
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 (E1/2(+/0) and E1/2(0/−), hereafter), provide
information on the electronic properties of fullerenes and enable straightforward
estimation of the HOMO-LUMO gap. Electrochemical gap (gapEC), defined as the
difference between E1/2(+/0) and E1/2(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)2

+/0 couple. We will not distinguish the values obtained by cyclic voltammetry
(half-wave potentials, E1/2, for reversible processes, and peak potentials for irre-
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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 C60 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 (o-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 C60 and C70 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 (C76, C78, C82,
C84 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 p-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

Fig. 2.1 a Squarewave voltammetry of the [Li+@C60][PF6
−] salt compared to that of fullerene

C60; Reproduced with permission from [16]. b Squarewave voltammetry of monometallofullerenes
MIII@C82-C2v(9) with trivalent lanthanides measured in o-dichlorobenzene. Reproduced with
permission from [3]
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“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/p-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.

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]
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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@C60 is the only MI@C60 EMF produced in sufficient amounts to be studied
electrochemically. In a neutral state Li@C60 is paramagnetic, and its stable form is
the cation Li+@C60. Figure 2.1 shows that reduction behavior of Li+@C60 is
similar to that of pristine C60 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@C60. That is, the first reduction potential of Li+@C60 is the same as the first
oxidation potential of Li@C60. If considered this way, Li@C60 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 gapEC of Li@C60, 0.47 V, is a common
feature for paramagnetic mono-EMFs.

MII@C2n mono-EMFs (MII = Ca, Sm, Eu, Tm, Yb; 2n = 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

Fig. 2.3 a Cyclic voltammetry curves of Yb@C80 and three isomers of Yb@C82 (isomer I is
Cs(6), isomer II is C2(5), isomer III is C2v(9)); reproduced with permission from [21]; b Cyclic
voltammetry of YbCN@C82-Cs(6) and TbCN@C82-C2(5); reproduced with permission from [29].
Asterisk denotes oxidation of ferrocene, dots denote EMF redox processes. Note similar redox
potentials of Yb@C82 and (Tb,Y)CN@C82 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 MII@C2n EMFs typically exceed 1 V (Fig. 2.3b).
Comparison of redox potentials of several Yb and Sm mono-EMFs with C82 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 MIII@C2n mono-EMFs (MIII is Sc, Y, La, Ce, Pr, Nd,
Gd–Er, Lu) is substantially different from that of empty fullerenes and MII@C2n

EMFs because MIII@C2n molecules are radicals with an unpaired electron delo-
calized over the fullerene cage. As a result, their gapEC 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-III Gapec References

C60-Ih(1) 1.21 −1.12 −1.50 −1.95 2.33 [3]

C82-C2(3) 0.72 −0.69 −1.04 −1.58 1.41 [9]

Li+@C60-Ih(1) −0.39 −0.98 −1.44 [19]

Yb@C82-C2(5) 0.90 0.38 −0.86 −0.98 1.24 [21]

Sm@C82-C2(5) 0.42 −0.84 −1.01 −1.51 1.26 [27]

Yb@C82-Cs(6) 0.34 −0.62 −0.92 −1.81 0.96 [21]

Sm@C82-C3v(7) 0.56 −0.94 −1.25 −1.79 1.50 [26]

Yb@C82-C2v(9) 0.61 −0.46 −0.78 1.07 [21]

Sm@C82-C2v(9) 0.52 −0.42 −0.77 −1.60 0.94 [26]

TbCN@C82-C2(5) 0.50 −0.88 −0.97 −1.55 1.38 [29]

YCN@C82-Cs(6) 0.56 −0.59 −0.84 −1.76 1.15 [30]

TbCN@C82-Cs(6) 0.55 −0.59 −0.84 −1.77 1.14 [31]

TbCN@C82-C2v(9) 0.55 −0.46 −0.81 −1.78 1.01 [31]

La@C82-Cs(6) 1.08 −0.07 −0.47 −1.40 −2.01 0.40 [5]

La@C82-C2v(9) 1.07 0.07 −0.42 −1.37 −1.53 0.49 [1]

Ce@C82-C2v(9) 1.08 0.08 −0.41 −1.41 −1.53 0.49 [3]

Gd@C82-C2v(9) 1.08 0.09 −0.39 −1.38 −2.22 0.48 [3]

Lu@C82-C2v(9) 0.11 −0.38 −1.17 −1.54 0.49 [32]

La@C82-cycloadducts

La@C82(Mes2Si)2CH2 −0.07 −0.50 −1.71 −1.75 0.43 [33]

La@C82Ad 1.01 −0.07 −0.50 −1.71 −1.75 0.43 [34]

