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Abstract 
 

Endohedral fullerenes are closed carbon shells encapsulating molecular or ionic species 

in their inner space. Obtained for the first time in 1985, endohedral metallofullerenes (EMFs) 

remain in focus of research for many years with a broad variety of metal atoms, endohedral 

cluster and cage sizes being reported. 

Electrochemical studies of endohedral metallofullerenes are of particular interest 

because of the more complex redox behavior in comparison to empty fullerenes. The EMF 

molecules can be considered as a combinations of positively charged cluster and negatively 

charged carbon shell “ligand”, and both constituents can be redox active. A cage-based 

electrochemical activity is more common, in particular, the most abundant nitride 

clusterfullerenes generally have redox-active cages. Cluster-based electrochemical activity is 

less common and can be revealed via unexpected redox behavior (e.g., shifted potential when 

compared to analogous molecules, potential metal dependence) and with the use of 

spectroscopic methods. 

Here we report electrochemical and EPR studies of three EMF families: (i) M2@C82-C3v 

and M2@C82-Cs dimetallofullerenes with a covalent bonding between two metal atoms, (ii) 

M2@C80(CH2Ph) dimetallofullerene derivatives with single-occupied metal-bonding orbital, and 

(iii) M2TiC@C80 EMFs with endohedral Ti(IV) (M is either Sc or Y or a lanthanide). For the first 

two families, the metal-metal bonding orbital has been found to be redox active: in M2@C82, 

the double-occupied M-M bonding orbital is involved in the first oxidation process, while in 

M2@C80(CH2Ph) the unoccupied component of single-occupied metal-bonding orbital acts as 

the LUMO, accepting one electron during the first reduction step. Thus, single electron transfer 

reactions in both cases lead to the changes in the magnetic properties of EMFs, which is 

especially well revealed by EPR spectroscopy. For the series of M2TiC@C80 EMFs, the first 

reduction predominantly occurs on internal Ti atom and can be described as TiIV/TiIII redox 

process. Due to the variation of the size of the Ti ion in different oxidation states, reduction 

changes the inner strain of the cluster, leading to a large variability of the TiIV/TiIII reduction 

potential in dependence on the size of the formally inert lanthanide metal in M2TiC@C80. 
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Chapter 1. Introduction and background 

 

1.1. Endohedral fullerenes 

Along with diamond, graphite, lonsdaleite and graphene, fullerenes, hollow spherical 

molecules consisting of carbon pentagons and hexagons, present themselves as one of the solid 

carbon allotropes. Fullerenes were obtained for the first time  in 19851 as an unexpected 

product of high temperature graphite vaporization, which was a part of the research activities 

of several astrophysicists and spectroscopists to explain formation mechanisms of long-chain 

carbon molecules in circumstellar shells.  The Nobel Prize in Chemistry for this discovery has 

been awarded jointly to Robert F. Curl Jr., Sir Harold W. Kroto and Richard E. Smalley in 1996. 

The concept of enclosing some particles inside the fullerene cage was suggested in the 

same year as the fullerenes were discovered. James R. Health and his collaborators (working in 

the group of Richard Smalley) demonstrated, that addition of LaCl3 to the vaporized graphite 

results in formation of  CnLa compound series, where n is an even number from 44 to more 

than 762. Sufficiently high stability of these new complexes approved the suggestion that the 

metal atom is “captured” inside the carbon shell. 

 

Figure 1.1. Fragment of time-of-flight mass spectrum of CnLa cluster complexes (open peaks) and bare 

Cn clusters (blackened peaks) produced by laser vaporization of a lanthanum-impregnated graphite 

disk in a pulsed supersonic nozzle. Reproduced with permission from2. 

That was the first mention of Endohedral Metallofullerenes (EMFs) – fullerenes with 

encapsulated metal species.  Nowadays the symbol @, first suggested for EMFs by Smalley in 
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19913,is commonly used for their designation. This symbol is written after the formulae of the 

encapsulated species and before the cage formula: e.g. Sc3N@C78 transcription indicates that 

the endohedral cluster consisting of three scandium and one nitrogen atom is placed inside the 

C78 fullerene cage.  

In principle there is a large number of possible ways to build fullerene cage from carbon 

atoms, but experimentally observed fullerenes generally consist on pentagon and hexagon 

rings. (Only few fullerene structures, containing also heptagons4–7, are known, and most of 

them were obtained from “normal” fullerenes under relatively harsh reaction conditions). 

For a fullerene polyhedron Cn, comprising only pentagon and hexagon faces, the 

number of pentagons is always 12, whereas the number of hexagons is n/2-10, which is 

imposed by the Euler´s theorem. The most stable in this case are fullerenes, which obey the so-

called Isolated Pentagon Rule (IPR): each pentagon should be surrounded with 5 hexagons, 

whereas pentagon-pentagon edges are forbidden. Structures involving adjacent pentagons 

were shown to exhibit various degrees of strain-related instability8.  

In 80s and 90s the common opinion of fullerene researchers was that only IPR-cages 

can exist both for empty cages and endohedrals. But in 2000 at once two independent studies 

showed that EMFs with the cages violating IPR can be synthetized and isolated9,10, and a 

number of non-IPR EMF structures had  been described in the following years11–15. 

 

Figure 1.2. Two orthogonal views of the non-IPR Sc3N@C68;two adjacent pentagons are highlighted 

with light-blue color. Reproduced with permission from9. 

Thus, we can say that the Isolated Pentagon Rule is not strictly obeyed in case of EMFs, 

although all most stable endohedral fullerenes, characterized by high synthesis yields, are IPR-

isomers.  
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With increasing of the number of cage atoms the number of all possible isomers (both 

IPR and non-IPR) grows dramatically. As a consequence, the nomenclature issue becomes 

particularly important.  

The most general approach is based on the Fowler-Monolopoulos spiral algorithm16,17: 

starting with a sequence of three mutually adjacent faces, new faces are added to the string 

such that the next face is adjacent to the previous one, and that has neighboring faces left 

which are still not part of the spiral string. As a result, one obtains a string of length of 12 

pentagons and F−12 hexagons. 

 

Figure 1.3. Canonical spiral of C60-Ih
18 

The Spiral string is then abbreviated as a list of the 12 pentagon positions, called the 

face spiral pentagon indices (FSPI). The lexicographically smallest of all successful spirals is the 

canonical spiral of the fullerene. For example, for C60-Ih we have the canonical FSPI of {1, 7, 9, 

11, 13, 15, 18, 20, 22, 24, 26, 32} as shown in figure 1.3. 

To number different isomers of a fullerene with the same number of cage carbons, at 

first one should find the canonical spiral of each isomer. Then the spirals are ranged in 

ascending order: the isomer with lexicographically smallest canonical spiral gets the number 

“1” and so on. 

A short form of numbering system, in which only IPR isomers are numbered was 

adopted during the early period of fullerene research, when non-IPR EMFs were not considered 

to exist. Nowadays this form is still commonly used to simplify the numbering.  For example, 

the IPR isomer of C80, which is usually labeled as C80-Ih(7) is C80-Ih(39712) in the full notation 

system19. However, an increasing number of the non-IPR isomers EMFs, published during the 

last decade, requires the use of the extended notation, which includes all possible isomers for 
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a given number of carbon atoms. In this work we will use the following scheme, which is 

successfully employed in many publications nowadays: the full notation is used for non-IPR 

isomers, the short notation - for IPR isomers19.  

Another common practice is to label the isomers of EMF by their symmetry point group, 

or, to be more precise, by symmetry point group of the carbon cage. For example, Sc3N@C80-

Ih transcription means, that Sc3N-cluster is encapsulated inside the C80 of icosahedral symmetry. 

The actual symmetry of the whole EMF molecule in this case is lower and hard to establish due 

to the internal cluster rotation. 

In full notation of EMFs the symmetry point group symbol is generally hyphenated after 

the “C2n” transcription, and the number of isomer is written in brackets in the end of 

transcription, e.g. Er2S@C82-C3v(8).  

All metal atoms in EMFs are positively charged, and their valence electrons are 

transferred to the carbon cage atoms. In case of clusterfullerenes, the negative charge is 

distributed between carbon shell and internal non-metal atoms.  

1.2. Synthesis and isolation of endohedral fullerenes 

1.2.1. Synthesis and extraction. 

There are many different approaches for endohedral fullerene synthesis, suggested 

during more than three decades of intensive research. In general, three principle strategies can 

be distinguished: the first one is vaporization of graphite, including laser ablation2,3,20, arc 

discharge synthesis21–23, resistive heating24,25, and thermal plasma dissociation of 

hydrocarbons26,27, the second one is implantation of the atoms through the walls of the already 

existing carbon cages (ion bombarding28,29, high pressure treatment30,31,  explosion-

inducedpenetration32) and the third group includes chemical approaches via opening the 

orifices in the fullerenes (so called “fullerene surgery”)33,34. In practice the absolute majority of 

EMFs is nowadays produced with Krätschmer-Huffman arc discharge approach, so we will focus 

mainly on this group of methods.  

Krätschmer-Huffman procedure22, which is also called direct current (DC) arc-discharge 

method, was invented in 1990. This synthesis approach is based on evaporation of graphite 

rods in the electric arc, under inert atmosphere of helium to avoid the oxidation of carbon. The 

general construction of the DC arc discharge machine is illustrated in figure 1.4. 

It consists of a cylindrical water-cooled chamber with two electron inlets connected to 

a power source. During the synthesis procedure, two hollow graphite rods, filled with a mixture 
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of metals or metal oxides and organic dopants, are fixed inside the generator with the help of 

specific holders and used as anode and cathode in DC arc discharge process, which induces 

carbon evaporation from the anode. Normally, during the synthesis the anode and cathode are 

switched several times to efficiently evaporate both rods and prevent excess carbon depositing 

on the cathode. The arc current is varied in ranges of 100-200 amperes. 

 

Figure 1.4. Schematic view of a Krätschmer−Huffman machine used at IFW-Dresden, which is the 

representative DC arc discharge apparatus used in many groups nowadays.19The technical parameters 

used for the fullerene synthesis can be found in the Chapter 5. 

Before and after each procedure the chamber is pumped out. Products of the reaction 

in the form a black soot are deposited in the cold zones of the generator, then collected and 

prepared for further treatment. The main components of this soot are insoluble amorphous 

carbon particles and graphite and a total yield of the fullerenes (including empty cages) in EMFs 

synthesis is limited by several mass %. 

There is a number of methods for extraction of the fullerenes from the primary soot, 

obtained by arc-discharge synthesis. The most standard one is hot solvent Soxhlet extraction 

through a porous cellulose thimble with using carbon disulfide, toluene or o-dichlorobenzene 

as a solvent. Often it is preceded with 2-3 hour acetone pre-extraction to rinse the soot from 

most of the non-fullerene organic products. There have been also several attempts for 

separating EMFs from empty fullerenes and different EMFs from each other already at the step 

of extraction: extraction with polar solvent35–37, multi-step extraction38, high-temperature high-

pressure extraction39, and solid-phase extraction40 (see also Section 1.2.4. Alternative methods 

of EMFs separation). 
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1.2.2. Selected EMF families: synthesis and structures. 

During the first years after EMFs discovery research was focused mainly on 

monometallofullerenes: their synthetic procedures have been evolving step by step as more 

knowledge and experience have been accumulated41. The most efficient approach occurred to 

be the Krätschmer-Huffman arc-discharge evaporation of graphite rods22, filled with metal 

oxide dopants, as described above. The primary soot in such syntheses contained empty cages 

and several monometallofullerenes with dominating MIII@C82-C2v compound. Generally the 

total yield of the endohedral fullerenes is less than 1%. 

In monometallofullerenes, metal usually adopts the oxidation state of +2 or +3, 

transferring all valence electrons to the cage, so the total charge distribution can be written as 

Mx+@C2n
x−. 

 

Figure 1.5. Molecular structures of different EMFs types (left to right, top to bottom): La@C82-C2v(9); 

Sc2@C82-C3v(8); Sc3N@C80-Ih(7); Sc2S@C82-C3v(8); Y2C2@C100-D5(450); Sc4O2@C80-Ih(7). Carbon atoms in 

the fullerene cage are grey; endohedral carbon atoms are shown in orange, nitrogen is blue, oxygen is 

red, sulfur is yellow, Sc atoms are magenta, La is dark orange, Y is dark green. 

In 1999 Steven Stevenson and his colleagues demonstrated that introducing a small 

amount of nitrogen gas into the Krätschmer-Huffman generator during vaporization of graphite 

rods containing metal oxides leads to  a new clusterfullerene, Sc3N@C80-Ih42. Discovery of this 

nitride clusterfullerene was the beginning of the “Nitride era” in EMF research. 

In M3N-clusterfullerenes, metals are in the oxidation state +3, wherein one electron is 

donated to internal nitrogen and two electrons - to the carbon shell. Thus, the formal charge 

distribution in the molecule is (M3+)3N3-@C2n
6-. This is the highest value of the negative charge 
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on the carbon cage, which can be adopted in EMFs to date. So far as stability of different 

fullerene cages is substantially determined by their charge state, the combination with M3N 

cluster allows to catch those cages, which are not available as empty fullerenes or 

monometallofullerenes. In particular, the fullerenes from M3N@C80-Ih family occur to be 

extremely stable, whereas neither empty C80-Ih fullerene, nor monometallofullerene with the 

C80-Ih cage of icosahedral symmetry has ever been isolated43. 

Synthetic procedure suggested by Stevenson et al in 1991 has been later modified. In 

2002 the group of Lothar Dunsch developed a new Reactive Gas method44: introducing small 

amounts of NH3 to the Krätschmer−Huffman generator of local design led to formation of 

nitride clusterfullerenes as the main fullerene products, while the relative yield of the empty 

fullerene and conventional metallofullerenes was less than 5%. Further advance on this way 

was employment of solid nitrogen source such as guanidium thiocyanate, guanidinium 

hydrochloride, urea or melamine45,46. This method also allows to suppress formation of empty 

fullerene and synthetize nitride clusterfullerenes with high yield.  

The cage distribution is metal size dependent: for the smallest Sc, the soot contains 

Sc3N@C80-Ih as the main fullerene product (in case of mixed metal systems it turns to mixture 

of different Scx(M´)3-xN-based compounds, where x=0, 1, ..., 3), substantial amounts of the 

second isomer of C80-cage EMF,Sc3N@C80-D5h, as well as Sc3N@C78-D3h, Sc3N@C68-D3, 

Sc3N@C82-C2v(9),and some empty fullerenes. In case of medium size metals such as, for 

example Er, Lu and Dy, the clusterfullerenes with higher cages (C84-C88) can be isolated as well, 

although nitride clusterfullerene with C80-Ih cage isomer is still the main EMF product47. For 

such lanthanides as La, Ce, Pr and Nd the cage size distribution is shifted to larger cages. In 

particular, for Nd-based NCFs, Nd3N@C88was the dominating  EMF product of the synthesis, 

while only small amount of C80-IhEMFwas formed48. In case of La, the distribution is further 

shifted to La3N@C92 and La3N@C96 as the main EMF products49. The total relative yield of EMFs 

in these cases is substantially decreased. Wherein in mixed metal systems, such as Gd/Sc, Nd/Sc  

and La/Sc, and several other mixed-metal nitrides Mx(M´)3-xN@C80-Ih have been formed with 

good yield50,51. 

Dimetallofullerenes have been observed in mass spectrum of primary soot in parallel to 

monometallofullerenes since the very first years of EMF research, but their yields have been 

usually considerably lower, that complicated their isolation and further characterization41. As it 

has been demonstrated in several recent works52,53 dimetallofullerenes can also be obtained 
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as minor products in arc-discharge procedures with nitrogen source. In this case 

dimetallofullerenes are eluted in the higher nitrides region after the main fraction of M3N@C80-

Ih fullerenes.  

The first dimetallofullerene, La2@C80, was isolated as an individual compound in 199154, 

and the Ih(7) isomer was suggested for its cage structure, based on quantum chemical 

calculations, but unambiguous confirmation, based on 13C NMR and 139La NMR was reported 

only six years later55. Subsequently C80-Ih dimetallofullerenes with other metals such as Ce, Pr 

and also mixed dimetallofullerene have been successfully separated and structurally 

elucidated56–58. For Ce- and La-based dimetallofullerenes also minor C80-D5h cage isomers have 

been found, similarly to nitride clusterfullerenes58,59. 

