and redox reagents, or the use of complexation of fullerenes
with Lewis acids.

3.1 Introduction

The synthesis of endohedral metallofullerenes (EMFs) from the arc-discharge
method often produces complex extracts containing dozens of different EMFs and
empty fullerenes. These mixtures require some purification technique for isolation
of individual fullerenes. Traditionally, chromatography (i.e., high pressure liquid
chromatography (HPLC), and recycling HPLC) remains the main separation
method of fullerenes. However, HPLC separation is both time and labor intensive,
not mentioning the cost of the chromatographic equipment, which can be very high.
Therefore, development of non-chromatographic separation approaches has been
put forward by many research groups with the goal of more straightforward and less
expensive alternatives to HPLC.

Several strategies have been proposed to employ the difference in physico-
chemical and chemical properties of EMFs and empty fullerenes for their separa-
tion. EMFs usually have higher sublimation enthalpies (AHg,,) than empty
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fullerenes [1]. Their enthalpy differences can be the basis for separation by means
of fractional sublimation [2—6]. Dramatic developments in the studies of the
chemical properties of EMFs during the last decade revealed strong differences in
their chemical reactivity in comparison of empty fullerenes to EMFs [7, §]. Various
reaction types were shown to be useful for fullerene separation. Dorn et al. [9, 10]
showed substantial differences in the fullerene reactivity with respect to a Diels—
Alder cycloaddition, which was used to develop a scalable chromatography sepa-
ration using self-packed columns with cyclopentadienyl functionalized resins.
Wang [11] demonstrated that dipolar cycloaddition with subsequent retro-reaction
and removal of the pyrrolidine group simplified the separation of nitride
clusterfullerenes.

Different reactivity with respect to immobilized amines was the basis for the “stir
and filter approach,” SAFA, developed by Stevenson et al. [12—14]. In this method,
fullerene extracts reacted with amine-functionalized silica, which trapped the more
reactive fullerenes. The less reactive fullerenes and EMFs remained in solution and
upon filtration, remained in the filtrate. Immobilized fullerenes could subsequently
be recovered from the spent silica via addition of CS, [13]. Variation of the reaction
time enabled separation of different types of fullerenes and even their isomers [15].

In this chapter, we focus on non-chromatographic separation procedures by
strategically manipulating the redox properties of EMFs. In Sect. 3.2, we review the
use of electrolysis at suitable potentials to separate EMFs from empty fullerenes.
Section 3.3 describes the use of redox-active solvents and chemical redox reagents.
Section 3.4 is devoted to the use of arrays of Lewis acids, whose reactivity with
fullerenes and EMFs depends on their oxidation potentials.

3.2 Electrolysis-Assisted Separation

The electrochemical behavior of EMFs can be significantly different from that of
empty fullerenes. Therefore selective reduction or oxidation processes can be
manipulated to isolate EMFs from fullerene mixtures.

The first electrolysis-based approach of the EMF separation was proposed in
1998 by Diener and Alford [16]. The authors synthesized Gd-EMFs by
arc-discharge and used a sublimation technique to separate fullerenes from the
carbon soot, followed by dissolution of the sublimate in o-xylene. However, a
significant part of the sublimate did not dissolve (approximately 20% of Gd-EMF
sublimate and 10% of the empty fullerene sublimate). Mass-spectrometric analysis
of the initial sublimate indicated the presence of a number of fullerene species
which were not detected in the o-xylene extract. Thus, some empty fullerenes (the
most prominent is C;4) and many mono-metallofullerenes (e.g., Gd@Cg, and
Gd@C,,) were not soluble, presumably because of their low-band gap facilitating
their polymerization.