La@C82[C(COOEt)2] 0.08 −0.28 −1.19 − 0.36 [35]

La@C82-R

La@C82(C6H5CH2)-a 0.25 −0.68 −1.02 −1.21 0.93 [36]

La@C82(C6H5CH2)-d 0.15 −1.05 −1.15 −1.81 1.20 [36]

La@C82[CBr(COOEt)2]-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)2
+/0 pair
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0.5 V, 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 MIII@C82

EMFs with C2v(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, Cs(6) isomer of La@C82 is easier to oxidize than C2v(9) isomer
by 0.14 V [5]. Interestingly, MII@C82-C2v(9) and MIII@C82-C2v(9) have very
similar reduction potentials, but oxidation potentials of MIII@C82-C2v(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@C82-C2v(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 gapEC remains in the derivatives [33–35].
Redox potentials can be either positively or negatively shifted versus those of the
parent La@C82, depending on the addition site and the nature of the addend. On the
other hand, when La@C82 is functionalized by the groups forming single bond to
the carbon cage (such as benzyl C6H5CH2 or malonate CBr(COOEt)2), 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@C82 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 gapEC 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@C82(C6H5CH2) with the difference of
E1/2(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 M2@C2n 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)rg

2 character [39]. The energy of the (ns)rg
2 orbital in the M2

dimer correlates with the ns2(n − 1)d1 ! ns1(n − 1)d2 excitation energy of the free
metal atom, and therefore this excitation energy to a large extent determines the
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valence state of metal atoms in di-EMFs. For instance, ns2(n − 1)d1 ! ns1(n − 1)
d2 excitation energies increase in the row La–Sc/Y–Lu as 0.33–1.43/1.36–2.34 eV,
respectively, and the (ns)rg

2 MO in corresponding M2 dimers are stabilized in the
row La2–Sc2/Y2–Lu2. As a result, in di-EMFs, La is always trivalent (the La–La

Fig. 2.4 DFT-computed frontier molecular orbitals (HOMO and LUMO) of several endohedral
metallofullerenes with C80-Ih(7) carbon cage (formal charge of the cage −6): La2@C80,
Sc3CN@C80, Sc4C2@C80, and Sc4O2@C80. Metals atoms are orange (La) or magenta (Sc)

Fig. 2.5 DFT-computed frontier molecular orbitals (HOMO and LUMO) of several endohedral
metallofullerenes with C82-C3v(8) carbon cage (formal charge of the cage −4): Sc2@C82,
Sc2C2@C82, Sc2O@C82, and Sc2S@C82. Scandium atoms are magenta, oxygen is red, sulfur is
yellow
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bonding MO is the LUMO in (La3+)2@C2n
6−), Lu tends to adopt a divalent state

(the Lu–Lu bonding MO is the HOMO or even below the HOMO level in
(Lu2+)2@C2n

4−), 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 La2@C80-Ih(7) and Sc2@C82-C3v(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 La2@C2n molecules should be an endohedral redox process, whereas
oxidation is expected to be fullerene-based. Electrochemical studies of La2@C2n

(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 La2@C80-Ih occurs at −0.31 V [4]. Likewise, the first reductions of
La2@C72 (−0.68) [40], La2@C78 (−0.40 V) [41], and La2@C80-D5h (−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 La2@C80 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 [La2@C80-Ih]

�− radical-anion exhibits a
huge 139La 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
La2@C80 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
C60, C82 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
of La2@C80-Ih(7) compared
to that of La@C82-C2v(9);
scan rate 20 mV/s, o-
dichlorobenzene solution.
Reproduced with permission
from [4] and [1]
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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
La2@C2n and Ce2@C2n 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 M2@C80-Ih results in
paramagnetic azafullerenes M2@C79N (M = Y, Tb, Gd) [47, 49]. The SOMO of
these molecules is an M–M bonding MO similar to the anion radicals of La2@C80.
In line with this MO analysis, the ESR study of Y2@C79N revealed an enhanced
89Y hfc constant of 81.2 G (see Chap. 7 for more details on EPR spectra of
Y2@C79N) [49]. An electrochemical study of Gd2@C79N showed that its first
reduction potential, −0.96 V, is not as positive as that of La2@C80-Ih. However, the
second reduction of Gd2@C79N 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 Gd2-localized LUMO, the first
reduction of Gd2@C79N can be tentatively assigned to an endohedral reduction.
Interestingly, the M–M bonding SOMO in M2@C79N is “buried” below the
cage-based MOs, and hence oxidation of M2@C79N should be a cage-based pro-
cess [47, 49]. Indeed, the oxidation potential of Gd2@C79N is +0.51 V, which is
close to the value of La2@C80-Ih (+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 M2@C82 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 Sc2@C82, Sc2C2@C82, Sc2O@C82, and
Sc2S@C82, all with the C82-C3v(8) cage isomer in the formal charge of −4. It can be
seen that in the whole series, the HOMO of Sc2@C82 is localized on the endohedral