For C82-based dimetallofullerenes there are also several different cage isomers, that 

have been isolated and characterized: M2@C82-Cs(6), M2@C82-C3v(8) and the minor M2@C82-

C2v(9). For the first two, the structures were determined by single-crystal X-ray diffraction of Er-

based dimetallofullerenes in 200260,61. For theC3v isomer there are also 13C NMR data, obtained 

for Y2@C82-C3vand Sc2@C82-C3vsamples. Structure of the less-abundant M2@C82-C2v(9)isomer 

was established by UV−vis−NIR absorption spectra comparison. So far as EMFs absorption 

behavior is mostly determined by the π→ π* excitation of the carbon cage π-electrons, 

fullerenes with the same cage isomer (and in the same charge state) but different internal 

cluster usually have quite similar shape of their UV−vis−NIR spectra. This phenomenon is 

especially pronounced in case of C82EMFs: the spectra of three different isomers of Er2@C82 are 

virtually identical to those of Er2C2@C82 and Y2C2@C82
62

 (figure 1.6). Thus, the C82-C2v structure 

was suggested for the third minor isomer of Er2@C82, based on the structure of the 

corresponding carbide clusterfullerene,Y2C2@C82, established earlier by 13C NMR. Similarity of 

the UV−vis−NIR spectra has also allowed to establish the structures of different isomers of 

Tm2@C82 and TmHo@C82, synthetized by mixed Ho/Tm arc/discharge synthesis in 200063. 
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Figure 1.6. UV−vis−NIR absorption spectra of (Er2C2)@C82 and Er2@C82 isomer I (Cs), II (C2v) and III (C3v) 

in CS2 solvent at room temperature. These spectra are normalized with the absorbance at 400 nm, 

respectively. Isomers in original work are numbered in order of their elution from the column. 

Reproduced with permission from62. 

Generally dimetallofullerenes are characterized by a wide diversity of cage sizes. In 

addition to the M2@C80and M2@C82families, a list of other dimetallofullerenes have been 

isolated and characterized, among them: non-IPR Sc2@C66-C2v(4059), non-IPR La2@C72-

D2(10611) and Ce2@C72-D2(10611), La2@C78-D3h(5) and Ce2@C78-D3h(5), Sm2@C88-D2(35), 

Sm2@C90-C1(21), and Sm2@C92-D3(85) and Sm2@C104-D3d(822), the largest structurally 

characterized EMF to date. 

When metals in dimetallofullerene adopt the highest oxidation state +3, the charge 

distribution is (M3+)2@C2n
6-, similar to nitride clusterfullerenes. Such dimetallofullerenes are 

often stabilized with the same cage isomers, as nitride clusterfullerenes do, e.g. C80-Ih, C80-D5h, 

C78-D3h. At the same time, for C82-based EMFs to date there has been no common opinion about 

metal and carbon cage charge state.  In chapter 2 of the present work we will provide our line 

of arguments and experimental proofs concerning this issue. 
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Similarly to dimetallofullerenes and monometallofullerenes, carbide clusterfullerenes 

have been obtained in synthesis without nitrogen source since the early period of EMF 

research. Acetylide group in carbide clusterfullerene molecules is carrying the charge of 2−, so 

the charge distribution in dimeatllocarbide is (M2C2)4+@C2n
4−. 

Mass-spectroscopy does not allow to distinguish the peak of carbide clusterfullerene 

M2C2@C2n from the peak of dimetallofullerene M2@C2n+2, so these two classes have been 

sometimes mixed up, especially in the first years of fullerene studies. Later, when the amount 

of accumulated material allowed to involve such methods as NMR and single-crystal or powder 

XRD, some “dimetallofullerenes” have been found to be actually carbide clusterfullerenes. The 

first example is Sc2C2@C84-D2d(23), which was initially thought to be “Sc2@C86”: in 2001, 

Shinohara et al. demonstrated, that this compound exhibits 11 lines in the range of C-sp2 atoms 

in 13C NMR spectra64. Such a spectral pattern could not be assigned to any of the IPR isomers 

of the C86cage, but switching to C84 cages provided perfect fit with the C84-D2d(23) isomer. This 

structure  was also confirmed by powder synchrotron X-ray studies with Rietveld/MEM analysis, 

which revealed additional electron density due to the rapidly rotating acetylide group64, and 

later by single-crystal XRD65.  

Several years later the structures of clusterfullerenes from the “M2@C84” family have 

been similarly reassigned to carbide clusterfullerenes M2C2@C82. In 2004, 13C NMR 

spectroscopic studies of the three isomers of “Y2@C84” revealed, that these EMFs were in fact  

isomers of Y2C2@C82 with Cs(6), C3v(8), and C2v(9) carbon cages66. The structure of dominating  

Y2@C82-C3v(8) isomer was also approved by powder synchrotron Rietveld/MEM X-ray analysis67. 

For Sc2C2@C82 a close similarity of UV−vis−NIR absorption spectra of “Sc2@C84” and “Dy2@C84” 

EMFs with the spectra of already known isomers of Y2C2@C82 revealed that the first two also 

have carbide clusterfullerene structure. Analogous comparison allows one to assign three 

isomers of Er2C2@C82as Er2C2@C82-Cs(6), Er2C2@C82-C3v(8) and Er2C2@C82- C2v(9)62, as has been 

already discussed above in dimetallofullerenes section. 

The structure of the Sc2C2@C82-C3v(8) main isomer was confirmed two years later by 13C 

NMR spectroscopy68 and by powder synchrotron X-ray diffraction with Rietveld/MEM analysis, 

which uncovered  an additional electron density in the center of the cage corresponding to the 

acetylide group69.  Single crystal XRD confirmation of the structure was not achieved for a long 

time due to disorder of the Sc2C2@C82 molecules in the crystal lattice, although in 2007 Nagase 

et al obtained good quality crystals of Sc2C2@C82-C3v(8) adamantylidene adduct. In 2012 the 
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same group finally managed to gain well-ordered crystal of nonderivatized Sc2C2@C82-C3v(8) via 

cocrystallization with Co(OEP). 

The structure of the Sc2C2@C82-Cs isomer was confirmed in 2011. Akasaka et. al. have 

found the signal from the acetylide group (244.4 ppm) in the 13C NMR spectrum of a 13C-

enriched sample; single crystal XRD experiment results for the Sc2C2@C82-Cs(6) pyrrolidine 

derivative have been published in the same work, that unambiguously confirmed the structure 

of this isomer. 

In 2010 group of Lothar Dunsch has demonstrated that in case of arc-discharge 

synthesis with guanidium thiocyanate as a nitrogen source, some sulfur-containing fullerenes 

could be found in the primary soot70.  Authors have managed to isolate several compounds 

with common formula M2S@C82 (M=Sc, Y, Dy and Lu), comparison of UV−vis−NIR absorption 

spectra has uncovered the M2S@C82-C3v(8) structure for all EMFs. This conclusion was also 

supported by quantum chemical calculations and, in case of Sc2S@C82, by vibrational 

spectroscopy. The same year Ning Chen from the group of Luis Echegoyen has developed a new 

synthetic method based on the use of SO2/helium atmosphere in the Krätschmer–Huffman arc-

discharge reactor71. This approach allowed to increase the yield of sulfide clusterfullerenes, 

wherein formation of other EMFs was suppressed. 

During the following years several sulfide clusterfullerenes such as Sc2S@C82-

Cs(6)72,Sc2S@C82-C3v(8)72, Sc2S@C72-Cs(10528) with non-IPR cage11, synthesized from 

SO2/helium arc discharge processes, have been isolated and their structures have been 

determined by method of single-crystal XRD. 

In sulfide clusterfullerenes the sulfur adopts the oxidation state 2−, so the total charge 

distribution is similar to carbide clusterfullerenes: (M2S)4+@C2n
4−

. Cage size and structure are 

also quite similar, that implies in similar set of cages for corresponding EMF families: the most 

abundant sulfide clusterfullerenes also haveC82-C3v(8) and C82-Cs(6) cage isomers. 

1.2.3. HPLC as a main method of EMF separation 

The most powerful approach for the fullerene separation is High Performance Liquid 

Chromatography (HPLC), based on different distribution of compounds between a stationary 

phase (chromatography column) and a mobile phase (flowing solvent), that results in the 

difference of their retention times. This difference in distribution is determined by such 

properties as boiling temperature, polarity, electric charge (for ionic compounds), size of the 

molecule, and some others.73 
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The most suitable stationary phase for fullerenes HPLC-analysis and separation was 

proved to be silica gel, modified with different aromatic groups. Herein, there are two main 

mechanisms, providing retention: the π-π interaction between aromatic rings of the column 

and π-electron density of the fullerene cage and charge transfer interaction between the 

stationary phase and induced dipole moment produced from the charge transfer inside the 

fullerene cage19,74. 

In particular, Cosmosil has invented several columns for fullerenes (see figure 1.7): 

Cosmosil Buckyprep is the simplest one and is intended for the separation of empty cages, 

Cosmosil Buckyprep-M is specified for EMFs separation and Cosmosil Buckyprep-D with more 

polar addends is specified for the separation of empty and endohedral fullerene derivatives75. 

 

Figure 1.7. Stationary phase modifiers of different columns exploited for HPLC separation of fullerenes: 

dimethyl-3-(1-pyrenyl)-propyl – Cosmosil Buckyprep column (a); dimethyl-3-(N-phenothiazinyl)propyl - 

Cosmosil Buckyprep-M column (b); dimethyl-3-(N-dinitrocarbazolyl)propyl- Cosmosil Buckyprep-D 

column (c)75. 

The choice of mobile phase is determined by several criteria, such as the chemical 

inertness with response to stationary phase, low viscosity and reasonable solubility of 

fullerenes. The most frequently used solvents are toluene, o-dichlorobenzene, hexane and their 

mixtures.  

Detection of different EMF compounds eluted from the HPLC column is usually provided 

by UV−vis−NIR absorbance detector. Collected data (chromatogram) is presented as a 

dependence of selected wavelength absorbance from retention time; each peak represents (in 

ideal separation conditions) an individual compound. Both qualitative and quantitative 

information about mixture composition can be concluded from the HPLC- chromatogram. 



18 

 

Usually, EMF primary soot is a comprehensive mixture of quite similar components and 

in the HPLC-trace we can observe many overlapping peaks. As a consequence, HPLC isolation 

of individual components becomes non trivial and time consuming task. The retention behavior 

is mostly determined by the cage structure, that makes separation of fullerenes with identical 

cages (e.g. mixed nitride clusterfullerenes50,76,77, dimetallofullerenes and related metal 

carbides69) especially difficult.  

In majority of cases, multi-step HPLC separation is needed for isolation of individual 

EMFs: the fractions collected by the first chromatographic procedure and containing several 

different EMFs undergo further HPLC stages to get the individual compounds. The final 

separation step often involves the recycling chromatographic technique as an effective 

approach for the separation of compounds with minimal difference in retention time. 

 

Figure 1.8. Recycling HPLC chromatograms of two fractions A and B containing mixture of  

GdxSc3-xN@C80 EMFs (Ih, x = 0-2) which was first isolated by conventional HPLC as the first-step 

separation. Reproduced with permission from50. 

Compared to the classical one-cycle process, in recycling technique the compounds are 

passed through the same column several times, providing increased effective path. The sample 

passes in the column wherein the difference of retention times tR1-tR2 can be enhanced after n 

cycle-procedure up to value of n*(tR1-tR2) until sufficient resolution is achieved. 
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1.2.4. Alternative methods of EMFs separation 

So far, as multistep HPLC-isolation of individual EMFs is rather time and labor-

consuming, in the last decades many research groups have been looking for alternative 

separation techniques. Today we know several approaches, allowing to avoid or sufficiently 

simplify the HPLC-separation procedure. 

In 1991 Chaj et al3 suggested a method of fractional sublimation, based on difference in 

sublimation energies (ΔHsub), that can be successfully utilized for separation endohedral 

fullerenes from empty fullerenes3,78,79. 

Intensive studies of the EMFs chemical behavior during the last decade have revealed 

significant differences of their reactivity in comparison to empty cages, as well as between 

different types of EMFs80. This phenomenon has been used in several separation approaches. 

In 2005 Dorn demonstrated substantial difference in fullerene reactivity with respect to Diels-

Alder reaction with cyclopentadienyl functionalized resins81, which was employed to develop a 

scalable separation procedure. Passing toluene solution of standard Sc2O3/graphite arc 

discharge synthesis extract through the column packed with cyclopentadienyl functionalized 

resins resulted in isolation of Sc3N@C80-Ihisomer with 60% purity81,82. Further purification was 

performed with help of HPLC. Reacted fullerenes were recovered from the column by treating 

with hot maleic anhydride/toluene mixture. Later in 2013 C. Wang and his colleagues used well 

known Prato dipolar cycloaddition following by selective retro-reaction of pyrrolidine group to 

simplify the separation of nitride clusterfullerenes with Sc, Lu, Ho from empty fullerenes83. 

Another fundamental approach to non-chromatographic separation of EMFs employs 

the differences in their electrochemical properties. Here two groups of techniques can be 

distinguished: direct electrolysis-assistant separation and using of selective redox agents.  

The first electrolysis-based approach of the EMF separation was proposed in 1998 by 

Diener and Alford84. The authors synthesized Gd-EMFs and used sublimation technique 

followed by dissolution of the sublimate in o-xylene. Mass-spectrometric analysis indicated that 

initial sublimate contained some fullerenes which were not detected in the o-xylene extract – 

most of them were monometallofullerenes such as Gd@C60 and Gd@C74. Electrolysis of the 

insoluble part suspended in benzonitrile at −1.0 V versus Ag/AgNO3 reference resulted in 

dissolution of the 98% of the particles. Mass-spectroscopic measurements of the reoxidized 

sample showed the presence of the “missing” EMFs. Thus, authors have unexpectedly revealed 
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a new method for separation of those fullerenes, which are not accessible with standard 

extraction techniques. 

In 2004 Akasaka and coworkers developed an effective separation technique85, based 

on electrochemical reduction of the fullerene extract in o-DCB at the potential of saturated 

calomel electrode (−0.60 V versus Fe(Cp)2
+/0 pair). At this potential mono- and 

dimetallofullerenes (such as La@C82 and La2@C80) are reduced, whereas empty fullerenes with 

more negative reduction potentials stay neutral. After electrolysis the solvent was evaporated 

and the solid residue was treated by polar acetone/CS2 mixture, to dissolve anionic EMFs, while 

neutral empty fullerenes remained insoluble.  

 

Figure 1.9. Mass spectra of extracts from the soot, produced by the arc-discharge of Pr6O11/carbon rods: 

(a) toluene Soxhlet extract at its boiling point, (b) toluene extract at high temperature, high pressure, 

(c) pyridine extract at high temperature, high pressure. Reproduced with permission from39. 

Selective reduction or oxidation of EMFs can be achieved also with the help of redox 

reagents or even the solvent used for the fullerene extraction. Since the early studies of EMFs 

the extraction with some N-containing solvents (such as N,N-dimethylformamide36,38,86, 

pyridine35,39,87,88and aniline37,89) has been shown to be powerful method for getting extracts, 

enriched with EMFs. 

It has been revealed, that molecules of solvent in these experiments act as a donor90, 

providing effective charge transfer to EMFs; the resulting extract is then a solution of EMFs 

anions (that can be later reoxidized). Due to this phenomenon, better extraction of EMFs from 

the soot can be achieved. Furthermore, it allows extraction of the EMFs which are not 
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extractable by standard solvent (e.g., M@C60 compounds are efficiently extracted only with 

aniline89). In 2006 the group of Akasaka have demonstrated the same mechanism of 

dimethylformamide (DMF) extraction of La-containing EMF mixture36,91. Solubility of empty 

non-charged fullerenes in DMF is very low, so this solvent extract predominantly La-EMFs as 

anions. Such La-EMF DMF extracts can be then dissolved in polar acetone/CS2 mixture in a 

similar way to the electrolysis-assisted separation described in their previous work. 