Electrolysis of the insoluble part suspended in benzonitrile at —1.0 V (vs.
Ag/AgNOj; reference) resulted in dissolution of 98% of the particles, and a mass
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Fig. 3.1 Laser-desorption mass spectra of Gd-metallofullerenes at different process stages.
a Gd-metallofullerenes sublimed at 750 °C from soot. Elemental analysis indicates that 6-10% of
the fullerenes contain Gd. b The xylene-soluble portion of the sublimate. Only 4% of the
Gd-metallofullerenes are soluble Gd@Cg,. ¢ Precipitate obtained by chemical re-oxidation of the
solubilized anions with (ferrocenium) PFg. Reproduced with permission from Ref. [16], © Nature

spectrum of the solution showed the presence of the “missing” empty and met-
allofullerenes, including C;4, Gd@Cgp, and Gd@C7,4. Upon reoxidation at +0.4 V,
the insoluble small-band gap empty fullerenes and Gd-EMFs polymerized on the Pt
working electrode and were thus separated from the large-band gap fullerenes,
which remained in benzonitrile solution. The electrochemical process is reversible,
as the film on the electrode can be dissolved in a fresh portion of benzonitrile.
Reoxidation of the anions via ferrocenium salt [Fe(Cp),]PF¢ gave a precipitate
containing mainly Gd-EMFs (Fig. 3.1). Importantly, this approach also gives
fullerenes which are otherwise not accessible with standard extraction techniques.

In 2004, Akasaka and coworkers developed an effective separation technique
based on the electrochemical reduction of fullerene extract in 0-DCB at the potential
of 0.00 V versus saturated calomel electrode (ca. —0.60 V vs. Fe(Cp)J'/0 pair) [17].
At this potential, mono- and dimetallofullerenes (such as La@Cg, and La, @Cg)
are reduced, whereas empty fullerenes with more negative reduction potentials
remain uncharged (Fig. 3.2a). After electrolysis, the solvent was evaporated.
Residual fullerenes were treated with a polar acetone/CS, mixture (4:1), in which
neutral empty fullerenes remained insoluble, while anionic EMFs were dissolved.
The filtrate was then reoxidized in acetone/CS, solution by the weak acid
CHCI,COOH, resulting in precipitation of neutral EMFs.

3.3 Separation with the Use of Redox-Active Solvents
and Redox Reagents

Selective reduction or oxidation of EMFs can also be achieved with the help of
redox reagents or even the solvent used for the fullerene extraction. Since the early
studies of EMFs, extraction with N-containing solvents (e.g., N,N-dimethylforma-
mide [19-22], pyridine [23-27], and aniline [28, 29]) has been shown to be a
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Fig. 3.2 a Scheme of Akasaka’s electrolysis-based separation method. Fullerenes are extracted
from the soot with 1,2,4-trichlorobenzene (TCB), the solvent is then removed and residual
fullerenes are dissolved in o-DCB. After electrolysis, 0o-DCB is removed, charged EMFs are
dissolved in acetone/CS, and then reoxidized to the neutral form by CHCl,COOH. Reproduced
with permission from Akasaka et al. [17]. b Scheme of the separation of EMFs from empty
fullerenes based on selective extraction with N,N-dimethylformamide (DMF) developed in the
same group. DMF reduces mono- and dimetallofullerenes during extraction, making this stage
similar to the electrolysis-based process described in (a). Reproduced with permission from Ref.
[18]

powerful method for EMF enrichment of extracts (Fig. 3.3) [27]. The mechanism of
the special action from these donor solvents is based on the charge-transfer to
EMFs, which are present in solution in an anionic state [30, 31]. Non-charged
fullerenes are only poorly soluble in N,N-dimethylformamide (DMF), whereas
solubility of the anions is quite high. Due to this behavior, an improved extraction
of EMFs can be achieved. Furthermore, this method permits the extraction of EMFs
which are not extractable with standard solvents. For example, M@C¢, compounds
are efficiently extracted with aniline [28].

A scheme of the La-EMF separation from empty fullerenes using DMF
extraction is shown in Fig. 3.2b [18]. DMF extracts empty fullerenes in their neutral
form and La-EMFs as anions. Addition of n-BuyNCIO, salt to DMF solution before
evaporation of the solvent ensures that EMFs remain in the anionic state in the
residual (in the absence of counter-ions, evaporation of DMF results in the
uncharged EMFs). Anionic EMFs can be then dissolved in acetone/CS, mixture
and processed in a similar way to the electrolysis-assisted separation described in
Fig. 3.2a.