Table 2.2 Redox potentials of representative di-EMFs

EMF Ox-II Ox-I Red-I Red-II Red-III GapEC References

La2@C72-D2(10611) 0.75 0.24 −0.68 −1.92 − 0.92 [40]

Ce2@C72-D2(10611) 0.82 0.18 −0.81 −1.86 0.99 [43]

La2@C76-Cs(17490) 0.65 0.21 −0.63 −1.83 −2.40 0.84 [46]

La2@C78-D3h(5) 0.62 0.26 −0.40 −1.84 −2.28 0.66 [41]

Ce2@C78-D3h(5) 0.79 0.25 −0.52 −1.86 −2.23 0.77 [44]

La2@C80-D5h(6) 0.78 0.22 −0.36 −1.72 0.58 [42]

Ce2@C80-D5h(6) 0.66 0.20 −0.40 −1.76 −2.16 0.60 [42]

La2@C80-Ih(7) 0.95 0.56 −0.31 −1.72 0.87 [4]

Ce2@C80-Ih(7) 0.95 0.57 −0.39 −1.71 − 0.96 [45]

− − −

Gd2@C79N-Ih(7) 0.51 −0.96 −1.98 − 1.45 [47]
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scandium dimer, whereas the HOMO of other clusterfullerenes is mainly fullerene
based. At the same time, the LUMO of Sc2@C82 as well as that of Sc2O@C82 and
Sc2S@C82 is localized on the fullerene cage. Based on the MO analysis, similar
reduction potentials can be expected for Sc2@C82 and clusterfullerenes due to the
same nature of electron-accepting orbital, whereas oxidation potential of Sc2@C82

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
Sc2@C82-C3v(8), +0.05 V [50], is considerably less positive than that of
Sc2C2@C82 (+0.47 V) [51], Sc2O@C82 (+0.54 V) [52], or Sc2S@C82 (+0.52 V)
[53], whereas their reduction potentials are more similar (Table 2.3). Definitive
proof of the Sc-based oxidation of Sc2@C82 is provided by EPR spectrum of its
radical-cation with a huge 45(Sc) hfc constant of 199 G (see Chap. 9).

Since the energy of the (ns)rg
2 orbital in the M2 dimer and hence the energy of

the M–M bonding orbital in di-EMFs correlates with the ns2(n − 1)d1 ! ns1

(n − 1)d2 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-III Gapec References

Sc2O@C70-C2(7892) 0.55 0.10 −1.36 −1.80 − 1.46 [54]

Sc2S@C70-C2(7892) 0.65 0.14 −1.44 −1.87 −1.99 1.58 [55]

Sc2C2@C72-CS(10528) 0.41 −1.19 −1.54 −1.75 1.60 [56]

Sc2S@C72-CS(10528) 1.21 0.64 −1.14 −1.53 −2.24 1.78 [57]

Sc2O@C76-Td(1) 0.32 −0.91 −1.40 −1.65 1.23 [58]

Sc2C2@C80-C2v(5) 0.41 −0.74 −1.33 − 1.15 [59]

Sc2O@C80-C2v(5) 0.56 0.24 −0.89 −1.48 −1.75 1.13 [60]

Er2@C82-Cs(6) 0.65 0.02 −1.01 −1.31 − 1.03 [61]

Lu2@C82-Cs(6) 0.74 0.34 −1.00 −1.32 −1.77 1.34 [61]

Sc2C2@C82-Cs(6) 0.64 0.42 −0.93 −1.30 − 1.35 [62]

Sc2O@C82-Cs(6) 0.72 0.35 −0.96 −1.28 −1.74 1.31 [53]

Sc2S@C82-Cs(6) 0.65 0.39 −0.98 −1.12 −1.73 1.37 [53]

Er2S@C82-Cs(6) 0.39 −1.01 −1.85 −2.21 1.40 [61]

Sc2@C82-C3v(8) 0.05 −1.10 − 1.15 [50]

Er2@C82-C3v(8) 0.13 −1.14 −1.41 −1.83 1.27 [61]

Lu2@C82-C3v(8) 0.95 0.50 −1.16 −1.46 −1.77 1.66 [61]

Sc2C2@C82-C3v(8) 0.93 0.47 −0.94 −1.15 −1.60 1.41 [51]