A separation procedure based on selective oxidation was developed by Bolskar et al. 

and successfully applied for Gd-EMFs78,92. The procedure employed three oxidants of different 

strength: Ag+ salts (E+/0 +0.65 V versus Fe(Cp)2
+/0), tris(4-bromophenyl) aminium 

hexachloroantimonate (also known as “magic blue”, E+/0+0.70 V versus Fe(Cp)2
+/0)  and AlCl3 

(E+/0=+ 1.1 V versus Fe(Cp)2
+/0)  and subsequent separation based on the different solubility of 

neutral and charged species. The authors have divided the typical extract of Gd@C2n EMFs into 

three different fractions, from one of thoseGd@C82 was further chromatographically separated 

in one step. 

The first EMF, isolated by the method of selective oxidation was Ih isomer of Sc3N@C80 

(separated from the mixture with Sc3N@C80-D5h by Echegoyen et al. in 200593). Authors have 

demonstrated that due to the difference in oxidation potentials of two isomers (which is 0.27 

V more cathodic for the Sc3N@C80-D5h), a selective reagent could be found to oxidize only the 

second isomer, while the first will stay neutral. This procedure also can be employed or the 

separation of pure Sc3N@Ih-C80from the standard extract of Sc-based EMFs94.  

In 2010 Shinohara et.al. used selective oxidation with tris-(4-bromophenyl) salt to isolate 

Li@C60 from empty C60
95.The product was finally crystallized as [Li@C60]+(SbCl6)–, allowing to 

determine its structure by XRD.  

Remarkable progress in non-chromatographically separation of EMFs was made by the 

group of Professor Steven Stevenson from Indiana-Purdue University Fort Wayne. In 2006 

Stevenson first invented so-called “Stir and Filter approach”96 (“SAFA”). Fullerene extract is 

added to the modified silica gel suspension, stirred, and then passed through a filter. Different 

fullerenes are interacting with amine-functionalized silica, which traps more reactive 

compounds, while less reactive ones remain in the filtrate. Making first experiments with 

standard Sc2O3/graphite arc discharge extract, authors have found, that reactivity with 

response to amino silica is decreasing in the series C76> C78> C70> C84> C60> M3N@C68> 
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M3N@C78> M3N@C80-D5h > M3N@C80-Ih. Variation of different types of silica gel and the stirring 

time enabled isolation of pure Ih isomer of Sc3N@C80(recovery up to 93%)96,97. 

 

Figure 1.10. Schematic of the “Stir and Filter Approach” (SAFA) separation of EMFs. Reproduced with 

permission96. 

SAFA method is following the same concept, which has been used earlier by group of 

Dorn in their experiments with cyclopentadienyl functionalized resins. However, reaction with 

amino-silica (i.e., electron transfer and addition) was found to be more selective than Diels-

Alder 4+2 cycloaddition, used by Dorn et. al. 

Later authors expanded their “SAFA” experiments to Er- and Gd-containing fullerene 

mixtures and managed to separate pure Er3N@C80-Ih and a fraction, enriched with Gd3N@C80-

Ih98
.  

 

Figure1.11. MALDI mass spectra showing selectivity of release and fractionation of different types of 

Er metallofullerenes for samples obtained upon addition of (a) 0–600 mL, (b) 1200–2300 mL, and (c) 

3000–3300 mL of CS2 eluent. Reproduced with permission from98. 
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In the same work it has been demonstrated, that trapped fullerenes can be released 

from the silica precipitate by CS2 washing. Moreover, sufficient selectivity has been observed 

during multi step washing of the reacted silica, very first fractions contain different fullerenes 

when comparison to those obtained by long washing. In particular, Er2@C82 dimetallofullerene 

(about 90% pure, mixture of isomers) has been isolated as a first fraction washed from reacted 

silica. 

In parallel to the SAFA method, the group of Stevenson has been developing another 

approach for HPLC-free EMF separation: selective oxidation with Lewis acids. Reactions of Lewis 

acids with fullerenes have been known from the very first years of fullerene research. In 1991 

Olah et al. reported AlCl3-catalyzedpolyarylation of empty cage fullerenes (either pure C60 or a 

mixture of C60/C70, benzene solution)99: 

 

The authors have noted that single electron transfer (SET) can also take place in redox 

processes for Lewis acid halides that are more easily reducible. These experiments revealed 

different reactivity of C60 and C70 to Lewis acids. (C70 was shown to be more reactive). In 1994 

groups of Olahand Bucsi employed this reactivity differences to develop a scalable separation 

method100.Addition of AlCl3 to CS2 solution of fullerene mixture resulted in precipitation of more 

reactive C70, while most of C60 remained in solution. After filtration, the filtrate was shown to 

be pure C60 (>99.8%, 73% recovery). The Precipitate consisted of a mixture of C60 and C70 

charge-transfer complexes with AlCl3. The authors also demonstrated that complexation is 

reversible and both fullerenes can be successfully recovered from the precipitate. 

In 2009 Stevenson et al performed the first reactions of Lewis acids with EMFs101. 

Starting with standard Sc-arc discharge extract containing scandium nitrides Sc3N@C68, 

Sc3N@C78, Sc3N@C80-D5h, Sc3N@C80-Ih, scandium oxide Sc4O2@C80-Ihand empty cagesC60and 

C70as main components. The authors revealed that all the EMFs were much more reactive than 

empty fullerenes. 
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Figure 1.12. Correlation of the rate constants from metallofullerene reactions with Lewis acids versus 

the electrochemical band gap. Blue square shows area of the predicted electrochemical band gap of 

Sc4O2@C80-Ih.Reproduced with permission from101. 

Wherein the reactivity decreased in series of Sc4O2@C80-Ihb> Sc3N@C78b> Sc3N@C68 > 

Sc3N@C80-D5h > Sc3N@C80-Ih > C70 > C60, that was related to the value of electrochemical band 

gap. Interestingly, the author have employed this correlation to predict the value of Sc4O2@C80 

band gap (figure 1.12). This prediction is in a good agreement with experimental value of 1.10 

V, observed later by Popov and colleagues102. 

These chemical reactivity differences were manipulated into effective separation 

method. Using two different Lewis acids (stronger FeCl3 and weaker AlCl3) and tuning the 

reaction time, authors managed to separate primary metallofullerene extract into several 

fractions, each containing different type of EMFs, including isomeric pure fraction of Sc3N@C80-

Ih. The recovery of precipitate was carried out with serial treatment by ice water, sodium 

bicarbonate, and excess of CS2. As a non-chromatographic method, Lewis acids-based 

purification approach requires no special columns and no HPLC fraction collection. 

In 2012 group of Shinohara103 reported interactions of Lewis acids with other types of 

endohedral fullerenes, such as mono- and dimetallofullerenes and carbide clusterfullerenes. 

After trying several Lewis acids finally authors have found TiCl4as the best agent for quick and 

effective separation of fullerene mixtures. In only 10 minutes, EMFs can be complexed, 

precipitated, and isolated from unreacted lower empty-cages (e.g., C60, C70). 
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Herewith the EMF first oxidation potential was demonstrated to be the crucial factors 

for efficient purification: all fullerenes, having first oxidation potentials lower than 0.50−0.60 V 

can be equally well separated and purified in a single reaction step. The one with lower 

potential will precipitate first, that can be also employed in separation methodic. In particular, 

a mixture of Ce2@C80 (E+/0 =+ 0.55 V versus Fe(Cp)2
+/0) and Ce@C82 (E+/0=+ 0.08 V versus 

Fe(Cp)2
+/0) can be separated into Ce2@C80 as a filtrate and fraction, enriched with Ce@C82 as a 

precipitate. 

Also in 2012, the same group reported the mechanism of EMF -TiCl4interactions104. 

These results have confirmed that reactivity of empty fullerenes and endohedrals with TiCl4 is 

a function of the first oxidation potentials. Formation of the metallofullerene-TICl4 complex 

proceeds with one electron transfer from the endohedral to Lewis acid molecule. 

In 2013 Stevenson et al53 have demonstrated that using of CuCl2 as a weaker Lewis acid 

than AlCl3 or TiCl4, allows to lower the precipitation threshold from +0.62 V to +0.19 V (we are 

using potential values given versus Fe(Cp)2
+/0 throughout this discussion). Thus, one can 

separate highly reactive (E+/0<0.19 V) EMFs from the less reactive (E+/0>0.19 V) ones. In 

particularSc4O2@C80-Ih can be isolated from the mixture with other metallic oxide endohedrals; 

Sc3C2@C80 (E+/0 = −0.04 V,) can be isolated as a dominating EMF from the mixture with other 

metallic carbide endohedrals; Sc3N@C78 (E+/0= 0.12 V105)can be easily separated from Sc3N@C68 

(E+/0= 0.33 V106) and from both D5h (E+/0= 0.34 V107) and Ih (E+/0 = 0.62 V108) isomers of Sc3N@C80. 

Moreover, in this work non-HPLC separation of different Er-based dimetallofullerenes 

was demonstrated for the first time. Authors started with the standard Er2O3-based arc-

discharge synthesis extract. After separating of Er3N@ C80-Ihwith help of SAFA method, mixture 

contained two dimetallofullerenes, Er2@C82-Cs(6) and Er2@C82-C3v(8), as main EMF products 

and some empty cage fullerenes (see fig. 1.13a). Addition of CuCl2 as a first step of separation 

resulted in precipitation of mainly Cs isomer, while most of C3v isomer remained in the solution 

and was precipitated with addition of AlCl3 at the second step. At that time no information 

about redox properties of Er2C2@C82-Cs(6) has been available, while Anderson et al88 have 

reported the first oxidation potential of Er2C2@C82-C3v(8) as +0.19 V obtained from Square 

Wave Voltammetry experiment in pyridine. Nevertheless this experiments have demonstrated, 

that oxidation behavior of these two isomers is different, Er2C2@C82-Cs(6) being easier to 

oxidize. 
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Figure 1.13. Scheme of Er2C2@C82-Cs(6), Er2C2@C82-C3v(8) separation (a) HPLC chromatogram before 

reaction with CuCl2 or AlCl3, (b,d) HPLC chromatograms of the decomplexed precipitates obtained after 

44 min of reaction time when using (b) CuCl2 or (c) AlCl3.Reproduced with permission from53. 

In 2014, Stevenson et al109compared reactivity of 11 different Lewis acids in 

experiments with Gd3N –based EMFs. The goal was to determine a range of precipitation 

thresholds and find the matching agent for selective precipitation of targeted Gd endohedrals. 

Authors found CaCl2 and ZnCl2 to be the weakest Lewis acids of the 11 tested, that could provide 

the most selective separation. 

 

Figure 1.14. Selectivity and reactivity of Gd-based metallofullerenes with a variety of Lewis 

acids. Reproduced with permission from109. 

In particular, matching these weak Lewis acids with the very low 1st oxidation potential 

of Gd3N@C88 (E+/0 = 0.06 V110) allowed selective precipitation of Gd3N@C88 from Gd soot 

extract. Further in 2016 this fullerene was separated by ZnCl2 complexation and finally purified 

with SAFA method, that allowed to determine its structure with single-crystal XRD111.  
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1.3. Electrochemistry of EMFs 

1.3.1. Methods of Cyclic voltammetry and Square Wave Voltammetry 

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement, 

generally applied for solutions. In a cyclic voltammetry experiment three electrode scheme is 

employed. The working electrode potential is scanned linearly until reaching of some switching 

potential value and then back to the initial potential. These cycles of scans in potential may be 

repeated several times.  

 

Figure 1.15. The linear potential scan versus time 

In cyclic voltamogramm the current between the working electrode and the counter 

electrode is plotted versus the applied potential. In absence of redox activity this graph 

represents itself a plain curve with small contribution of capacitive current (range from −0.2 to 

0V at the figure 1.16). This current, also called "non-faradaic" or "double-layer" current, does 

not involve any charge transfer reactions, but is responsible for accumulation (or removal) of 

electrical charges on the electrode surface and in the electrolyte solution near the electrode. 

When the potential is close to the redox potential of the target substance, one can observe the 

peak of the current due to the charge transfer between molecules in solution and working 

electrode (so called Faraday current, area of 0 to +0.3V at the figure 1.16.). When the redox 

process is reversible, the peak of the reversed charge transfer can be observed during the back 

potential scan as well. 

The simplest Faradaic electrode reaction is the heterogeneous charge transfer in which, 

dependent on the given electrode potential, compound A is reduced to compound B (electron-

transfer mechanism: E mechanism):  

� + ��̅ → � 
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The charge-transfer process in the near-electrode area is described by the Butler-

Volmer equation112: 

�	
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��
�����                   (Eq. 1.1) 

where k0 is rate constant of heterogeneous charge transfer, a is transfer coefficient, A is 

electrode area, j is flux at the electrode interface, F is Faraday constant, CA and CB are 

concentrations.  

The other process, that can influence the voltammogram peak shape is diffusional mass 

transport, that occurs because of the difference between the resulting potential-dependent 

surface concentrations CA(O,t) and CB(O,t) and the bulk concentrations in the rest of the 

solution. The concentration gradient at the electrode surface is directly proportional to the 

charge flux:  

!	
0, � = −"	 #$%&$' (')� = "� #$%*$' (')�                                                       (Eq. 1.2) 

Depending on the ratio of these two processes rates, three main types of processes can 

be distinguished: 

1) Reversible process. k0> 10-1sm/s. At high rates of heterogeneous charge transfer, the 

current at the electrode surface is limited by the diffusion mass transport process, which is 

hence the slowest step (hence diffusion control). Dynamic equilibrium is established at the 

phase boundary. The Butler-Volmer equation is reduced to the Nernst equation, i.e. the surface 

concentrations CA(0, t) and CB(0, t) are determined only by the actual electrode potential and 

are no longer influenced by heterogeneous kinetic effects: 

+ = +� + ,-
�� ln	#

%&
%*
(                                                                                                    (Eq. 1.3) 

This case is titled reversible because a thermodynamic equilibrium between anodic and 

cathodic forms exists at the phase boundary. On the voltammogram we can observe the peak 

of forward process and peak of reverse process with equal current values. The equilibrium 

potential is then measured as a half-sum of the forward and reversed potentials. A peak-to-

peak separation at standard conditions (298K) is 0.059 V for a single-electron transfer reaction, 

which is determined by the formula: 
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∆+2 =	 3�45�637  = 2.3
,-
�� (Eq. 1.4) 

 

 

Figure 1.16. Cyclic voltammograms for the reversible (a), quasi-reversible (b) and irreversible (c) 

charge transfer processes. 

 

2) Irreversible process: k0< 10-5sm/s. When charge transfer at the electrode is slow it 

becomes the limiting stage that determines the current. Depending on the potential, only one 

of the cathodic and anodic heterogeneous reactions has a measurable rate. No backward peak 

can be observed. The Nernst equation is not satisfied in this conditions, moreover the values of 

the peak potential formally cannot be compared with thermodynamic equilibrium potentials 

measured in reversible processes that must be considered in analyzing of electrochemical data. 

3) Quasi-reversible process. At intermediate charge transfer rates both the charge 

transfer and the mass transport determine the current. The Nernst equation is satisfied only 

approximately. On the voltammograms we can observe the reverse peak, but the peak-to peak 

difference significantly exceeds the value of 0.059 V. 

Another voltammetry technique, frequently employed for EMF studies is Square Wave 

Voltammetry (SWV). In SWV experiments the working electrode potential is varied as a square 

wave function of time, and the current is measured at the end of each half-wave, just prior to 

potential change (see Figure 1.17). The voltamogramm then shows a dependence of the 
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difference between reverse and forward current as a function of the applied potential. As a 

result, the contribution to the current signal resulting from capacitive current is minimal, that 

provides increase of sensitivity in comparison with standard voltammetry technique. The main 

disadvantage of this method is inability to distinguish the process reversibility. 

 

 

Figure 1.17. The square wave voltammetry potential scan versus time. IF and IR points indicate the 

sampling of forward and reversed current respectively. 

1.3.2. Cyclic voltammetry as applied to EMFs 

Voltammetry experiments with EMFs are generally limited with small amounts (0.1 mg 

or less) of the sample available. To overcome these difficulties, specific miniature cavities and 

electrode systems are constructed, that allows to decrease the solution volume and reach high 

EMF concentration in the near-electrode area. The design of such cell does not support 

employment of any standard reference electrode such as Standard hydrogen electrode or others. 