An efficient separation procedure based on the selective oxidation of EMFs with
an array of oxidants was developed by Bolskar et al. [3, 32] and successfully
applied to Gd- and Tm-EMFs. Their approach is based on different oxidation
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potentials and different solubility of oxidized and neutral states of EMFs and empty
fullerenes in polar solvents. The separation scheme is outlined in Fig. 3.4. First, the
arc sublimate was separated into two parts, which were soluble and nonsoluble
species in o-dichlorobenzene. The nonsoluble part was treated with oxidants of
increasing strength such as medium oxidants AgSbFg (E° +0.65 V vs Fe(Cp)” % or
(BrCgH4)3NSbClg  (tris(4-bromophenyl) aminium hexachloroantimonate, also
known as “magic blue”, E° +0.70 V), and strong oxidants AlCl; (E° = +1.1 V) or
NOSbFg (E° = +1.0 V). In 0-DCB, medium-strength oxidants preferentially oxi-
dized Gd@C,, (2n > 72), whose cationic forms become soluble. The use of
stronger oxidants afforded a solution enriched with Gd@Cg,". The part of the
sublimate soluble in 0o-DCB was then dried and dispersed in CH,Cl,, in which the
solubility of neutral fullerenes is rather low. Treatment of the dispersion with
AgSbFs formed soluble Gd@C3, cations (predominantly Gd@Cg,"), whereas
fullerenes with higher oxidation potentials remained in the solid phase. EMFs from
the Gd@Cyg," enriched fraction were thereafter reduced to a neutral state by reaction
with decamethylferrocene Fe(Cp*),. Finally pure Gd@Cg, and Gd@C,4 were
chromatographically separated from this fraction in one step.

Selective oxidation of an EMF was also developed by Shinohara et al. to sep-
arate Li@Cg, which was obtained via irradiation of Cgy by energetic Li ions, from
unreacted fullerene [33, 34]. The oxidation potential of Li@Cg, is —0.39 V, and
therefore the compound can be easily oxidized by tris(4-bromophenyl) ammoni-
umyl hexachloroantimonate, leaving empty Cq intact (E° = 1.21 V). In spite of a
very low concentration of Li@Cg, (less than 1%) in the final irradiation product,
it was demonstrated that stirring an o-DCB/acetonitrile solution with
(BrCgH,4)3NSbClg at 100 °C for 23 h and subsequent addition of hexane excess
resulted in precipitation of pure [Li@Cgo]*(SbClg)™. Recrystallization of this salt
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Fig. 3.4 Scheme of the selective oxidation based separation method developed by Bolskar et al.
Fullerenes are extracted from the soot with 0-DCB. Insoluble material (Branch 1) is then treated by
weaker oxidants AgSbFg or (BrCgH4);NSbClg in 0-DCB to dissolve the minor fraction of
Gd@C3, (2n > 72) fullerenes, or by stronger oxidants AICI; or NOSbF; to dissolve the mixture of
Gd@Cg4y* with Gd@C3, (2n > 72). Soluble extract (Branch 2) is dried and then dispersed in
CH,Cl, with AgSbFg, herewith oxidized Gd@Cg,* becomes soluble in a polar solvent.
Reproduced with permission from Ref. [3]

afforded crystals suitable for single-crystal X-ray diffraction study, which enabled
the authors to determine the molecular structure of Li@Cg for the first time.