Sc2O@C82-C3v(8) 1.09 0.54 −1.17 −1.44 −1.55 1.71 [52]

Sc2S@C82-C3v(8) 0.96 0.52 −1.04 −1.19 −1.63 1.56 [53]

Er2S@C82-C3v(8) 0.88 0.51 −0.98 −1.21 −1.70 1.49 [61]

Sc2C2@C82-C2v(9) 0.67 0.25 −0.74 −0.96 0.99 [63]

Sc2C2@C86-C2v(9) 0.47 −0.84 −1.11 −1.63 1.31 [64]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)2
+/0 pair
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particular, Lu with the lowest energy of this MO should have the highest oxidation
potential. Indeed, whereas reduction potentials of Er2@C82 and Lu2@C82 are close
to each other and to that of Er2S@C82, their oxidation potentials are substantially
different: Er2@C82 is easier to oxidize than Lu2@C82 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 Lu2@C82 is close to that of Er2S@C82,
which has fullerene-based oxidation. Similar redox properties are observed for C82-
Cs(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@C82 and TbCN@C82), +4 (carbide CFs
M2C2@C2n, sulfide CFs M2S@C2n, oxide CFs M2O@C2n), or +6 (nitride CFs
M3N@C2n, methano-CF Sc3CH@C80, l3-carbido CF M2TiC@C80, oxide CF
Sc4O2@C80, and many other EMFs, see Chap. 1 for a complete list).

Clusterfullerenes with formal charge +2. Redox potentials of MCN@C82 are
similar to those of corresponding cage isomers of mono-EMFs with divalent metals,
MII@C82 with corresponding cage isomers (Refs. [29–31], see Table 2.1). This

Fig. 2.7 a Cyclic voltammetry of a series of Lu2@C82, Er2@C82, and Er2S@C82, all with C82-
C3v(8) cage isomer; b isomeric EMFs with C82-Cs(6) cage. Scan rate 100 mV/s, o-
dichlorobenzene solution
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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 C82-C3v(8) and
C82-Cs(6). Figure 2.5 compares frontier MOs of the carbide CF Sc2C2@C82, oxide
CF Sc2O@C82, and sulfide CF Sc2S@C82, all with the C82-C3v(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 Sc2@C82 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 Sc2O@C82 is localized on the fullerene, the LUMO of
Sc2S@C82 is also largely fullerene-based but with noticeable metal contributions,
whereas the LUMO of Sc2C2@C82 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 Sc2O@C82 (−1.17 V) [52] fol-
lowed by Sc2S@C82 (−1.04 V) [53] and then by Sc2C2@C82 (−0.94 V) [51].
Similar correlations between redox potential and endohedral cluster can be revealed
for analogous CFs with C82-Cs(6) cages (Table 2.3). Remarkably, CFs with
C82-C3v(8) and Cs(6) cages exhibit different electrochemical behavior in terms of
reversibility: whereas EMFs with Cs(6) cage have reversible reductions, those of
EMFs with C3v(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 gapEC (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 Sc3N@C80-Ih and Y3N@C80-Ih. Y3N@C80 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
Sc3N@C80, whose LUMO has large cluster contribution. Furthermore, there is a
structural flexibility caused by rotation of the M3N cluster inside the cage, which
also affects spatial localization of the LUMO. Computational studies showed that in
the neutral state, Sc3N@C80 and Y3N@C80 both have C3-symmetric configuration,
in which metal atoms are facing hexagons in quasi-η6 manner (albeit somewhat
shifted from the center of hexagons to pentagon/hexagon edges) [65]. In the anionic
state, C3v-symmetric configuration with metals η2-coordinating centers of
pentagon/hexagon edges is preferred for Sc3N@C80. Importantly, rotation of the
cluster in Sc3N@C80 results in dramatic redistributing of the LUMO: in the
C3-conformer, the orbitals is equally shared between the cage and the cluster,
whereas in the C3v-conormer the cluster has dominant contribution to the LUMO
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(Fig. 2.8). For Y3N@C80, C3v-conformer is much higher in energy due to the larger
size of the cluster, and the C3-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 Sc3N@C80 and Y3N@C80. Indeed, both
EMFs have similar oxidation potential near 0.6 V, but noticeably different reduc-
tion potentials, −1.26 V for Sc3N@C80 and −1.41 for Y3N@C80. Sc3N@C80 is
reduced mainly at its endohedral cluster, as was also proved by the EPR spectrum
of its anion radical [66]. Y3N@C80 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 C80-Ih 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 Sc3N@C80 electrochemical reversibility of the first reduction
can be achieved at scan rates of several V/s (Fig. 2.9), whereas in Y3N@C80 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