Generally, thin silver wire, covered with silver chloride, is used as a pseudo reference electrode, 

while all potentials are recalculated with respect to some internal standard. The most abundant 

internal standard in EMF electrochemistry is Ferrocene-Ferrocenium couple Fe(Cp)2
+/0, which 

undergoes reversible one-electron oxidation at 0.64 V113 versus the Standard hydrogen 

electrode. Electrochemical experiments with EMFs are typically carried out in glovebox to 

protect redox species from reactions with water and oxygen. The most commonly used solvent 

is o-dichlorobenzene, although in some cases THF and toluene/acetonitrile mixtures are 

applicable as well. In some earlier works88 redox behavior of EMFs was studied in pyridine 
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solutions, but later it was demonstrated that due to the donor-acceptor relationship between 

pyridine and fullerene, the observed potentials values were shifted.  

Scheme of the electrode system, employed in the present work and all the experimental 

details can be found in Chapter 5. 

1.3.2. EMF redox processes 

Electrochemical properties of endohedral metallofullerenes (EMFs) have been in focus 

of the researchers since mid-1990s, when the first isomerically pure samples became 

available114,115. Today almost any new isolated EMF or EMF derivative is characterized 

electrochemically. Studies of redox behavior provide information about the EMF electronic 

properties and stability. In particular, potentials of the first oxidation and reduction steps 

(E1/2(+/0) and E1/2(0/−)) are associated with correspondingly HOMO and LUMO level of the 

molecule. The value of HOMO-LUMO gap (gapEC), defined as the difference between E1/2(+/0) 

and E1/2(0/−) values in the electrochemical experiment, can be used, along with the op]cal gap, 

as a measure of the kinetic stability of fullerenes. 

Fullerene cages are known as good electron acceptors and can undergo multiple 

electrochemically-reversible single-electron redox processes in solution. E.g. electrochemical 

studies of C60havedemonstrated that it is able to reversibly accept up to 6 electrons116. Similar 

cathodic behavior is exhibited by higher fullerenes117–120. At the same time, oxidation of empty 

fullerenes generally occurs at relatively high positive potentials, making it difficult to achieve 

the reversible process in standard electrochemical experiment, there are only several works 

that describe the oxidation of empty fullerenes(C76, C78, C82, C84 etc.)117,119. 

Encapsulation of species inside the carbon shell results in more complex redox behavior 

of EMFs than that of empty fullerenes. The carbon cage in the EMF molecule can be considered 

as a special type of π-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 “innocent”, when it does not take part in the redox process. In a similar 

fashion, both the fullerene cage and the endohedral species can be redox active. 

Figure 1.18 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 of endohedral species 

remains constant during electrochemical processes (i.e. fullerene behaves as a “non-innocent” 
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ligand). In the second case, the endohedral cluster is the redox-active species, whereas the 

carbon shell behaves as an inert cavea, 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/π-system interface. This type of electron transfer is 

described as an endohedral (or in cavea) electron transfer process121. Endohedral redox activity 

is generally determined by the energy level of the metal-based molecular orbitals (MOs), which 

should be the frontier MOs (HOMO or LUMO) of the EMF molecule.  

 

Figure 1.18. Schematic description of the fullerene-based (up) and cluster-based (down) redox 

processes. In the first one, reduction 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 from121. 

Experimentally, the endohedral redox processes can be revealed via unusual redox 

behavior (e.g., shifted potential when compared to molecules with same cage isomer, metal 

dependence of the potential). Importantly, cluster-based reductions are usually 

electrochemically reversible, that also can serve as their indicator in some cases. 

Spectroelectrochemical methods such as electron spin resonance or nuclear magnetic 

resonance spectroelectrochemistry also allow to recognize endohedral activity19,120. Cluster-

based EMF cation and anion radicals demonstrate rich hyperfine structure of the ESR spectra 

that will be discussed in more details in ESR section. Modern methods of quantum chemical 

calculations also serve as a powerful instrument in revealing endohedral redox activity, as far 

as they reliably predict localization of the HOMO and LUMO. 
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1.3.3. Endohedral and cluster-based redox activity in different EMF families 

MonometalloMonometalloMonometalloMonometallofullerenes. fullerenes. fullerenes. fullerenes. In monometallofullerenes, metal atoms donate all valence 

electrons to the carbon cage. Generally the energies of metal-based electronic states appear 

to be far from the frontier MOs and both HOMO and LUMO are completely localized on the 

fullerene cage. Herewith monometallofullerene redox behavior is mostly determined by the 

structure and charge state of the fullerene cage. As a result, redox properties are not strongly 

dependent on a particular metal, and can be described using the separation into three groups: 

monovalent, divalent and trivalent metals. Wherein all monometallofullerenes exhibit 

electrochemically reversible reduction and oxidations. 

Among monometallofullerenes with encapsulated MI metal, Li@C60 is the only one 

produced in sufficient amounts for electrochemical experiment. In a neutral state Li@C60 is 

paramagnetic, and its stable form is the cation [Li@C60]+. It has been demonstrated that 

reduction behavior of [Li@C60]+ is similar to that of empty C60 but all reduction steps are shifted 

to the cathodic region by ca 0.6 V122 (figure 1.19). Such a shift can be rationalized taking into 

account Coulomb interaction of electrons delocalized over the fullerene with the positive 

charge located in the internal cluster.  

 

Figure 1.19. Square wave voltammetry of the [Li+@C60][PF6
−] salt compared to that of fullerene C60; 

Reproduced with permission from123 

Voltammetry curve of[Li@C60]+ can be also described as that of neutral Li@C60. In this 

case the first reduction of Li+@C60 is assigned as the first oxidation of Li@C60. If considered this 
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way, Li@C60 appears to be extremely easy to oxidize (−0.38 V) and easy to reduce (−0.95 V) due 

to an unpaired electron delocalized over the cage123.  

MII@C2n monometallofullerenes (MII = Ca, Sm, Eu, Tm, Yb; 2n = 74–94) are diamagnetic 

in the neutral state with closed-shell electronic structure. The first reduction potentials of all 

these EMFs are qualified in the range from −0.8 V to −1 V, that resembles empty cages with 

their electron acceptor behaviour124–126. At the same time the oxidation potentials of MII@C2n 

monometallofullerenes are usually within the reach of standard conditions124. Comparing redox 

potentials of several Yb and Sm mono-EMFs with C82 cages (Table 1.1), one can see that the 

variation of redox potentials due to the carbon cage isomerism can exceed 0.5 V, while variation 

of the metal has a minor influence (generally less than 0.05 V). 

 

Figure 1.20. Square wave voltammetry of monometallofullerenes MIII@C82-C2v(9) with trivalent 

lanthanides measured in o-dichlorobenzene. Reproduced with permission from 115 

The electrochemical behavior of the most abundant MIII@C2n family mono-EMFs (MIII is 

Sc, Y, La, Ce, Pr, Nd, Gd-Er, Lu) is substantially different from that of MI@C2n and MII@C2n EMFs 

because MIII@C2n molecules are radicals in the neutral state, having an unpaired electron 

delocalized over the fullerene cage. As a result, their gapEC values are usually very small (close 

to 0.5 V), and such EMFs are normally much easier to reduce or oxidize than empty fullerenes19. 

The most well-studied are MIII@C82-C2v(9) monometallofullerenes : in 1996 Suzuki et al 

have published the SQW results for La, Y, Ce and Gd-EMFs115. Comparison of the redox 

potentials reveals that potential values remain almost constant regardless the encapsulated 
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metall. Isomerism of the cage again (like it was for MII@C2n EMFs) has stronger influence: for 

instance, Cs(6) isomer of La@C82 is easier to oxidize than C2v(9) isomer by 0.14 V115. 

Interestingly, MII@C82-C2v(9) and MIII@C82-C2v(9) have very similar reduction potentials, but 

oxidation of the second group is almost 0.5 V more cathodic. 

DimetalloDimetalloDimetalloDimetallofullerenes. fullerenes. fullerenes. fullerenes. Whereas mono-EMFs exhibit only cage-based redox activity, the 

encapsulation of two metal atoms inside the fullerene cage can lead to the cluster-based redox 

processes. 

Quantum chemical calculations show, that dimetallofullerenes with six-fold charged 

cages, such as La2@C80, have cage-based HOMO and endohedral LUMO, so one can expect to 

see untypical metal-based reduction, while the oxidation will be cage-based.  

This suggestion is supported by experimental data. Cyclic voltammetry studies of Ce- 

and La-based dimetallofullerenes La2@C2n (2n = 72, 78, 80) demonstrate that these EMFs 

exhibit 2-3 reversible single-electron reduction steps127,128. The first reduction occurs at notably 

positive potentials and is metal dependent – for Ce di-EMFs potentials are systematically 

negatively shifted by up to 0.13 V with respect to the corresponding isomer of La di-EMFs. For 

instance, the first reduction of La2@C80-Ih occurs at −0.31 V, and the first reduc]on of related 

Ce EMF – at -0.39 V129. Smaller cages are reduced at more negative potentials (table 1.1), but 

still above -1V, that is more positive than for EMFs with fullerene-based reduction. At the same 

time their first oxidations occur at typical for these processes range of +0.2— +0.6V (table 1.1) 

and the metal dependence is not expressed that much as in case of first reduction, which is 

typical for cage-based processes. 

Another indication of the metal-based reduction activity in La and Ce di-EMFs is the 

large gap between the first and the second reductions (1.2-1.4V). For two consequent cage-

based redox process the difference is usually within 0.4–0.5 V range (see table 1.1.) An 

endohedral redox process results in a much larger potential difference for the consequent 

redox steps, since these steps are either based on the 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)12,58.  
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Figure 1.21. a) 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 from127;.b) Frontier molecular orbitals 

(HOMO and LUMO) of La2@C80-Ih(7). 

The electrochemical investigations of the M2@C82 family are not thorough up to date: 

there is only a single work so far, describing redox behavior of these interesting EMFs. In 2012 

group of Akasaka demonstrated that the first oxidation potential of Sc2@C82-C3v(8)130is+0.05V, 

substantially more negative than that of the corresponding isomer of carbide Sc2C2@C82-C3v(8). 

(+0.47 V), which is associated with difference in HOMO energies (-4.89 eV in case of 

dimetallofullerenes versus -5.30 eV in case of carbide clusterfullerenes). At the same time, in 

LUMO energies as well as in the reduction potentials, the difference between two compounds 

is not so expressed. 

For Er2C82-dimetallofullerenes from works of Anderson88 and Stevenson98 one can 

suppose that both isomers Er2@C82-Cs(6) and Er2@C82-C3v(8) have first oxidation potentials 

below +0.2 V, wherein the Cs isomer is easier to oxidize. In the chapter 2 of the present work 

we will discuss electrochemical behavior of M2@C82 dimetallofullerene family in more details. 
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Table 1.1. Redox potentials of selected monometallofullerenes and dimetallofullerenes 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, gapEC is an electrochemical gap defined as the difference of the first reduction and oxidation 

potentials. 

ClusterfullerenesClusterfullerenesClusterfullerenesClusterfullerenes. Electrochemical behavior of clusterfullerenes i.e. endohedral 

metallofullerenes whose endohedral species consist of both metal and non-metal atoms, may 

be significantly different depending on the formal charges and spatial localization of frontier 

MOs. We will discuss here two main groups of clusterfullerenes: cluster+4@cage4− EMFs (such 

as carbide clusterfullerenes M2C2@C2n, sulfide clusterfullerenes M2S@C2n, oxide 

clusterfullerenes M2O@C2n) and cluster+6@cage6− (mostly nitride clusterfullerenes M3N@C2n, 

methano-CF Sc3CH@C80, oxide CF Sc4O2@C80, and many other EMFs). 

EMFEMFEMFEMF    oxoxoxox----IIIIIIII    oxoxoxox----IIII    redredredred----IIII    redredredred----IIIIIIII    redredredred----IIIIIIIIIIII    gapgapgapgapECECECEC    Ref.Ref.Ref.Ref.    

Li+@C60-Ih(1)   −0.39 −0.98 −1.44  95 

Yb@C82-C2(5) 0.90 0.38 −0.86 −0.98  1.24 124 

Sm@C82-C2(5)  0.42 −0.84 −1.01 −1.51 1.26 126 

Yb@C82-Cs(6)  0.34 −0.62 −0.92 −1.81 0.96 124 

Sm@C82-C3v(7)  0.56 −0.94 −1.25 −1.79 1.50 125 

Yb@C82-C2v(9)  0.61 −0.46 −0.78  1.07 124 

Sm@C82-C2v(9)  0.52 −0.42 −0.77 −1.60 0.94 125 

La@C82-Cs(6) 1.08 −0.07 −0.47 −1.40 −2.01 0.40 114 

La@C82-C2v(9) 1.07 0.07 −0.42 −1.37 −1.53 0.49 114 

Ce@C82-C2v(9) 1.08 0.08 −0.41 −1.41 −1.53 0.49 131 

Gd@C82-C2v(9) 1.08 0.09 −0.39 −1.38 −2.22 0.48 131 

Ce2@C72-D2(10611) 0.82 0.18 −0.81 −1.86  0.99 12 

La2@C78-D3h(5) 0.62 0.26 −0.40 −1.84 −2.28 0.66 132 

Ce2@C78-D3h(5) 0.79 0.25 −0.52 −1.86 −2.23 0.77 133 

La2@C80-D5h(6) 0.78 0.22 −0.36 −1.72  0.58 59 

Ce2@C80-D5h(6) 0.66 0.20 −0.40 −1.76 −2.16 0.60 59 

La2@C80-Ih(7) 0.95 0.56 −0.31 −1.72  0.87 128 

Ce2@C80-Ih(7) 0.95 0.57 −0.39 −1.71 − 0.96 129 

Sc2@C82-C3v(8)  0.05 -1.10   1.15 130 
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Nitride Clusterfullerenes. Nitride Clusterfullerenes. Nitride Clusterfullerenes. Nitride Clusterfullerenes. Figure 1.23 demonstrates DFT-calculated frontier MOs of 

nitride clusterfullerenes Sc3N@C80-Ih and Y3N@C80-Ih. The last one with fullerene-based both 

HOMO and LUMO represents a typical situation for a majority of nitride clusterfullerenes. In 

this molecule, both HOMO and LUMO are localized on the carbon cage. On the contrary, high 

electronegativity of Sc atoms results in rather unique MO distribution in case of Sc3N@C80: 

HOMO is still located on the cage, but LUMO has a substantial cluster contribution.  

 

Figure 1.22. DFT-computed frontier molecular orbitals of (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. 

Based on the calculated frontier MO distribution, similar anodic and different cathodic 

behavior of Sc3N@C80-Ih and Y3N@C80-Ih isomers can be expected. Indeed, both EMFs have 

similar oxidation potential near 0.6 V, but noticeably different reduction potentials: −1.26 V in 

case of Sc3N@C80 and −1.41 in case of Y3N@C80
93,134. The endohedral reduction of Sc3N@C80-Ih 

nitride clusterfullerene was also demonstrated by the EPR spectrum of its anion radical135. 

Y3N@C80 in its turn exhibits predominantly cage-based reduction, and its first reduction 

potential can be considered as a reference point for cage-based reduction of C80-Ih cage EMFs. 

Further experiments demonstrated, that LUMO position affects not only the potential value, 

but also the reversibility of the process. At standard voltammetric scan rates of 0.1-1V/s both 

EMFs exhibit electrochemically irreversible but chemically reversible reduction. However, 
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increasing of the potential scan rate up to several V/s allows to reach electrochemical 

reversibility in case of Sc3N@C80, whereas for Y3N@C80 and many other nitride clusterfullerenes 

with cage/based LUMO the first reduction remains electrochemically irreversible up to the scan 

rates of at least 70 V/s136. 

 

Figure 1.23. 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 from93. 

Electrochemical properties of nitride clusterfullerenes were studied in a lot of details, 

with variable cage sizes and different metals in mono/metal and mixed metal nitride clusters. 