The separation of EMF cage isomers by redox reagents was first achieved by
Echegoyen et al. [35]. They found that the oxidation potential of the minor isomer
of ScsN@Cgq with Ds;, cage symmetry is 0.27 V less positive than that of the major
I, isomer and proposed that selective oxidation of the Ds;, isomer with a suitable
redox reagent can be used for an isomeric separation. Indeed, reaction of a
ScsN@Cygg isomeric mixture with (BrCgH4);NSbClg resulted in precipitation of the
oxidized Ds;, isomer, leaving the neutral I, isomer in solution. However, the re-
duction potential of (BrCqH4)3NSbClg is more positive than the oxidation potential
of the I, isomer. Moreover, fullerenes were not recovered from the precipitate. This
separation procedure was further improved in 2013 [36]. This time, acetylfer-
rocenium tetrakis (pentafluorophenyl) boride [Fe(COCH;CsH4)Cp] [TFAB] was
used as a milder oxidation agent, and the fullerene mixture to be separated con-
tained Sc;N@Cgg, ScsN@Crg, I, and Ds;, isomers of Sc;N@Cg, and some empty
fullerenes. With the reduction potential of E* 0 =027 V, the excess of [Fe
(COCH;CsH,4)Cp]* cation was able to oxidize all ScsN@C,,, EMFs, except for the
I, isomer of Sc;N@Cg.

Their separation scheme is outlined in Fig. 3.5. First, the fullerene extract was
dissolved in CS, and sonicated for 90 min with excess of [Fe(COCH3CsH4)Cp]
[TFAB]. The mixture was deposited onto a silica gel column. Neutral ScsN@Cgq-I;,
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with some impurities of empty fullerenes was eluted by nonpolar CS, (fraction O1,
Fig. 3.5), whereas oxidized Sc;N@C,,, EMFs adhered to the silica gel. This oxi-
dized fraction was later reduced by CH;SNa in methanol and then eluted by CS,
(fraction R1, Fig. 3.5, containing Sc;N@Cgg, ScsN@Crg, ScsN@Cgo-Ds;, and
some amount of Sc;N@Cgg-I;,). Such a procedure was repeated three times with
different fullerene/salt ratios. At the second cycle, the fraction R1 was divided into
oxidized Sc;N@Cgg, ScsN@Crg and ScsN@Cgy-Ds, (fraction R2) and the unox-
idized rest of Sc;N@Cg-I;, (fraction O2). For the third cycle, fraction R2 was
divided into oxidized Sc;N@C,g (fraction R3) and a mixture of unoxidized
ScsN@Ceg and ScsN@Cgo-Ds;, (fraction O3). Further separation of the latter two
EMFs by this method is not possible, because they possess almost identical oxi-
dation potentials. This three-step procedure, described by Echegoyen et al., resulted
in the isolation of pure Sc;N@Cgy-I;,, ScsN@C-g, and a mixture of Sc;N@Dy5,-Cgq
and SC3N@C68.

3.4 Lewis Acids to Separate Fullerenes and Endohedrals

3.4.1 Empty-Cage Fullerenes

The reaction of Lewis acids with fullerenes began in 1991 with the work of Olah
et al. [37]. Those initial experiments involved empty-cage fullerenes (e.g., either
pure Cgq or a mixture of Cgy/C7() in benzene with a large molar excess of AlICI; to
produce polyarenefullerenes (Scheme 3.1). The reaction proceeded only with rel-
atively strong Lewis acids. The weaker SnCl, and TiCl; were not successful at
catalyzing the reaction. The authors noted that single electron transfer (SET) could
also be operative in redox processes for Lewis acid halides that are more easily
reducible [37].

In 1992, Olah et al. [38] discovered that polychlorinated empty-cage fullerenes
underwent Friedel-Crafts reactions to produce aromatic derivatives (Scheme 3.2).
Switching to brominated Cg also resulted in the Friedel-Crafts type fullerylation of
benzene [38]. The authors have later published a review of Friedel-Crafts reactions
with empty-cage fullerenes [39].