Fig. 2.8 Frontier molecular orbitals (HOMO and LUMO) of Sc3N@C68-D3(6140), Sc3N@C80-
Ih(7), and Y3N@C80-Ih(7). The LUMO of Sc3N@C80 is show for two conformers: C3-conformer is
the lowest energy for the neutral state, whereas C3v-conformer is the lowest energy for the anion.
For Y3N@C80, C3-conformer has the lowest energy in both neutral and anionic states
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spectroelectrochemical studies of Sc3N@C68 [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 (Sc3N@C68

−)2
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 (Sc3N@C80

−)2 dimers in the single-crystal X-ray diffraction study of
the anion-radical Sc3N@C80

�− 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 C68, C78, two isomers of C80, and C82. Remarkably,
Sc3N@C80-Ih has the highest oxidation potential among the series, whereas the first
oxidation potential of another isomer, Sc3N@C80-D5h, 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 Sc3N@C68 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 Gd3N in Table 2.4 and
Fig. 2.9, cages from C78 to C88 were studied electrochemically (note that C78 and
C82 cage isomers for Sc3N and Gd3N are different). Even larger cages, up to C96,
were studied for large lanthanides such as La or Ce. Redox properties of all these

Fig. 2.9 a Cyclic voltammograms of Sc3N@C80-Ih(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 Gd3N@C2n

family measured in o-dichlorobenzene at 100 mV/s. Reproduced from Ref. [70]
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NCFs are to some extent similar to the properties of M3N@C80-Ih(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@C78-C2(22010) to ca 1.7 V for
M3N@C96. Redox properties of M3N@C88-D2(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 Sc3N@C80. Chemical derivatization (such as cycloaddition or
radical addition) and its influence on electrochemical properties of nitride CFs has
been studied very extensively, especially for Sc3N@C80-Ih. 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 p-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 C80-Ih 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

Table 2.4 Redox potentials of representative nitride clusterfullerenes

EMF Ox-II Ox-I Red-I Red-II Red-III Gapec References

Sc3N@C68-D3(6140) 0.85 0.33 −1.45 −2.05 1.78 [74]

Sc3N@C78-D3h(5) 0.68 0.21 −1.56 −1.91 1.77 [75]

Sc3N@C80-D5h(6) 0.34 −1.33 1.68 [76]

Sc3N@C80-Ih(7) 1.09 0.59 −1.26 −1.62 −2.37 1.85 [69]

Sc3N@C82-C2v(9) 0.37 0.00 −1.35 −1.52 −1.78 1.35 [77]

Gd3N@C78-C2(22010) 1.00 0.47 −1.53 −1.89 2.00 [78]

Gd3N@C80-Ih(7) 0.58 −1.44 −1.86 −2.13 2.02 [79]

Gd3N@C82-Cs(39663) 0.38 −1.53 −1.87 1.91 [70]

Gd3N@C84-Cs(51365) 0.32 −1.37 −1.76 1.69 [79]

Gd3N@C86-D3(17) 0.33 −1.39 −1.72 1.82 [70]

Gd3N@C88-D2(35) 0.45 0.05 −1.39 −1.71 1.49 [80]

Ce3N@C88-D2(35) 0.63 0.08 −1.30 −1.57 1.38 [81]

Ce3N@C92-T(92) 0.32 −1.48 −1.64 1.80 [82]

Ce3N@C96-D2(186) 0.67 0.18 −1.50 −1.84 1.68 [83]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)2
+/0 pair
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expected for Sc3N@C80-Ih: [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 Sc3N@C80 in
Prato or Diels–Alder reactions. Remarkably, they exhibit reversible reductions (as
opposed to electrochemically irreversible reductions of pristine Sc3N@C80) [84,
85]. In all three [5,6]-closed adducts listed in Table 2.5, the first reduction is more
positive than that of Sc3N@C80. 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
Sc3N@C80(C6H4) benzoadducts [85]. [6,6]-open adducts (such as those obtained in
Bingel–Hirsch reaction or PCBM-like-derivatives of Sc3N@C80) exhibit distinctly
different electrochemical behavior: their reductions are irreversible and occur at
more negative potentials than in Sc3N@C80.