Among the Sc-based nitride clusterfullerenes, Sc3N@C80-Ih exhibits the highest oxidation 

potential, whereas the first oxidation potential of another isomer, Sc3N@C80-D5h, is 0.25 V more 

cathodic107.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 cage106 (figure 1.22). Sc3N@C82-

C2v(9) has been thought to be not sufficiently stable for a long time, but in 2015 group of 

Shangfeng Yang managed to isolate it in sufficient amounts for spectral and electrochemical 

characterization137. Cyclic voltammetry studies have revealed two electrochemically reversible 

oxidations at 0.0 and 0.37 V and several irreversible reductions. Such a low value of the first 

oxidation potential can be one of the reason for the low kinetic stability of the compound. 
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For medium size metals such as Gd, Er, or Dy, nitride clusters cages from C78 to C88 can 

be isolated in sufficient amounts and studied electrochemically. In particular for Gd3N-

clusterfullerenes, the whole family from C82 to C88 has been examined with cyclic voltammetry 

(see table 1.2. and note that C78 and C82 cage isomers for Sc3N and Gd3N are different). Even 

larger cages, up to C96, can be studied in case of large lanthanides such as La or Ce138–140. Redox 

behaviour of all these NCFs is more or less similar to that demonstrated by the C80-Ih(7) nitride. 

The first (and also the second, when it can be detected) oxidation step is generally reversible, 

while all reduction steps are electrochemically irreversible. Shifts of redox potentials for 

clusterfullerenes with different metals but the same cage isomer generally do not exceed 0.05-

0.1 V110. 

With variation of the carbon cages, reduction potentials of EMFs are also not changing 

significantly, whereas oxidation potentials seem to be shifted negatively with the increase of 

the cage size, so that the electrochemical gap is decreasing for larger cages (from 2.0 V for 

M3N@C78-C2(22010) to 1.7 V for M3N@C96)138–140. Redox behaviour of M3N@C88-D2(35) 

clusterfullerene falls apart from the row, since it is the only group of NCFs which exhibits 

electrochemically reversible reductions and oxidations.  

MixedMixedMixedMixed----metal nitride clusterfullerenes with metal nitride clusterfullerenes with metal nitride clusterfullerenes with metal nitride clusterfullerenes with redoxredoxredoxredox----aaaactive metals. ctive metals. ctive metals. ctive metals. Nitride clusterfullerenes 

family present itself a convenient platform for a design of redox-active endohedral clusters via 

formation of the mixed-metal clusters with redox-active metals. Three such metals have been 

implemented to nitride CFs so far: Ce, Ti, and V. 

Ce is different from all other lanthanides in that its CeIV valence state is accessible and 

known for a plenty of inorganic and organometallic compounds. Herewith, the redox potential 

of the CeIV/CeIII couple can vary in a broad range, depending on chemical environment141. 

However, redox behavior of Ce-based mono- and di-EMFs with trivalent Ce as well as Ce3N-

nitride clusterfullerenes has not exhibit any unusual activity, suggesting that CeIII in fullerene 

cage is electrochemically inert. The first indication that endohedral CeIII can be oxidized to CeIV 

was obtained in 2010 with isolation of CeLu2N@C80-Ih142. Its first oxidation potential was 0.01 

V, almost 0.6 V more negative than expected for a cage-based oxidation in M3N@C80-Ih nitride 

clusterfullerenes. DFT computational study also showed that removal of the 4f1 electron from 

Ce in CeLu2N@C80-Ih molecule is more energetically favorable than removal of an electron from 

the carbon cage. 
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In further studies, Sc and Y have been chosen to vary the size of the M3N-cluster in the 

CeM2N@C80-Ih(7) series (Shannon’s radii of Sc3+, Lu3+, and Y3+ ions are 0.745, 0.86, and 0.90 Å, 

respectively)143. CeM2N@C80 clusterfullerenes demonstrate one electrochemically reversible 

oxidation step with the potential in the range from –0.07 V for CeY2M@C80-Ih(7) to +0.33 V for 

CeSc2N@C80-Ih(7) This behavior has been explained due to the geometrical reasons: with 

increasing the cluster size from CeSc2N to CeY2N the inner strain in the EMF molecule is also 

increasing. As the CeIII/CeIV oxidation is accompanied by a decrease of the strain (ionic radius of 

Ce4+, 0.87 Å, is considerably smaller than that of Ce3+), in case of big clusters this process is 

more thermodynamically favorable. Therefore, the oxidation of CeM2N@C80-Ih occurs at lower 

potentials for larger M3+ ions. 

 

Figure 1.24. Cyclic voltammetry PrSc2N@C80-Ih(7) and CeM2N@C80-Ih(7) (M = Sc, Lu, and Y). Reproduced 

with permission from143. 

The concept of the strain-driven CeIII/CeIV endohedral redox couple was further 

developed in the studies of CexM3−xN@C2nnitride clusterfullerenes with different cages and 

cluster configuration. (x = 1, 2; M = Sc or Y; 2n = 78, 84, 86, 88), performed by group of 

Duncsh144.Redox potentials were determined for a series of twelve Ce-containing nitride EMFs 

and then compared to the non-Ce analogues. The cluster-induced strain was found to be 

weaker for larger cages that made cage-based reductions in some cases more 

thermodynamically favorable. Thus, the preference of an endohedral CeIII/CeIV or a cage-based 
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oxidation is determined on whether the inner strain is high enough to render a Ce-based 

oxidation below the oxidation potential of the fullerene cage143. 

Both titanium and vanadium cannot form nitride clusterfullerenes as the only metals, 

but can be implemented into the mixed-metal nitride clusterfullerenes. Recently such EMFs as 

TiSc2N@C80-Ih(7), TiY2N@C80-Ih(7), VSc2N@C80-Ih(7), and V2ScN@C80-Ih(7) have been 

synthetized and isolated145,146. Comparison of the redox potentials of Ti- and V-containing 

nitride clusterfullerenes to those of Y3N@C80-Ih(7) reveals that their electrochemical behavior 

is changed substantially. In particular, Ti-containing EMFs exhibit both reversible oxidations and 

reductions. Herewith the oxidation potentials occur to be sufficiently more negative, and 

reduction potentials – more positive than those of Y3N@C80, that indicates the endohedral 

nature of both processes. So, we can conclude, that TiIII in the neutral state can change the 

valence state to TiII in the anion form or to TiIV in the cation form. Nitride EMFs, containing 

trivalent V also exhibit reversible endohedral oxidation and reduction steps. Oxidation of 

V2ScN@C80 at +0.60 V (see table) is the only process which cannot be reliably assigned to the 

cage or transition metal145. 

Other clusterfullerenes with Other clusterfullerenes with Other clusterfullerenes with Other clusterfullerenes with sixsixsixsix----fold charged cage. fold charged cage. fold charged cage. fold charged cage. For majority of clusterfullerenes with 

six-fold charged cluster, C80-Ih(7)cage isomer is the dominating, or even the only available cage 

that has been isolated. Matching redox potentials of these EMFs with the corresponding 

oxidation and reduction potentials of Y3N@C80-Ih(see table 1.2) one can see, that the cluster-

based reduction is typical for all of them. All potentials of the first reduction are sufficiently 

more positive than −1.41 V reported for Y3N@C80-Ih and span rather broad range, from −1.21 

V for Sc3CH@C80
147to −0.42 V in the aforementioned VSc2N@C80-Ih(7)145. At the same time, the 

first oxidation potentials for a majority of C80-Ih clusterfullerenes is about +0.6 V that reveals 

the fullerene-based process. Only two exceptions are breaking this “rule”: Sc4C2@C80 and 

Sc4O2@C80, in which oxidation is also a cluster-based process. 

In case of Sc4O2@C80, both HOMO and LUMO are mainly localized on the oxide moiety. 

Experimentally, Sc4O2@C80 exhibits reversible reduction and oxidation at 0.00 and −1.10 V, 

respectively, which is different from the typical values of the cage-based redox potentials102.For 

recently isolated and characterized Sc4C2@C80, the HOMO is localized on the Sc4C2 cluster, so 

the first oxidation potential is 0.01 V, whereas the LUMO has large cage component, and the 

first reduction step occurs at the potential of −1.53 V, which is even more nega]ve, than cage-
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based reduction of Y3N@C80
134,148. Note that in some cases frontier MO can be evenly 

distributed between cluster and the cage. Origin of such mixed orbitals can be explained as 

follows: the cage and the cluster MOs have roughly equal energies, and hence they are 

efficiently “hybridized”. For such compounds, redox potentials of EMFs are usually more close 

to those for EMFs with cage-based redox activity. (Table 1.2). 

Table 1.2. Redox potentials of selected clusterfullerenes with six-fold charged clusters 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, gapEC is an electrochemical gap defined as the difference of the first reduction and oxidation 

potentials.Redox potentials of selected clusterfullerenes with four four-fold charged cluster will be 

given in table 2.3 in comparison with related dimetallofullerenes. 

EMF ox-II ox-I red-I red-II red-III gapEC Ref. 

Sc3N@C68-D3(6140) 0.85 0.33 −1.45 −2.05  1.78 106 

Sc3N@C78-D3h(5) 0.68 0.21 −1.56 −1.91  1.77 140 

Sc3N@C80-D5h(6)  0.34 −1.33   1.68 107 

Sc3N@C80-Ih(7) 1.09 0.59 −1.26 −1.62 −2.37 1.85 93 

Sc3N@C82-C2v(9) 0.37 0.00 −1.35 −1.52 −1.78 1.35 137 

Y3N@C80-Ih(7)  0.64 -1.41 -1.83  2.05 134 

Gd3N@C80-Ih(7)  0.58 −1.44 −1.86 −2.13 2.02 110 

Gd3N@C82-Cs(39663)  0.38 −1.53 −1.87  1.91 151 

Gd3N@C84-Cs(51365)  0.32 −1.37 −1.76  1.69 110 

Gd3N@C86-D3(17)  0.33 −1.39 −1.72  1.82 151 

Ce3N@C88-D2(35) 0.63 0.08 −1.30 −1.57  1.38 138 

Ce3N@C92-T(92)  0.32 −1.48 −1.64  1.80 139 

Ce3N@C96-D2(186) 0.67 0.18 −1.50 −1.84  1.68 49 

TiSc2N@C80-Ih(7)*  0.16 −0.94 −1.58  1.10 152 

TiY2N@C80-Ih(7)*  0.00 −1.11 −1.79  1.11 146 

VSc2N@C80-Ih(7)*  0.44 −0.42 −0.66 −1.33 0.86 145 

V2ScN@C80-Ih(7)*  0.60 −0.77 −2.38 − 1.37 145 

CeY2N@C80-Ih(7)  −0.07 −1.36 −1.88  1.30 143 

CeSc2N@C80-Ih(7)  0.33 −1.31 −1.83  1.64 143 

Sc4O2@C80-Ih(7) 0.79 0.00 −1.10 −1.73  1.10 102 

Sc4C2@C80-Ih(7)  0.01 −1.53 −1.97  1.54 148 
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Clusterfullerenes with fourClusterfullerenes with fourClusterfullerenes with fourClusterfullerenes with four----fold charged clusters. fold charged clusters. fold charged clusters. fold charged clusters. For EMFs with +4 charge on the 

internal cluster, the most abundant cages are two isomers of C82: C3v(8) and Cs(6). In these 

molecules, the HOMO is dominantly localized on the cage, while LUMO has different cluster 

and cage contribution for different EMFs: the LUMO of Sc2O@C82 is localized on the fullerene, 

the LUMO of Sc2S@C82 is also largely cage-based but has noticeable cluster contribution, 

whereas the LUMO of Sc2C2@C82 is predominantly localized on the carbide cluster. In the row 

of C82-C3v(8) EMFs the absolute value of the first reduction potentials decreases with increasing 

of the cluster contribution to LUMO: the most negative value is reported for Sc2O@C82 (−1.17 

V)149 followed by Sc2S@C82 (−1.04 V)72 and the smallest absolute value was detected for 

Sc2C2@C82 (−0.94 V)150. At the same time, their first oxidation potentials are quite close and 

fallinto the range of 0.47-0.54 V. Similar correlations between redox potentials and frontier MO 

distribution can be revealed for C82-Cs(6) clusterfullerenes.(see table 2.3.). 

1.4. EPR spectroscopy 

1.4.1. Basic principles of the method 

Electron Paramagnetic Resonance (EPR) sometimes referred to as Electron Spin 

Resonance (ESR) spectroscopy is a method for studying of materials with unpaired electrons. 

The EPR phenomenon was discovered in 1944 independently by Yevgeny Zavoisky at the Kazan 

State University, and by Brebis Bleaney at The University of Oxford.    

The method is based on the Zeeman effect of electron energy levels splitting in the 

presence of a static magnetic field: for a single electron with  a  spin S=1/2 in  the presence of 

external static magnetic field B0, the electron's magnetic moment aligns itself either parallel 

(spin projection ms=+1/2) or antiparallel (spin projection ms=-1/2) to the field, each alignment 

having a specific energy:    

E=  msgeµBBo                                                                                                                                                                               (Eq. 1.5) 

where ge is the electron's so-called g-factor, µB is the Bohr magneton. 

In EPR experiment sample is disposed under microwave irradiation with magnetic 

component B1, polarized perpendicularly to Bo, and frequency v. Absorbing or emitting 

a photon of energy hv, unpaired electron can move between the two energy levels. 

Interaction of electron with magnetic moments with surrounding nuclei provides an 

additional energy levels splitting. In external static field nuclear magnetic moment I can have  
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2I +1 different projections to the field direction mI (mI= -I, -I+1 …I). (see figure1.25) The 

resonance field, determined as: 

B = B0-amI         (Eq. 1.6) 

Where a is a coupling constant, can take 2I +1 different values. Thus each nucleus of spin I 

additionally splits each of the two electron spin levels into 2I +1 sublevels. Possibility of 

transitions between different levels is regulated by the selection rules:  

∆ms= 1;        ∆mI = 0        (Eq. 1.7) 

Herewith the resonance conditions should be obeyed, i.e. the energy difference 

between spin sublevels, calculated as: 

∆E =∆msgeµBBo= geµBB       (Eq. 1.8) 

should be equal to the photon energy hv that leads us to the fundamental equation of EPR 

spectroscopy: 

hv = geµBB          (Eq. 1.9) 

In practice, the resonance conditions are search for by varying the magnetic field B at 

constant microwave frequency. EPR spectrum presents itself as a dependence of the first 

derivatives of the microwave absorbance on the field B. Each peak in the spectrum complies 

one spin excitation. 

Figure 1.25. Energy levels  splitting of an  unpaired electron interacting with nuclear spin I=3/2, all 

placed in a static magnetic field B0, blue arrows indicate possible electron transitions (a), EPR spectrum 

of system with unpaired electron interacting with nuclear spin I=3/2, black arrow indicates coupling 

constant ax(b). 
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Thus, analyzing the multiplicity of EPR spectrum we can consider, where the electron is 

localized and with which nucleus it is interacting. Moreover there are several parameters that 

we can get from the EPR spectrum: 

Electron g-factor ge(dimensionless)provides information about paramagnetic center's 

electronic structure. The g-factor of a free electron is 2.0023, and the g-factor values of most 

organic radicals are very close to this value, since the unpaired electron has very small orbital 

contribution to the magnetic moment (spin-orbital interaction is weak). On the other hand, g-

factor for ESR spectra of d- and f-elements can differ greatly from 2.00, because of the spin-

orbit coupling. 

Hyperfine coupling constant a (measured in magnetic induction units) is a parameter of 

the spectral line spacing and, in the simplest case, is the spacing itself. This parameter 

characterizes the degree of interactions between the unpaired electron spin and nuclear spins 

in its vicinity. The value of the isotropic coupling constant is directly proportional to the spin 

density in the nucleus. 

Line width (measured in magnetic induction units) is measured along the x axis of an 

EPR spectrum, from a line's center to a chosen reference point of the line. 

In general, both the g-factor and hyperfine coupling constant a are second-

rank tensor including 9 numbers arranged in a 3×3 matrix. Such types of matrix can be 

diagonalized with help of Euler angle transformation of the magnetic field vector into the 

molecular coordinate system, thereby reducing the components number to 3: gxx, gyy and gzz.; 

axx, ayy and azz. 