A key outcome of Olah’s work [37-39] with Lewis acids was their discovery of
a reactivity difference between Cgo and Co. In 1994, Bucsi et al. [40] manipulated
their chemical reactivity differences into a separation method. When empty-cage
fullerene extract was dissolved in CS, and AICl; added, the more reactive Cq
species precipitated. The more inert Cg, remained in solution. Upon filtration, the
filtrate was purified Cgo (>99.8%), and the method possessed a good recovery
(73%). The authors also noted that recovery of the fullerenes (e.g., C¢) which had
complexed with AICl3 could be achieved [40].
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Fig. 3.5 Scheme of the separation of Sc;N@C,,, EMFs based on their selective oxidation by [Fe
(COCH;C5sH4)Cp] [TFAB] with subsequent reduction by CH3SNa. O1 contains Sc;N@Cgg-I;, and
empty fullerenes, R1 is a mixture of Sc;N@Cgg, Sc;N@Crg, ScsN@Cgy-Ds;, and a fraction of
SC3N@C30-Ih; 02 is SC3N@C80-Ih, R2 is a mixture of SC3N@C68, SC3N@C78 and SC3N@C80-
Dsy; O3 is a mixture of SczN@Cgg and Sc;N@Cgy-Dsj,, R3 is ScsN@Cqg. Reproduced with
permission from Ref. [36]
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using AlICl; [37] '
Scheme 3.2 Friedel-Crafts Benzene
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fullerylation of aromatics [38] AICI,
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3.4.2 Metallofullerenes

In 2009, Stevenson et al. [41] addressed the curiosity of how EMFs would behave
when exposed to Lewis acids. With a focus on metallic nitride (Sc;N) and metallic
oxide (Sc40,) metallofullerenes, it was determined that these endohedrals were
much more reactive than Cgy and C;,. This large reactivity difference between
empty-cage fullerenes and endohedrals permitted the isolation of Sc;N@I,-Cgq
[41]. As a non-chromatographic method, this purification approach using a Lewis
acid was advantageous as it required no specialty columns and no HPLC fraction
collection. By adjusting reaction time and varying the Lewis acid, it was possible to
fractionate a metallofullerene extract (e.g., Sc) into an array of different types of
endohedrals.

As shown in Fig. 3.6, Sc40,@1,-Cg, can be enriched in Step 1 using AlCl3 with
a short reaction time. The Ds;, isomer of Sc;N@Cgg, ScsN@Cgg and Sc;N@Crg
are enriched in Step 2. By stopping the reaction in Step 2 when Sc;N@1,-Cyg is the
only metallofullerene in solution, it is then possible to precipitate this species in
Step 3 to achieve its purification. A reactivity order of Sc,O,@I,-Cgy >
SC3N@C78 > SC3N@C68 > SC3N@D5h-C80 > SC3N@Ih-C80 has also been estab-
lished for AICIl; [41].

In 2012, the Shinohara group [42] investigated the response of Lewis acids to
other types of metallofullerenes. With a focus on pure metallic (e.g., M, @C,,, x = 1,
2, n>70) and carbide (M,C,@C,, —,. y =2, 3, 4; n — 2 > 68) endohedrals, the
authors reported that TiCl, was an excellent Lewis acid for quickly and selectively
reacting with metallofullerenes [42]. In only 10 min, endohedrals can complex,
precipitate, and be separated from unreacted, lower empty-cage fullerenes (e.g.,
Ce0, C70). Excellent recovery of precipitated metallofullerenes was also possible

Fullerene | AlClL; | Filtrate minus | AlClk | ‘Se;N@Cecrs FeCl; | Empty-Cage

T
[ Filtrate minus W
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Fig. 3.6 Isolation of Sc;N@1,-Cg, via selective complexation with AICl; and FeCl;. Reproduced
with permission from Ref. [41]
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with TiCly. Several types of Cg, endohedrals (e.g., Gd@Cg,) were isolated from the
separation scheme shown in Fig. 3.7 [42].

Also in 2012, Wang et al. [43] reported the mechanism for metallofullerene
reactions with TiCly. Their findings correlated the reactivity of fullerenes and
endohedrals to TiCly as a function of their 1st oxidation potential, as shown in
Fig. 3.8. They estimated a precipitation threshold of 0.62-0.72 V (vs. Fc/Fc*) for
fullerene reaction with TiCly [43]. Formation of the metallofullerene-Lewis acid
complex involved an electron transfer from the endohedral to TiCl,. Although a
detailed description of the redox state of TiCly in the complex was not clear, the
Shinohara group [43] was able to use elemental analysis to estimate a molar ratio of
TiCl, to metallofullerene of approximately 18:1. The Nd@Csg,-TiCl, complex was
described as [Nd@Cqg,]|"[TiCly],,, m ~ 18 [43].