Reaction of Sc3N@C80 with two bulky radical groups (such CF3 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, Sc3N@C80(CF3)2 and
Sc3N@C80(Mes2Si)2CH2 (Mes = mesityl), shows how the electronic properties of
the addends can affect redox potentials [89, 90]. Strongly electron-donating
(Mes2Si)2CH2 shifts reduction and oxidation potentials negatively with respect to
the Sc3N@C80 values, whereas electron-withdrawing CF3 groups move redox

Table 2.5 Redox potentials of Sc3N@C80-Ih derivatives

Sc3N@C80 derivative Ox-II Ox-I Red-I Red-II Red-III GapEC References

Sc3N@C80-Ih(7) 1.09 0.59 −1.26 −1.62 −2.37 1.85 [69]

[5,6]-closed Sc3N@C80-
pyrrolidine (N-ethyl)

0.62 −1.18 −1.57 −2.29 1.80 [84]

[5,6]-closed Sc3N@C80-
Diels–Alder

0.62 −1.16 −1.54 −2.26 1.78 [84]

[5,6]-closed Sc3N@C80(C6H4) 0.92 0.34 −1.11 −1.50 −2.21 1.45 [85]

[6,6]-closed Sc3N@C80(C6H4) 0.83 0.42 −1.08 −1.29 −2.23 1.50 [85]

[6,6]-open Sc3N@C80-
methano-C(CO2Et)2

1.08 0.56 −1.34 −1.90 −2.22 1.90 [86]

[6,6]-open Sc3N@C80-
methano-(CHPh)

1.08 0.50 −1.48 −2.01 −2.40 1.98 [87]

[6,6]-open Sc3N@C80-PCBM 1.15 0.52 −1.33 −1.91 − 1.85 [88]

1,4-Sc3N@C80(Mes2Si)2CH2 0.08 −1.45 − − 1.53 [89]

1,4-Sc3N@C80(CF3) 1.66 0.43 −1.16 −1.65 −2.14 1.59 [90]

Sc3N@C80(CF3)4 0.55 −1.06 −1.55 −2.03 1.61 [91]

Sc3N@C80(CF3)10 0.86 −0.84 −1.32 −2.11 1.70 [91]

Sc3N@C80(CF3)12 0.95 −0.95 −1.38 −1.98 1.90 [91]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)2
+/0 pair
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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 CF3 addition shifts the first
reduction potential further in the positive direction up to Sc3N@C80(CF3)10
(E1/2(0/−) = − 0.84 V), whereas for Sc3N@C80(CF3)12 the effect is reversed
(E1/2(0/−) = − 0.95 V), presumably because saturation of the p-system outweighs
the electron-withdrawing effect of CF3 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 CeIV valence state is
accessible and known for a plethora of inorganic and organometallic compounds,
and redox potential of the CeIV/CeIII couple can vary in a broad range [92].
However, redox behavior of Ce-based mono- and di-EMFs as well as Ce3N-nitride
CFs was found to be very similar to that of La-counterparts, suggesting that CeIII in
EMFs is electrochemically inert. The first indication that endohedral Ce can be
redox active was obtained in 2010 with isolation of CeLu2N@C80-Ih [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@C80-Ih nitride CF, which was interpreted as an
oxidation of endohedral CeIII. DFT computational study also showed that removal
of the 4f1 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 CeM2N@C80 series (Shannon’s radii of Sc

3+, Lu3+, and Y3+ ions are
0.745, 0.86, and 0.90 Å, respectively) [94]. Figure 2.10a shows cyclic voltam-
mograms of three CeM2N@C80-Ih NCFs compared to PrSc2N@C80-Ih (the latter
was chosen as a reference because of the close ionic radii of Ce3+, 1.01 Å, and Pr3+,
0.99 Å). 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). CeM2N@C80

compounds exhibit one reversible oxidation step whose potential varies from
–0.07 V for CeY2M@C80 to +0.33 V for CeSc2N@C80. The latter is still 0.31 V
more negative than the oxidation potential of PrSc2N@C80, hence indicating a
Ce-based redox process. Compelling evidence of the endohedral oxidation of CeIII

in CeM2N@C80-Ih NCFs was provided by NMR spectroscopy of the
CeM2N@C80

+ cations obtained by chemical oxidation (Fig. 2.10b). The NMR
study showed that cations are diamagnetic, which is possible only in case of
endohedral CeIII ! CeIV 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 CeM2N@C80 row with
increasing the cluster size from CeSc2N to CeY2N. The strained is caused by the
limited interior space inside the C80-Ih cage, and the increase of the ionic radius of
M3+ in the Sc ! Lu ! Y series makes the corresponding CeM2N@C80 more
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prone to oxidation as a way to release the strain (ionic radius of Ce4+, 0.87 Å, is
considerably smaller than that of Ce3+). Therefore, the oxidation potential of
CeM2N@C80-Ih shifts to more negative values for larger M3+ ions.