If the temperature is high enough and paramagnetic molecules are tumbling fast in 

solution, any anisotropic property is completely averaged out. Only the isotropic parts of all 

interactions are observable, which is the isotropic g factor and the isotropic hyperfine coupling 

constants.  

giso=
 
8(gxx+ gyy+ gzz)         (Eq. 1.10) 

aiso=
 
8(axx+ ayy+ azz)         (Eq. 1.11) 

The spectrum consists of a series of symmetric lines with equal widths. This is the case, for 

example, for many radicals in solutions at room temperature. 

At low temperatures, the paramagnetic molecules are immobilized. There is neither 

translational nor rotational motion (so called “rigid limit” - figure 1.26). The EPR spectra exhibit 
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the full anisotropy of all interactions. This is generally the case in powder materials, glasses, 

and frozen solutions. In crystals, the components of g-factor are determined by the number of 

crystallographically equivalent orientations of the EPR spin. For example in rhombic lattice the 

number of g-factor component is reduced to two: gxx = gyy =g⊥, gzz=g‖. 

Between these two extremes, there are dynamic regimes where the rotational motion 

is present but is too slow to completely average the anisotropic interactions, but fast enough 

to visibly affect the spectrum. In particular, in so called “the fast-motion regime”, the rotational 

motion is fast enough so that the spectrum still looks similar to the isotropic solution spectrum, 

although line widths value are affected by both anisotropic hyperfine coupling ΔA and g shift 

Δg and can be substantially different from line to line. 

 

Figure 1.26. Schematic depiction of the nitroxide radical X-band EPR spectra in the low/temperature 

regime (rigid limit) regime, intermediate fast motional regime and high temperature isotropic 

regime153. 

1.4.2. EPR spectroscopy applied to EMFs: several examples 

To exhibit EPR activity, the analyzed compound should be paramagnetic. Thus EMFs 

studied by EPR spectroscopy can be classified into two groups: (a) EMFs, which are 

paramagnetic in their pristine (neutral) states, and (ii) EMFs, which are diamagnetic in their 

pristine (neutral) states but can be transformed into paramagnetic forms with help of chemical 

or electrochemical redox reactions19.  



48 

 

 

Figure 1.27. a) EPR spectrum of Y@C82, measured in solution at room temperature154; b) EPR spectrum 

of Y2@C79N, measured in solution at room temperature155. 

The first group is less numerous and includes mainly MIII@C2nmonometallofullerenes 

(usually with Sc, Y, and La) and their derivatives142,154. In addition, EPR experiment data has 

been published for Sc3C2@C80-Ih156,157 and its derivatives158–160, dimetallic endohedral 

heterofullerene M2@C79N (Y, Gd, “pseudo-Ih” isomer)155,161 and several nitride 

clusterfullerenes: ErSc2N@C80-Ih162, TiSc2N@C80-Ih152, and TiY2N@C80-Ih146. Although the list of 

paramagnetic EMFs is much broader, for a majority of lanthanide-based EMFs, the EPR studies 

are complicated because of the fast spin−lattice relaxation. Figure 1.27 shows EPR spectra of 

Y@C82-C2v and Y2@C79N. Nuclear spin of 89Y is ½. Therefore, monometallofullerene exhibits a 

typical doublet (2N*I+1=2*½+1=2) with the coupling constant of 0.48 G and g-factor of 

1.9999154. The small coupling constant indicates that the spin density is mainly localized on the 

fullerene cage.  

Dimetallic endohedral heterofullerene Y2@C79N in solution exhibits a triplet  

(2N*I+1=4*½+1=3) with the a(89Y) coupling constant of 81.23 G and g-factor of 1.9740155. Thus, 

the coupling constant is more than 150 larger than in Y@C82, which is an indication of the metal-

based radical. DFT calculations also gave a similar value of coupling constant revealing that the 

large part of the spin density is localized between the two Y atoms. 
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Figure 1.28. (a) Experimental (exp.) and simulated (sim.) EPR spectra of cation radical Sc4O2@C80
+; (b) 

Spin-density distribution in Sc4O2@C80
+; (c) Experimental (exp.) and simulated (sim.) EPR spectra of 

anion radical Sc4O2@C80
−; (d) Spin-density distribution in Sc4O2@C80

−. Reproduced with permission 

from102. 

The second group - diamagnetic EMFs, which can be transformed into paramagnetic 

anions or cations – is more numerous and includes dimetallofullerenes as well as different 

carbide nitride and oxide clusterfullerenes. It is important, that only EMFs with reversible redox 

activity can form EPR active ion-radicals. Herewith, the EPR spectra of EMFs with cluster-based 

redox activity are of particular interest, because the spin density will be located on the internal 

cluster. 

One of the illustrative examples of the cluster-based ion-radicals is provided by charge 

states of the oxide clusterfullerene Sc4O2@C80-Ih(7). As it has been mentioned above, both 

HOMO and LUMO of the molecule are localized on the internal cluster102. Reversible behavior 

of the compound in both oxidation and reduction confirms that cation and anion radicals are 

stable enough and could be studied in situ by EPR spectroscopy The molecule has rather 

complex electronic structure with two non-equivalent pairs of Sc atoms. Two atoms bonded to 
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two oxygens each have a formal state of Sc3+, whereas those two bonded to only one oxygen 

each have a formal state of Sc2+ and form a Sc2+–Sc2+ bond. The nuclear spin of each Sc is 7/2, 

resulting in a complicated EPR spectrum for 2 equivalent pairs of Sc (figure 1.28). Complex 

hyperfine patterns of the radicals can be simulated by considering two pairs of Sc atoms, with 

substantially different coupling constants. The a(45Sc) values of 2×2.6 and 2×27.4 G in the 

anion, 2×150.4 and 2×19.0 G in the cation have been assigned to Sc2+ and Sc3+ pairs 

respectively, with the help of extended DFT calculations and molecular dynamics simulations. 

Spin density in both species is localized on the Sc4O2 cluster (Figure 1.28b,d), leading to large 

hfc values and second order features in the hyperfine structure. The large value of the coupling 

constant of the Sc2+ atoms in the cation radical (150.4 G) can be explained due to the M−M 

bonding nature of the HOMO. Thus, EPR spectroscopy confirmed that Sc4O2@C80 exhibits 

cluster-based redox behavior in both reduction and oxidation. 
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Chapter 2.  Redox-active metal-metal bonds in 

dimetallofullerenes M2@C82 and comparison to sulfide 

clusterfullerene Er2S@C82 and carbide M2C2@C82 analogues. 
 

2.1. M2@C82: synthesis and isolation 

In this chapter we will demonstrate the detailed spectroscopic and electrochemical 

investigations of a series of M2@C82-C3v and M2@C82-Cs dimetallofullerenes to reveal variation 

of the redox behavior in different metal and cages combinations. In particular, Er2@C82, 

ErSc@C82, Sc2@C82, Lu2@C82 and YLu@C82 EMFs with C3v(8) isomer together with Lu2@C82 and 

Er2@C82 with Cs(6) isomer have been isolated and characterized. Comparison to their 

clusterfullerene analogues such as Er2S@C82 sulfide clusterfullerenes and several carbide 

clusterfullerenes has been performed as well. 

 

Figure 2.1. Molecular structures of Sc2@C82, Sc2S@C82 and Sc2C2@C82, all with C3v(8) cage isomer. 

Carbon atoms in the fullerene cage are grey; endohedral carbon atoms are shown in orange, sulfur is 

yellow, Sc atoms are magenta. 

 

All listed EMFs have been obtained from the minor fractions of different arc-discharge 

syntheses. In particular Er2- and Er2S-clusterfullerenes have been obtained from the Er-based 

arc-discharge synthesis with guanidium thiocyanate as a nitrogen source (Fig. 2.2). Er2S@C82-

Cs(6) and Er2S@C82-C3v(8) EMFs have been isolated for the first time. Sulfur atoms from 

guanidium thiocyanate have been encapsulated inside the fullerene cage as a part of metal Er2S 

sulfide cluster, as it has been observed earlier for Sc and Lu sulfide clusterfullerenes70. The yield 

of both sulfide clusterfullerenes has been found to be lower with respect to the corresponding 

isomers of dimetallofullerenes, obtained in the same synthesis. Wherein the yield of Er2@C82-

C3v(8) is about two times bigger than that of Er2@C82-Cs(6),in case of Er2@C82EMFs the yields of 

two isomers are approximately equal. 
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Lu2@C82 dimetallofullerenes have been obtained as a minor products of Lu/Ti/NH3 and 

Lu/Ti/melamine arc-discharge syntheses52, performed in our group in period of 2012-2013; 

mixed metal-dimetallofullerene YLu@C82 EMF has been obtained from Lu/Y/NH3 arc discharge 

synthesis163; carbides YScC2@C82-Cs(6) and Y2C2@C82-Cs(6) have been obtained from the 

Y/Sc/NH3arc-discharge syntheses; Sc2C2@C82-Cs(6) has been obtained from the Sc/Ti/CH4 

arc/discharge syntheses164. Mixed metal-dimetallofullereneErSc@C82-C3v(8)EMF has been 

obtained from Er/Sc/guanidium thiocyanate arc-discharge syntheses. 

 

Figure 2.2. HPLC profile of Er-GNT primary extract. Fraction 3 contains Er3N@C80-D5h and Er2S@C82-

CsEMFs; fraction 4 contains Er2@C82-CsEMF; fraction 5 contains Er3N@C82 and Er2S@C82-C3v EMFs; 

fraction 7 contains Er2S@C82-C3v EMF. Further separation was performed with help of recycling HPLC. 

(For more details, see Chapter 5). 

All listed above EMFs have been isolated as individual compounds with help of recycling 

HPLC technique (for more details, see Chapter 5.) The composition purity has been confirmed 

with laser desorption time-of-flight (LD-TOF) mass spectrometry. 

Sc2@C82-C3v(8) and additional amounts of Er2@C82-C3v(8) and Er2@C82-Cs(6) have been 

synthetized and isolated by our colleagues from the group of Professor Stevenson in Indiana-

Purdue University Fort Wayne. They have employed original non-Chromatographic “Catch and 

Release” approach: at first fullerene Er and Sc-based extracts have been fractionated with 

described above SAFA method (Section 1.2.4), wherein both Er2- and Sc2-dimetallofullerenes 
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have been immobilized onto the aminosilica. During the second step the spent reactive silica 

has been washed several time with different solvents, resulting in isolation of individual 

compounds of Sc2@C82-C3v(8) and Er2@C82-C3v(8). 

2.2. Molecular structure determination of the M2@C82-C3v  

and M2@C82-Cs EMFs 

2.2.1 Vis-NIR absorption spectroscopy 

Molecular structures of two Er2@C82 dimetallofullerenes with Cs(6) and C3v(8) carbon 

cage isomers were determined earlier by single crystal X-ray diffraction60,61. Molecular 

structure of the other EMFs can be assigned using comparison of vis-NIR absorption 

spectroscopy data. 

 

Figure 2.3. Vis-NIR absorption spectra of EMFs: (a) isomer I, C82-Cs(6) and (b) isomer II, C82-C3v(8), 

toluene, l=1 cm. For Er2@C82-C3v(8), the molar extinction coefficients at 379 nm, 477 nm, and 899 nm 

were determined to be 23.4∙103, 7.2∙103, and 2.7∙103, respectively. 

Figure 2.3 demonstrates, that absorption spectra of all compounds discussed in this 

chapter can be classified into two groups with very similar spectral shapes – one fo rC82-Cs(6) 

EMFs and another one for C82-C3v(8) EMFs. Variation of endohedral species composition has 

almost no influence the spectra shape. Figure 2.3a. shows the spectra of the isomer I, identified 
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by its absorption pattern as C82-Cs(6); these spectra are also very similar to the spectra of 

Sc2C2@C82-Cs(6),48 Sc2S@C82-Cs(6)49  and Y2C2@C82-Cs(6)66. Figure 2.3b. shows the spectra of the 

isomer II, identified as C82-C3v(8); very similar spectra have been also reported for Sc2S@C82-

C3v(8)49, 51 or carbide clusterfullerenes M2C2@C82-C3v(8) (M = Sc, Y, Er)62,66,69,130. 

As mentioned in the Chapter 1, the absorption behavior of EMFs is dominated by the π-

π* transitions in the π-system of the carbon cage. It is also known, that the same carbon cage 

isomer can demonstrate different π-electron structure depending on its formal charge state, 

that results in different absorption behavior: for example, absorption pattern of C82-C2v (9) cage 

trianion in MIII@C82-C2v(9) monometallofullerenes165 is different from that of the corresponding 

dianion in SmII@C82-C2v(9)166
 and tetraanion in Y2C2@C82-C2v(9)66. Thus, the shape the vis-NIR 

absorption spectra of EMFs are very sensitive not only to the isomeric structure, but to the 

formal charge distribution as well.  

Hereof we can conclude, that all EMFs, been assigned as C82-C3v(8), also have the same 

formal charge state of the cage of 4-. Whereas the C82
4− state is natural for the Er2S@C82 taking 

into account the formal 3+ charge of the erbium ion and the 2− charge of the sulfide ion, for 

the M2@C82 molecules the 4-fold charge of the cage indicates that the metal atoms have to be 

assigned a formal charge of 2+.  

For C82-Cs(6) EMF family with Er and Lu we can use the same line of arguments. The 

cluster charge in dimetallofullerenes Lu2@C82-Cs(6) and Er2S@C82-Cs(6) should be +4, the same 

to that of Er2S@C82 and carbide clusterfullerenes Y2C2@C82-Cs(6), YScC2@C82-Cs(6) and 

Sc2C2@C82-Cs(6). Thus in this family of dimetallofullerenes, each of the metal atoms also 

donates two electrons to the carbon cage, leaving one valence electron for the metal-metal 

bond formation. 

2.2.2. Vibrational spectroscopy 

For C3v(8) isomers of Lu2@C82, Er2@C82, and Er2S@C82 the cage structure has been also 

confirmed with IR transmittance spectroscopy and Raman spectroscopy. 
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Figure 2.4. (a) Raman spectra of Lu2@C82-C3v, Er2@C82-C3v, and Er2S@C82-C3v measured at 78 K and 

excited with 647 nm laser line of the Kr+ laser; note the change of the frequency scale at 310 cm−1. Black 

arrows denote the peaks corresponding to the “metal-cage stretching” vibrations; the strong peak at 

672 cm−1 is an instrumental artifact. (b) and (c) show atomic displacement patterns and frequencies for 

such vibrations in Er2@C82 (b) and Er2S@C82 (c) obtained from DFT calculations of Lu analogues.    

All listed EMFs are characterized by low-frequency metal-based modes and the isomer-

specific cage vibrational patterns. Figure 2.4 demonstrates Raman spectra of Lu2@C82, Er2@C82, 

and Er2S@C82 clusterfullerenes. Close similarity of the cage vibrations in the 200–1700 cm−1 

frequency range has been observed, especially between the two dimetallofullerenes. Very 

close analogy has been also uncovered for the IR spectra of Lu2@C82 and Er2@C82 (figure 2.5), 

which represents an additional prove of the same fullerene cage in the same formal charge 

state in both compounds. 
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Figure 2.5. Experimental IR spectra of Er2@C82-C3v and Lu2@C82-C3v compared to the computed 

spectrum for Lu2@C82-C3v (calculations were performed at the PBE/TZ2P level of theory) 

For all three EMFs, the so-called “metal-cage stretching” vibrations are observed in the 

range of near 150 cm−1. The two peaks can be assigned to the in-phase and out-of-phase 

motions of metal atoms normal to the fullerene surface (Figure2.5.b)-c). In the spectrum of Lu2-

dimetallofullerene, the frequencies of these two modes are somewhat lower (134/147 cm−1) 

than in that of Er2@C82 (143/152 cm−1), which is mainly caused by differences in atomic mass. 

Interestingly, very similar frequencies for these modes (around 144/155 cm−1) can also be 

observed for the Er2S@C82, i.e. the presence of the Er–S bonding has no pronounced effect on 

the frequencies. 