In 2013, Wang et al. [44] have subsequently demonstrated that TiCly is useful
for isolating CF5 derivatives of highly reactive, small band gap endohedrals. Such
species, as M@C;, and M@C,4, would otherwise form insoluble polymerized
solids in soot. As an example, the Shinohara group [44] has shown the purification
of Y@C(C,,(CF3),, derivatives by selectively complexing these functionalized

Complexation with TiCl,

unreactive reactive

CSD c70 M3N@c2n MZ@CZFI M@CZn

decreasing oxidation potential

Fig. 3.8 Correlation of fullerene reactivity with 1st oxidation potential. Reproduced with
permission from Ref. [43]
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species with TiCly. As shown in Fig. 3.9, Y@C;,(CF3) and several isomers of
Y @C74(CF3); have been produced and isolated from soot extract using TiCl, [44].

In 2009 Stevenson et al. [45] reported CuCl, as a weaker Lewis acid than AICl;
or TiCly, which tended to strongly react and precipitate the bulk of the metallo-
fullerene family. The advantage of CuCl, was its ability to lower the precipitation
threshold from 0.62 V to a much lower value of approximately 0.19 V. Preferential
precipitation of those endohedrals having a first oxidation potential less than 0.19 V
permitted a separation of highly reactive (i.e., <0.19 V) metallofullerenes from the
less reactive (i.e., >0.19 V) endohedrals [45]. CuCl, could also separate different
classes of endohedrals. For example, Sc4;0,@Cgq can be separated from other
metallic oxide endohedrals and metallic nitride fullerenes. Sc;N@Cqg (0.12 V [46])
was easily separated from Sc;N@Cgg (0.33 V [47]) and from both Ds, (0.34 V
[48]) and I, (0.62 V [49]) isomers of ScsN@Cg, [45]. For scandium carbide
endohedrals, Sc;C,@Cg, (—0.04 V [50]/—0.03 V [51]) was the dominant species
isolated from soot extract. CuCl, also separated structural isomers of Er, @Cg, [45].
An overview of the CuCl, separation approach is shown in Fig. 3.10.
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Further Lewis acid experiments have been performed on Gd endohedrals, which
are of interest as MRI contrast agents [52-62]. In 2014, Stevenson et al. [63]
evaluated their reactivity with a diverse array of 11 Lewis acids (Fig. 3.11). The
goal was to determine a range of precipitation thresholds such that a targeted Gd
endohedral could be matched with a Lewis acid of a strategic strength to just permit
selective precipitation.

As an example, the authors found that CaCl, and ZnCl, had the lowest pre-
cipitation thresholds of the 11 tested Lewis acids [63]. Matching these weak Lewis
acids with the very low first oxidation potential of Gd;N@Cgg (i.e., only 0.06 V
[64]) allowed the facile precipitation of Gd;N@Cgg from Gd soot extract. As shown
in Fig. 3.12, reaction of extract with ZnCl, for 4 h permitted a precipitate, that upon
decomplexation with water, yielded a sample containing Gd;N@Cgg as the dom-
inant endohedral [63]. Additional reaction for 7 days with a larger molar excess of
ZnCl, resulted in a sample containing Gd;N@Cg, (0.32 V, [64] first oxidation
potential) as the dominant metallofullerene (Fig. 3.12b). Remaining in solution are
lower empty-cage fullerenes (e.g., Cg—Cgq), GdsN@Cgq (0.35 V [65]) and
Gd;N@Cg, (0.58 V [64]) as the dominant endohedral (Fig. 3.12¢) [63].