The concept of the strain-driven CeIV/CeIII endohedral redox couple was further
developed in the study of CexM3−xN@C2n 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
CeIII ! CeIV redox process at the first oxidation step was proven for CeSc2N@C78,
CeY2N@C84, and Ce2YN@C86. Less confidently, an endohedral oxidation of Ce
was also proposed for Ce2ScN@C86, CeY2N@C86, and Ce3N@C88. For cages
larger than C80, the cluster-induced strain is weaker than for the C80-Ih cage,
whereas cage oxidation potentials are below those for M3N@C80-Ih. 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 TiSc2N@C80 and TiY2N@C80, whereas vanadium formed
VSc2N@C80 and V2ScN@C80 [96–98]. Comparison of the redox potentials of Ti-
and V-containing nitride CFs to those of Y3N@C80 (Table 2.6) shows that their
electrochemical properties are largely determined by the transition metals. These

Fig. 2.10 a Cyclic voltammetry PrSc2N@C80-Ih(7) and CeM2N@C80-Ih(7) (M = Sc, Lu, and Y)
(scan rate 100 mV/s, o-dichlorobenzene solution). Strong negative shift of the oxidation potential
on coming from PrSc2N@C80 (fullerene-based oxidation) to CeSc2N@C80 (Ce-based oxidation) is
observed. Further negative shift in the CeM2N@C80 series is caused by the increased inner strain
with the increase of the metal size. b 13C and 45Sc NMR spectra of pristine and oxidized
CeSc2N@C80 in o-dichlorobenzene solution. Based on the data from [94]
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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 V2ScN@C80 at
+0.60 V is 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, C80-Ih 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
Y3N@C80-Ih (Table 2.6) shows that the cluster-based reduction is typical for all of
them. All E1/2(0/−) values in Table 2.6 are substantially more positive than
−1.41 V reported for Y3N@C80-Ih and span rather broad range, from −1.21 V for
Sc3CH@C80 [100] to −0.31 V in the aforementioned La2@C80-Ih [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:

Table 2.6 Redox potentials of selected endohedral metallofullerenes with C80-Ih cage

EMF Ox-II Ox-I Red-I Red-II Red-III GapEC References

Y3N@C80-Ih(7) 0.64 −1.41 −1.83 2.05 [84]

La2@C80-Ih(7) 0.95 0.56 −0.31 −1.72 −2.13 0.87 [4]

Sm3@C80-Ih(7) 0.78 0.30 −0.83 −1.88 1.13 [108]

Sc3N@C80-Ih(7) 1.09 0.59 −1.26 −1.62 −2.37 1.85 [69]

Sc3CH@C80-Ih(7) 0.67 −1.21 −1.53 −2.28 1.88 [100]

Sc3CN@C80-Ih(7) 0.60 −1.05 −1.68 1.65 [102]

Sc3C2@C80-Ih(7) −0.03 −0.50 −1.64 −1.84 0.47 [109]

Sc2TiC@C80-Ih(7) 0.66 −0.67 −1.51 −1.66 1.33 [106]

Lu2TiC@C80-Ih(7) 1.10 0.63 −0.87 −1.53 1.50 [105]

Dy2TiC@C80-Ih(7) 0.61 −0.97 −1.62 −1.87 1.58 [107]

Sc2TiC2@C80-Ih(7) 0.53 −0.76 −1.01 −1.96 1.26 [106]

Dy2TiC2@C80-Ih(7) 0.47 −1.14 −1.58 −2.29 1.61 [107]

TiSc2N@C80-Ih(7) 0.16 −0.94 −1.58 1.10 [99]

TiY2N@C80-Ih(7) 0.00 −1.11 −1.79 1.11 [96]

VSc2N@C80-Ih(7) 0.44 −0.42 −0.66 −1.33 0.86 [98]

V2ScN@C80-Ih(7) 0.60 −0.77 −2.38 − 1.37 [98]

CeY2N@C80-Ih(7) −0.07 −1.36 −1.88 1.30 [94]

CeLu2N@C80-Ih(7) 0.01 −1.39 −1.88 1.40 [110]

CeSc2N@C80-Ih(7) 0.33 −1.31 −1.83 1.64 [94]

Sc4O2@C80-Ih(7) 0.79 0.00 −1.10 −1.73 1.10 [101]

Sc4C2@C80-Ih(7) 0.01 −1.53 −1.97 1.54 [103]

Sc4C2H@C80-Ih(7) 0.20 −0.87 −1.68 −1.95 1.07 [103]