2.2.3. NMR spectroscopy 

Further confirmation of the molecular structure of Lu2@C82-C3v has been made with 

help of13C NMR spectroscopy. For fullerene with C82-C3v(8) cage, one can expect 17 13C NMR 

signals: 11 signals with 6-fold intensity for 66 atoms in general position, 5 signals with 3-fold 

intensity for 15 atoms, located on the symmetry mirror planes and 1 signal with 1-fold intensity 

for atom in the pyramid apex. In the experimental spectrum of Lu2@C82-C3v (Figure 2.6.) we 

have found and assigned all 6-fold and 3-fold intensity peaks, whereas the low-intensity peak 

due to the single carbon has not been identified with available signal-to-noise ratio. Similar but 



57 

 

not identical 13C NMR spectral patterns have been already reported for other 

dimetallofullerenes with C82-C3v(8) cage isomer:Y2@C82-C3v
6 and Sc2@C82-C3v

50. The range of the 

13C shift tends to decrease with the increase of the metal size.  

 

Figure 2.6. (a) 13C NMR spectrum of Lu2@C82-C3v(8); half-intensity peaks are marked with dots. (b) 13C 

NMR spectra of Er2@C82-C3v(8) measured at 268 and 308 K, temperature shifts of the peaks are marked 

with grey lines. Asterisks denote the peaks assigned to impurities due to the lack of the temperature 

dependence; the strong peak at 131 ppm is due to the solvent (d4-o-dichlorobenzene). Shaded area 

denotes the range of the chemical shift in diamagnetic M2@C82-C3v(8) molecules.  

Together with the results of UV-vis-NIR spectroscopy and MS spectroscopy, information 

from NMR experiment unequivocally confirms that Lu2@C82 is dimetallofullerene with C82-

C3v(8) cage. A carbide clusterfullerene Lu2C2@C80 or another isomer of Lu2@C82with lower 

symmetry can be totally excluded by the spectroscopic data. 

13C NMR spectra have been also measured for Er2@C82-C3v. Due to the paramagnetic 

influence of endohedral Er ions, 13C chemical shifts in Er2@C82 broadening of the spectra has 

occurred: signals span the range of several hundred ppm. 13 out of 17 expected peaks could 

be identified with high degree of certainty after variable-temperature NMR measurements in 



58 

 

d4-o-dichlorobenzene (Figure 2.6.b). Pronounced temperature dependence of the chemical 

shifts has been detected due to the paramagnetic chemical shifts imposed by endohedral Er 

ions. 

2.3. Charge distribution and electronic structure 

The structural studies discussed in the previous section revealed that Sc, Er and Lu in 

both M2@C82-C3v andM2@C82-Cs do not adopt their highest 3+ oxidation state. Moreover, 

quantum chemical calculations demonstrate167, that those two valence metal electrons (one 

from each metal atom), which are not transferred to the cage, form the metal-metal covalent 

bonding. Thus instead of (M3+)2@C82
6− the formal charge distribution in M2@C82 can be 

described as (M2+-M2+)@C82
4−. 

The charge distribution of  M2@C82 EMFs with C82
4− carbon cage instead of C82

6− is in a 

good agreement with several independent DFT studies which have proved high stability of C82-

C3v(8), and C82-Cs(6) tetra-anions70,168,169. In particular in 2008 Valencia et al. performed DFT 

calculations for a series of different C82 cage isomers within the confines of ionic model, 

implying the transfer of four electrons from the encapsulated cluster to the carbon cage. These 

calculation found the C82-C3v(8)4− tetraanion to be the most stable with C82-C2v(9)4− and C82-

Cs(6)4− following it168.  

 

Figure 2.7. Energies (in kcal mol−1)ofC82 (empty diamonds) and C82
4− isomers (filled squares) relative to 

C82-C2(3) isomer. Reproduced with permission from168. 
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Moreover, authors demonstrated, that among the 1267 examined IPR structures from 

C60 to C100 the C82-C3v isomer displays the most favorable electronic structure to accept four 

electrons and can be named a kind of “archetype cage” for encapsulating clusters with the 

charge of 4+, similarly to that C80-Ih(7) is an “archetype cage” for encapsulating clusters with 

the charge of 6+. 

Experimentally observed C82-C3v(8) EMFs generally present themselves as metal 

carbide62,66,68 or metal sulfide70,71 clusterfullerenes, both with the cage charge of 4−, confirming 

that C82-C3v
4− state is more thermodynamically favorable than C82-C3v

6−; C82-Cs(6) cage also 

exhibits predisposition to form tri- and tetra-anions instead of hexa-anions53,62,66. No single 

nitride clusterfullerene or other EMF with cluster charge of 6+ with C82-C3v(8) or C82-Cs(6) 

carbon cage has ever been isolated (Synthesized in 2008, (Gd3N)6+@C82
6--Cs has another Cs 

isomer of C82, non-IPR C82-Cs (39663)151). 

Thus, the four-fold-charged state of C82-C3v(8) and C82-Cs(6) carbon cages is logical and 

conventional case in EMF chemistry. At the same time, M2 cluster with the charge of 4+ (that 

means actually a formal charge of 2+, assigned to each metal atom) at first sight represents a 

quite unusual situation for such lanthanides as Er and Lu as well as for Sc: these metals are 

usually trivalent in EMFs (monometallofullerenes and nitride clusterfullerenes80,170).  

 

Figure 2.8. The third ionization potentials of the lanthanide elements. Metals, placed above the 

horizontal line can are adopting the oxidation state of 2+ in monometallofullerenes; metals, placed 

below the horizontal line are adopting the oxidation state of 3+ in monometallofullerenes. Reproduced 

with permission from170. 



60 

 

In particular in 2001 group of Shinohara studied170 the predisposition of different 

lanthanides  to adopt oxidation state of 2+ or 3+ in monometallofullerenes and demonstrated, 

that divalent state is typical for metals with higher values of the third ionization potential, such 

as Sm, Eu; Tm and Yb. The third ionization potentials of Er and especially Lu metals has been 

demonstrated to be sufficiently low for adopting the oxidation state of 3+ in EMFs. 

Obviously, the correlation with the third ionization potential, explaining perfectly the 

behavior of different metals in monometallofullerenes, seems to be not valid in case of 

dimetallofullerenes. Recent theoretical investigations demonstrated that M2@C2n molecule 

should be considered as a combination of carbon cage with enclosed metal dimer species 

rather than a combination of carbon cage with two isolated metal atoms, so that the possibility 

of metal-metal bonding should be taken into account167,171. Thus dimetallofullerene molecules 

exhibit an interesting situation: on the one hand, two positive metal ions undergo strong 

Coulomb repulsion, but on the other hand they are placed in the confined space of the hollow 

carbon cage and in some cases it is favorable to form intermetallic covalent bonds.  

Figure 2.9. DFT-computed molecular orbital levels of the metal dimers Sc2 and Lu2, dimetallofullerenes 

Sc2@C82 and Lu2@C82, and the empty fullerene C82; all fullerenes have C3v(8) cage isomer. Occupied 

levels are shown as solid lines, whereas uncopied ones - as dashed lines. Electrons at the (ns)σg
2 MOs 

in the M2 dimers and corresponding M–M bonding orbital in the M2@C82 molecules are highlighted in 

magenta for  Sc) and green for  Lu). 

Finally in 2012 our colleagues performed comprehensive DFT analysis of several 

dimetallofullerenes and concluded, that charge distribution in dimetallofullerenes is 
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determined by an energy matching between the frontier carbon cage orbitals and the M–M 

bonding metal dimer orbital167.  

Figure 2.9 shows how the M–M bonding orbitals in Sc2@C82-C3v and Lu2@C82-C3v 

dimetallofullerenes are developed from the molecular orbitals of Sc2 and Lu2 dimers, 

respectively. The ground state of the Sc2 dimer is a quintet (4s)σg
2(3d)πu

2(3d)σg
1(4s)σu

1, 

whereas Lu2 is a triplet (6s)σg
2(6s)σu

2(5d)πu
2 (the high spin states result in a significant splitting 

of the spin-up and spin-down orbitals of the same type)172,173. The energy levels of the four 

highest-energy single-occupied MOs in both metal dimers are sufficiently higher than the 

LUMO and LUMO+1 energy levels of the empty C82-C3v(8) cage, that is why in the M2@C82-C3v(8) 

fullerene these four electrons are transferred from the metal dimer to the cage. At the same 

time, the last pair of valence electrons, which occupy the (4s)σg
2 MO in Sc2 and the (6s)σg

2 MO 

in Lu2, remains intact in di-EMFs because the energy of the corresponding MO is lower, than 

the energy of the LUMO+2 of the empty C82 fullerene. As a result, we have M2@C82-C3v 

molecules with the 4-fold charged carbon cage and the M–M bonding HOMO resembling the 

(ns)σg
2 MO of the corresponding metal dimer. (The empty C82-Cs carbon cage has its LUMO and 

LUMO+1 levels comparable to that ofC82-C3v, so the final MO structure will be generally the 

same). 

 

Figure 2.10. (b) (4s)σg
2 MO in the Sc2 dimer. (c) The HOMO of the Sc2@C82 with the Sc–Sc bonding 

character. In (b) and (c), Sc atoms are magenta, carbons are light grey, MO isosurfaces are shown in 

cyan and dark yellow. 

Thus, we have concluded that the HOMO energy level in M2@C82 is largely determined 

by the energy level of the (ns)σg
2 orbital in the M2 dimer, which in due turn inversely correlates 

with the ns2(n−1)d1→ns1(n−1)d2 excitation energy of the free metal atom: the higher the free 

atom excitation energy, the lower the energy of the (ns)σg
2 MO will be. For instance, in the row 
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La – Sc – Lu the ns2(n−1)d1→ns1(n−1)d2 excitation energies increase from 0.33 eV in La to 

1.43eV in Sc to 2.34 eV in Lu174.  

The (6s)σg
2 MO in La2 has such a high energy that the vacant cage MOs are usually more 

stable and hence La  easily gives its electrons to the carbon cage and adopts charge state of 3+. 

La-based dimetallofullerenes are formed only with hexa-anionic cages; the La–La bonding MO 

is then the LUMO of the EMF molecule and its low energy provides substantial anodic shift of 

the first reduction. (For example the first reduction potential of the La2@C80 is only −0.31 V) 

Herewith the HOMO in all La-based dimetallofullerenes is cage-based, so the first oxidation 

occurs in typical potential range for cage-based oxidations of this particular cage isomer. 

In Sc2 the energy of (4s)σg
2 bonding orbital is lower, than that in the La-dimer. If the cage 

LUMO is still lower, it is more energetically favorable for the Sc2 dimer to give all six electrons 

to the cage. If the cage LUMO is located higher than the of (4s)σg
2 bonding orbital of the Sc2 

dimer, it is energetically favorable to retain the metal-metal bond. Thus, Sc can be either 3+ 

(for example as in Sc2@C66
10,158) or 2+ (as in both isomers of Sc2@C82) depending on the energy 

level of the empty cage LUMO. Similar behavior can be expected for Y or Er dimetallofullerenes. 

In the first case, the behavior will be similar to the La-based dimetallofullerenes. In the second 

case, the Sc2+-Sc2+bonding orbital is the HOMO in the dimetallofullerene, but its energy level is 

sufficiently high (see fig 2.9). So, the first anodic peak of Sc and Er dimetallofullerene 

voltammograms is expected to be due to the oxidation of the M-M bond, proceeding at 

relatively low potentials. 

In the Lu2 dimer, the (6s)σg
2 level is the lowest among other considered M2 dimers. 

Bonding orbital in Lu2 is so stabilized that it is not favorable to give electrons away and Lu always 

adopts a formal charge state of 2+ and favors tetra-anionic cages. The metal-bonding MO 

becomes the HOMO, while the LUMO is localized on the cage.  Wherein, the energy of the Lu2+-

Lu2+   HOMO is considerably lower than in case of Sc2+-Sc2+ HOMO in the same EMF isomer 
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Figure 2.11. Schematic image of frontier MO levels in several dimetallofullerenes in Er2@C82 the metal 

bonding MO is the HOMO with relatively high energy; in Lu2@C82 the metal bonding MO is the HOMO 

with lower energy; in La2@C80, the metal La-La bonding MO is the LUMO. 

It should be noted, that the evidence of the M2+–M2+ bonding in EMFs has been 

predicted not only in our group: during the last decade there has been a list of independent 

theoretical works concerning this issue.155,167,171,175–178 In early 2000 Huang et al. performed ab 

initio DV cluster method calculations, exposing metal-metal interaction in Er2@C82
175. Later 

presence of covalent metal-metal interactions in case of Er178- and Y-dimetallofullerenes171 as 

well as Y-trimetallofullerenes176 have been uncovered with help of different quantum-chemical 

calculation methods. At the same time all experimentalists, working with dimetallofullerenes 

to date have seemed to completely disallow this concept. There are several works, describing 

unique properties of dimetallofullerenes62,66,130, but none of them actually describes these 

properties taking into account the possibility of bonding between two metal atoms. Moreover, 

even the charge state of metal atoms in the M2@C82 molecules is a matter of debate. In the 

present work we are for the first time trying to explain the properties of M2@C82 

dimetallofullerenes in terms of metal-metal bonding. 

2. 4. Electrochemistry 

Comparison of the redox potentials in the series of different di-EMF and 

clusterfullerenes with the same cage isomer is a straightforward method to experimentally 

reveal the metal-metal bonding in the EMF.  
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Molecular orbital analysis shows that the HOMO of M2@C82 both isomers is the M2+–

M2+ bonding orbital. Therefore, at the first oxidation step, the electron should be removed from 

this orbital. Since the energy of the EMF HOMO correlates with the bonding energy of the 

corresponding metal dimer, the oxidation potential in the M2@C82 compounds should be metal 

dependent.  In particular, Lu2-dimetallofullerenes with their low energy of the Lu2+–Lu2+ 

bonding HOMO are expected to have higher oxidation potential values than the Sc2- and Er2-

dimetallofullerenes. On the other hand, the LUMO of M2@C82-C3v and M2@C82-Cs is 

predominantly localized on the carbon cage, and hence the first reduction potential of M2@C82 

should be a metal-independent property of the cage.   

In other words, one can expect all three M2@C82-C3v dimetallofullerenes with Lu, Sc and 

Erto have different values of the first oxidation potential, but almost similar values of the first 

reduction potentials. And the same predictions can be done in case of two M2@C82-Cs 

dimetallofullerenes. 

Two isomers of Er2S sulfide clusterfullerenes were employed as a kind of “reference 

points” in these electrochemical investigations. In both isomers of M2S@C82 sulfides the 

frontier orbitals are mostly located on the cage with minor cluster contribution. So in the anodic 

region we expect sulfide clusterfullerene to have the highest values of the first oxidation 

potential in comparison with M2+-M2+ oxidation of dimetallofullerenes, while the comparison 

of the first reduction potential of M2@C82 with corresponding isomer of M2S@C82 can confirm 

the cage-based character of the LUMO. 
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Figure. 2.12. DFT-computed frontier molecular orbitals of Sc2@C82, Sc2C2@C82, Sc2O@C82, and Sc2S@C82, 

all with C3v(8) fullerene cage. 

The cyclic voltammograms of C82-C3v and C82-Csfamilies of EMFs are shown at the figures 

2.13 and 2.14 respectively, and all the potential data is summed up in Table 2.1 and Table 2.2 

2.4.1. M2@C82 dimetallofullerenes with C82-C3v cage isomer 

The first reduction of M2@C82-C3v is at about −1.1 V and proceeds irreversibly (re-

oxidation peak appears at about −0.70 V). At more negative potentials it is followed by the 

broad double peak of the second reduction at about −1.4 V. (We are using potential values, 

given versus Fc(Cp)2
+/0 couple throughout this discussion). For Sc2- and Er2-EMFs this second 

process is also irreversible, but for Lu2@C82 the reversed peak can be observed with the 

forward-reversed current ratio of about 0.92. Furthermore, in case of Lu2@C82-C3v the 

experimental conditions allowed to detect the third reversible reduction step at about −1.71 V. 

Er2S@C82-C3v demonstrates analogous reduction pattern; both reduction peaks as well 

as the reoxidation one are positively shifted by 0.10-0.15 V, that can be due to the cluster 

contribution to the unoccupied molecular orbitals.  
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Figure 2.13. Cyclic voltammetry of Lu2@C82, Er2@C82, Sc2@C82and Er2S@C82 with C3v(8) cage isomer. 