The weaker Lewis acids selectively fractionate Gd-metallofullerenes from
extract because their precipitation thresholds are between the lowest and highest
first oxidation potentials. Figure 3.13 describes this approach to isolate Gd;N@Cgg,
which can be the dominant species precipitated if the weaker (e.g., CaCl,, ZnCl,,
NiCl,) Lewis acids are used. This is true because the weaker Lewis acids are
selective for only those endohedrals with very low 1st oxidation potentials (e.g.,
Gd;N@Cgg). In other words, only the most reactive metallofullerenes would be
allowed to precipitate under this “weak Lewis acid” approach.

In 2015, Stevenson et al. [66] developed a dual approach to chemically isolate a
mixed-metal nitride endohedral, CeLu,N@I,-Cgo. This integrated separation ap-
proach is described in Fig. 3.14. In Stage 1, a weak Lewis acid, MgCl,, selectively
precipitates only those endohedrals in soot extract (Fig. 3.15a) that possess very
low first oxidation potentials (e.g., Ce,LuN@1,-Cgy and CeLu,N@I,-Cgg). By
virtue of its low potential (+0.1 V), CeLu,N@/,-Cg, is a dominant endohedral
precipitated with the Lewis acid approach (Fig. 3.15b). Note that most endohedrals
and empty-cage fullerenes remain in solution [66].

Because traces of co-precipitating endohedrals remain in the Lewis acid-enriched
CeLu,N@7,,-Cgo sample, a second stage of separation (Stage 2) with amine chem-
istry was implemented [66]. Addition of dried aminosilica to the enriched
CeLu,N@1,-Cg( sample immobilized and removed the trace amounts of endohedral
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Fig. 3.12 MALDI mass spectra of a recovered endohedrals from precipitated material obtained
after 4 h of reaction with ZnCl,, Round 1, b recovered endohedrals from additional precipitate,
Round 2, obtained after 7 days of further ZnCl, reaction, and ¢ fullerenes remaining in solution
after 7 days. Reproduced with permission from Ref. [63]

Fig. 3.13 Isolating Mixture Filtrate
Gd;N@Cgg with the “weak Reaction ,;’-'E'n‘;.
Lewis acid” approach. P Mixture
Reproduced with permission GdgN @Cas ':1_/ J & A = Gdg,l\l,@can
from Ref. [63] s Lewis  GA;N@Cy, Cq O Ceo
Gd;N@Cqy '3 Acid ” [GdN@Cye) [LAT, &
Csy O e 'v'\
‘.___._‘-'
Gd;N@Cgg
Precipitate

and empty-cage fullerene contaminants. Upon filtering the reaction slurry, this
SAFA filtrate contained the unreacted CeLu,N @[;,-Cg(. From 500 mg of Ce/Lu soot
extract, 4 mg of purified CeLu,N@/,-Cg, was obtained (Fig. 3.15¢c, d) [66]. In a
similar fashion, reaction with ZnCl, and subsequent SAFA separation of fullerenes
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Fig. 3.14 Manipulation of
endohedral reactivity
differences with Lewis acids
(LA) and amines (Stir and
Filter Approach, SAFA) to
non-chromatographically
isolate CeLu,N@1,-Cg.
Reproduced with permission
from Ref. [66]

Fig. 3.15 HPLC of a Ce/Lu
soot extract, b enriched
CeLu,N@[,-Cg, after Lewis
acid treatment with MgCl,,
Stage 1 c¢ isolated sample of
CELUQN@Ih-CgO after
reaction with aminosilica with
the SAFA method, Stage 2,
and d corresponding MALDI
of purified CeLu,N@1,,-Cg.
Reproduced with permission
from Ref. [66]

N. Samoylova and S. Stevenson
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recovered from precipitate enabled non-chromatographic separation of pure

Gd;N@Cgg [67].
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Chapter 4
Ions of Endometallofullerenes
in the Gas Phase

Olga V. Boltalina

Abstract This chapter describes the studies of the endometallofullerene
(EMF) ions in the gas phase by various mass spectrometric methods. Historically,
mass spectrometry was the first method to indicate the possible existence of EMFs,
which happened several years before the discovery of their bulk arc-discharge
synthesis. The studies of the ions of EMFs in the gas phase often preceded studies
by other techniques that require substantial quantities of EMFs and provided a lot of
inform