All values are measured in o-dichlorobenzene solution and are referred versus Fe(Cp)2
+/0 pair
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Typical examples are Sc4C2@C80, Sc4O2@C80, M2TiC2@C80 (M = Sc, Dy). Low
oxidation potentials are also reported for paramagnetic clusterfullerenes (Sm3@C80,
Sc3C2@C80, or Sc4C2H@C80), 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 C80-Ih
cage, including La2@C80, Sc3CN@C80, Sc4C2@C80, and Sc4O2@C80, is given in

Fig. 2.11 a Cyclic voltammogram of Ti-nitride cluster fullerene TiSc2N@C80-Ih(7) (scan rate
20 mV/s, o-dichlorobenzene solution), vertical bars denote redox potentials of Sc3N@C80-Ih(7);
reproduced with permission from [99]. b Cyclic voltammetry of V-nitride clusterfullerenes
VSc2N@C80-Ih(7) and V2ScN@C80-Ih(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]

Fig. 2.12 a Cyclic voltammetry (upper trace) and squarewave voltammetry (lower trace) of
Sc4O2@C80-Ih(7) (scan rate 20 mV/s, o-dichlorobenzene solution); reproduced with permission
from [104]; b comparison of the squarewave voltammograms of isoelectronic Lu2TiC@C80-Ih(7)
and Lu2ScN@C80-Ih(7) in o-dichlorobenzene solution. Note almost identical oxidation potentials
and a 0.51 V difference for the reduction potentials

54 A.A. Popov



Fig. 2.4; frontier MOs of nitride CFs Sc3N@C80-Ih and Y3N@C80-Ih 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 Sc4O2@C80 are predominantly
localized on the Sc4O2 cluster. Experimentally, Sc4O2@C80 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 Sc4O2@C80 [101]. In Sc3CN@C80, 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
Sc3CN@C80, 0.60 V, is in the range of the values for cage-based oxidation [102].
On the contrary, Sc4C2@C80 has its HOMO localized on the Sc4C2 cluster, and its
first oxidation potential is 0.01 V, whereas the LUMO has large cage component,
and the first reduction of Sc4C2@C80 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
Sc3NC@C80, LUMO of Sc4C2@C80). 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 M2TiC@C80-Ih, where M is Sc, Y, or lanthanides

Fig. 2.13 a Frontier molecular orbitals of Sc2TiC@C80-Ih(7) and Sc2TiC2@C80-Ih(7).
b Dependence of the first reduction potentials in M2TiC@C80-Ih(7) and M2TiC2@C80-Ih(7)
molecules on the ionic radius of M3+. Vertical blue arrows mark the shift of the reduction
potentials caused by replacement of single central carbon atom by a C2 unit. Reproduced with
permission from [106]
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from Gd to Lu [105–107]. M2TiC@C80 carbide CF is isostructural and isoelec-
tronic to M2ScN@C80 nitride CF, and certain similarity in their electronic prop-
erties can be expected. Indeed, the HOMO of M2TiC@C80 is essentially a
fullerene-based orbital, and hence oxidation potential of all M2TiC@C80 EMFs is
close to 0.6 V similar to those of M2ScN@C80 nitride CFs. However, the LUMO of
M2TiC@C80 is localized predominantly on the Ti atom (Fig. 2.13a), and the first
reduction of M2TiC@C80 EMFs can be thus described as an endohedral TiIV/TiIII-
redox couple with considerably more positive reduction potential than that of
M2ScN@C80 (Fig. 2.12b). Interestingly, reduction potentials in the M2TiC@C80

series vary systematically with the ionic radius of M3+ (Fig. 2.13b), although these
metals are not involved in the electron transfer. The most negative value of −1.04 V
is found for Gd2TiC@C80-Ih, whereas the most positive reduction potential of
−0.67 V is reported for Sc2TiC@C80-Ih. The reason for such a variation of the TiIV/
TiIII-redox potential in different M2TiC@C80 EMFs is rooted in the inner strain,
similar to the situation discussed above for Ce-based nitride CFs. Ionic radius of
TiIII, 0.67 Å, is much larger than that of TiIV, 0.61 Å, and hence the size of the
cluster is increased in the reduced state. When the cluster is already rather large
(Gd2TiC), 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 Gd2TiC@C80 when compared to
Sc2TiC@C80 with much smaller cluster. The same reasoning can explain reduction
potentials of M2TiC2@C80. Here LUMO is also Ti-based (Fig. 2.13a), but reduc-
tion potentials are more negative than in M2TiC@C80 analogs. Obviously, C2 unit
occupies more space than a single carbon atom, and hence size-driven strain is
stronger in M2TiC2@C80.

2.5 Concluding Remarks

Interaction between metals atoms and clusters with carbon-based p-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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