Measurements are performed at room temperature in o-dichlorobenzene/TBABF4 with the scan rate 

100 mV/s. To guide an eye, vertical dotted lines denote the first oxidation potentials of Lu2@C82 and 

Er2@C82 and the first reduction potential of Lu2@C82 

At the same time, anodic behavior of M2@C82-C3v dimetallofullerenes exhibit 

pronounced metal-dependence, as it can be expected for the metal-based HOMO. The least 

positive potential, +0.02 V, has been recorded for Sc2@C82 (similar results were also reported 

for this molecule by Akasaka et al.130). Er2@C82 is the next in a row with the potential value of 

+0.13 V. The first oxidation of Lu2@C82 occurs at the much more positive potential of +0.48 V 

(and the second one can be observed at +0.93). Similar value of +0.50 V has been observed also 

for Er2S@C82 at its first oxidation step, confirming that the energy of the Lu2+–Lu2+ bonding 

orbital is very close to that of the cage-based orbitals. In all cases, the peak current ratios Ir/If 

are close to unity, that demonstrates stability of the EMF species with partial occupancy of the 

metal-metal bonding orbital towards any follow-up chemical reactions, at least within the cyclic 

voltammetry (CV) timescale. 

It is interesting to make the comparison with redox properties of Sc-clusterfullerene 

series from the literature data (see table 2.2). The potential matching reveals, that first 

reduction potentials of  Sc2S@C82-C3v (–1.04 V72), and Sc2C2@C82-C3v (–0.94 V150) are somewhat 
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more positive than those of M2@C82-C3v similarly to how it is in the case of Er2S@C82-C3v (-

0.99V), while recently published Sc2O@C82-C3v has the most negative first reduction potential 

at –1.17 V149. The span of these values agrees with the metal contributions to the LUMOs, from 

negligible in Sc2O@C82 to the dominant in Sc2C2@C82 (Fig. 2.10.) Thus, we can postulate that  

–1.17 V is the intrinsic reduction potential of the C82-C3v
4- cage in EMFs with the 4-fold charge 

cluster, and more positive values evidence for the certain contribution of the metal atoms to 

the LUMO. Reduction potentials of M2@C82-C3v are found in the range from −1.11 to −1.16V, 

i.e. weak metal-dependence can be detected. So, we can see, that the cluster exhibits a small 

contribution to the LUMO of these di-EMFs. Whereas the first oxidation step of Er2S@C82-C3v 

and all Sc-based clusterfullerenes with C82-C3v isomer occur at about +0.5 V, and this potential 

may be considered as the intrinsic property of the C82-C3v fullerene cage.  

Table 2.1.  Selected electrochemical parameters for several EMFs with C82-C3v(8) cage isomer. 

  E*,V ∆ EF-R, V IR/IF character 

Lu2@C82-C3v        ox-I                  
ox-II 
red-I 
red-II 
red-III 

+0.48 
+0.93 
-1.10 
-1.48 
-1.71 

0.08 
0.09 

-  
0.08 
0.06 

0.92 
0.97 

- 
0.92 
0.92  

reversible 
reversible 

irreversible 
reversible 
reversible 

Er2@C82-C3v         ox-I                  
red-I 
red-II 

+0.12 
-1.11 
-1.42 

0.11 
- 
- 

0.94 
- 
- 

reversible 
irreversible 
irreversible 

Er2S@C82-C3v      ox-I                  
red-I 
red-II 

+0.50 
-1.01 
-1.29 

0.08 
- 

0.06 

0.88            
- 

0.95 

reversible 
irreversible 
reversible 

 
Sc2@C82-C3v         

ox-I                  
red-I 
red-II 

+0.05 
-1.10 
-1.41   

0.08 
- 
- 

0.91 
-                    
- 

reversible 
irreversible 
irreversible 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, “reox-I” stands for a new reoxidation peak, appearing after the second reduction,	”∆EF-R” 

stands for difference of the forward and reversed peak potentials, “IR/IF“ stands for the ratio of the 

forward and reversed peak current. 

2.4.2. M2@C82 dimetallofullerenes with C82-Cs cage isomer 

The first reduction potentials of the M2@C82-Cs dimetallofullerenes are at−1.00 V (Lu) 

and −1.01 V (Er). Importantly, in both EMFs the first reduction step is reversible as well as the 

second one near −1.30 V. Reversible third reduction at −1.77 V is also observed for Lu2@C82-Cs. 

Thus, the M2@C82 isomers are an interesting example of the isomer-dependent reversibility of 

the reduction behavior. The anodic behavior of M2@C82-Cs follows the same trend as it was for 
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M2@C82-C3v isomers. The first oxidation is electrochemically reversible and the potential is 

metal-dependent, Er2@C82-Cs being noticeably easier to oxidize than Lu2@C82-Cs (+0.02 V 

versus +0.34 V). In case of Lu-dimetallofullerene, the second reversible oxidation can be 

observed at +0.72 V. 

 

Figure 2.14. Cyclic voltammetry of Lu2@C82, Er2@C82and Er2S@C82 with the Cs(6) cage isomer. 

Measurements are performed at room temperature in o-dichlorobenzene/TBABF4 with the scan rate 

100 mV/s. To guide an eye, vertical dotted lines denote the first oxidation potentials of Lu2@C82 and 

Er2@C82 and the first reduction potential of Lu2@C82 

The first reduction potential of Er2S@C82-Cs is −0.99V and the process proceeds 

irreversibly (the reoxidation peak at about  −0.95 V appears only after extending of the potential 

sweep down to reach the second reduction peak). There is a large gap between the first and 

the second reduction steps: the last one is observed at −1.7 V, near the third reduction of 

Lu2@C82. Herewith the first reduction of otherC82-Csclusterfullerenes such as Sc2S-, Sc2C2- and 

Sc2O-EMFs also occurs in the range from −0.93 to −1.01 V72,179, but none of Sc-based 

clusterfullerenes demonstrates such a pronounced gap between the first and the second 

reduction. So we can conclude, that the structure of the higher unoccupied orbitals in case of 

Er2S@C82-Cs sulfide is different to that of corresponding dimetallofullerenes as well as other 

clusterfullerenes (table 2.2.) 
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The first oxidation of Er2S@C82-Cs is reversible and occurs at +0.39 V, similarly to 

oxidation of the Sc-based clusterfullerenes (0.35 V-0.42 V, see table 2.2). Notable, that in case 

of the Cs isomer the difference between metal-based oxidation in Lu2@C82 and cage-based 

oxidations in Er2S@C82 is more pronounced: 0.06 V versus 0.02 V for corresponding pair of C3v 

isomers. Therefore for C82-Cs we can observe noticeable difference between the Lu2+–Lu2+ 

HOMO and the nearest cage-based orbitals.  

Table 2.2.  Selected electrochemical parameters for several EMFs with  C82-Cs(6) cage isomer  

 

 

 

 

 

 

 

 

 

 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, “reox-I” stands for a new reoxidation peak, appearing after second reduction,	”∆EF-R” stands 

for difference of the forward and reversed peak potentials, “IR/IF“ stands for the ratio of the forward 

and reversed peak current. 

2.4.3. Mixed metal M2@C82 and M2C2@C82 compounds 

The revealed metal dependence of the dimetallofullerene oxidation potential made us 

wonder how the HOMO will behave in a mixed-metal system, especially when two metals with 

different electronic properties are combined in one molecule.  

 

  E,V* ∆ EF-R, V IR/IF character 

Lu2@C82-Cs ox-I                  

ox-II 

red-I 

red-II 

red-III 

+0.33 

+0.72 

-1.01 

-1.34 

-1.74 

0.06 

0.07 

0.06 

0.05 

0.09 

0.97                

0.97 

0.97              

0.91                  

0.88 

reversible 

reversibly 

reversible 

reversible 

reversible 

Er2@C82-Cs         ox-I                  

red-I 

red-II 

+0.02  

-1.04 

-1.36 

0.17 

0.18 

0.18 

0.98            

0.96                 

0.93 

reversible 

reversible 

reversible 

Er2S@C82-Cs        ox-I                  

red-I 

red-II 

+0.39 

-0.99 

-1.79 

0.09 

- 

0.11 

0.97            

-            

0.86 

reversible 

irreversible 

reversible 



70 

 

 

Figure 2.15. (a) Square wave voltammetry of Lu2@C82, YLu@C82, Er2@C82, ErSc@C82, and Sc2@C82, all 

with C3v(8) cage, in the anodic range; (b) Isosurfaces of the HOMO in Lu2@C82-C3v, YLu@C82-C3v, and 

Y2@C82-C3v. 

To clarify this question, we have isolated small amounts of YLu@C82-C3v and ErSc@C82-

C3v dimetallofullerenes that was enough to perform Square Wave Voltammetry experiment. 

Unfortunately, all our attempts to isolate Y2@C82-C3vhave occurred to be fruitless. Although the 

compound has been observed in the fullerene mixture according to mass-spectral analysis, we 

have not succeed to isolate any noticeable amount of individual EMF that may be due to its low 

stability. It should be noted that fullerenes with low oxidation potential which include Y2@C82 

are characterized by highly intense peaks in the positive mode of mass spectrum, even in case 

when their concentration in the mixture is very low, so it is difficult to estimate the 

dimetallofullerene amount with only a mass-spectrum in hand. 

DFT calculations show that the HOMO energy of the Y2@C82-C3v (−4.426 eV at the 

PBE/TZ2P level) is even higher than that of Sc2@C82-C3v (−4.676 eV), so for the first 

dimetallofullerene an oxidation potential near 0.0 V or more negative can be expected. Square-

wave voltammetry shows that YLu@C82 is oxidized at +0.23 V (Fig. 2.15), almost exactly in the 

middle between the oxidation potential of Lu2@C82-C3v and expected potential of Y2@C82-C3v. 

Likewise, the HOMO energy of YLu@C82 (−4.962 eV) is close to the mean value of the HOMO 

energies of Y2@C82-C3v (−4.426 eV) and Lu2@C82-C3v (−5.332 eV). Interestingly, the shape of the 

HOMO of YLu@C82 has pronounced asymmetry: the electron density is shifted towards Lu 

atom. (Fig. 2.15). Similar electrochemical behavior is observed in the mixed Er-Sc system: the 
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first oxidation potential of ErSc@C82-C3v dimetallofullerene (+0.08 V) has been found exactly 

between the corresponding potentials of Sc2@C82 (+0.02 V) and Er2@C82 (+0.13 V). At the same 

time the reduction potentials of all listed dimetallofullerenes, measured in square wave 

voltammetry experiment, are much closer and vary from –1.16 V to –1.11 V. It should be noted, 

that these values are a little more cathodic with respect to those, measured in cyclic 

voltammetry experiment.  This can be explained due to the irreversibility of the process. For 

comparison, in case of reversible first oxidation of C82-Cs family there is almost no difference 

between cyclic voltammetry and square wave voltammetry potentials. 

 

Figure 2.16. Square wave voltammetry Sc2C2@C82, YScC2@C82 and Sc2C2@C82, all with Cs(6) cage. 

Measurements are performed at room temperature in o-dichlorobenzene/TBABF4 with the scan rate of 

100 mV/s.  To guide an eye, vertical dotted lines denote oxidation and reduction potentials of 

Sc2C2@C82, and Y2C2@C82. 

We also have separated and studied three C82-Cs metal carbides: Sc2C2@C82-Cs, 

YScC2@C82-Cs and Y2C2@C82-Cs. The square wave voltammetry experiment has revealed, that 

the first reduction potential of these EMFs is to some extend metal dependent, Y carbides being 

easier to reduce. In particular the first reduction potential of Y2C2@C82 is –0.85 V, which is the 

most positive value in the whole C82-Cs family. The first reduction potential of YScC2@C82-Cs 

(−0.90 V) can be observed between the oxidation potentials of Sc2C2@C82 and Y2C2@C82. As to 

the oxidation potentials, no pronounced metal-dependence has been detected: Y2C2@C82 has 
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the lowest oxidation potential of +0.35V, but those of YScC2- and Sc2C2-clusterfullerenes are 

much closer, the mixed-metal carbide even being slightly more difficult to oxidize.  

These experiment confirm, that in M2C2@C82-Cs EMFs the internal M2C2 cluster has 

contribution to the both LUMO and HOMO and the first one is more pronounced. 

Table 2.3....Redox potentials of selected dimetallofullerenes and clusterfullerenes. 

EMF ox-I red-I red-II red-III gapEC link EMF 

Er2@C82-Cs(6) 0.65 0.02 −1.01 −1.31  1.03 t.w. 

Lu2@C82-Cs(6) 0.74 0.34 −1.00 −1.32 −1.77 1.34 t.w. 

Er2S@C82-Cs(6)  0.39 −1.01 −1.85 −2.21 1.40 t.w 

Sc2C2@C82-Cs(6) 0.64 0.42 −0.93 −1.30 − 1.35 179 

Sc2O@C82-Cs(6) 0.72 0.35 −0.96 −1.28 −1.74 1.31 72 

Sc2S@C82-Cs(6) 0.65 0.39 −0.98 −1.12 −1.73 1.37 72 

Sc2@C82-C3v(8)  0.02 −1.16 −1.53 −1.73 1.18 t.w. 

ErSc@C82-C3v(8)  0.08 −1.11 −1.49 −1.72 1.19 t.w. 

Er2@C82-C3v(8)  0.13 −1.14 −1.41 −1.83 1.27 t.w. 

Lu2@C82-C3v(8) 0.95 0.50 −1.16 −1.46 −1.77 1.66 t.w 

YLu@C82-C3v(8)  0.23 −1.13   1.36 t.w. 

Er2S@C82-C3v(8) 0.88 0.51 −0.98 −1.21 −1.70 1.49 t.w 

Sc2C2@C82-C3v(8) 0.93 0.47 −0.94 −1.15 −1.60 1.41 150 

Sc2O@C82-C3v(8) 1.09 0.54 −1.17 −1.44 −1.55 1.71 149 

Sc2S@C82-C3v(8) 0.96 0.52 −1.04 −1.19 −1.63 1.56 72 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, gapEC is an electrochemical gap defined as the difference of the first reduction and oxidation 

potentials. All potentials obtained in this work have been measured in the SWV experiment and can be 

slightly to that measured in the CV experiment. 

2.5. Magnetic behavior of the M-M bonding electrons. 

2.5.1. EPR spectroscopy of Sc2@C82-C3v cation-radical    

Reversible oxidation of Sc2@C82 and Er2@C82 demonstrated in the electrochemical 

experiments proves the stability of their cation radicals and opens the possibility for detailed 

studies of their properties. We have chosen EPR spectroscopy as a powerful tool that can 

provide information about compound structure spin density localization  
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The first oxidation step of the M2@C82 is a removal of one electron from the M–M 

bonding MO, which results in the cation radical with the unpaired electron localized between 

two metal atoms. The M–M bonding MO has a pronounced spd-hybrid character with 

substantial s-contribution from the (ns)σg
2 orbital of the M2 dimer. Partial s-character is of 

particular importance because of the orbital shape: it is the only type of orbital without a nodal 

point in nucleus. Thus the s-orbitals contribution provides the high spin density on the M 

nucleus in M2@C82, which leads to large values of isotropic hyperfine coupling constants in the 

EPR spectra. For instance, huge a(139La) hfc constant in the anion radical La2@C80-Ih as well as 

its paramagnetic derivatives prove the presence of the single-occupied La–La bonding MO in 

these species128. 

 

Figure 2.17. DFT-computed spin density distribution in Sc2@C82
+ 

The cation radical Sc2@C82
+ has been generated by chemical oxidation of Sc2@C82-C3v(8) 

with tris(4-bromophenyl) aminium hexachloroantimonate in o-dichlorobenzene solution in the 

dry nitrogen atmosphere. This compound (also known as “Magic blue” due to the saturated 

dark blue color of the solutions) exhibits reversible one-electron oxidation at E+/0=+0.70 V 

versus Fe(Cp)2
+/0, that is between the first and the second oxidation steps of Sc2@C82 

dimetallofullerene. Thus addition of approximately equimolar amount of magic blue results in 

removing of one electron from the metal-metal bonding HOMO of Sc2@C82. 

The EPR spectrum of Sc2@C82
+cation radical measured at room temperature (Fig. 2.18) 

revealed a complex multi-line hyperfine structure spanning the range of 2800 G. Due to the 

large spectrum width and relatively narrow line width of 1–3 G (requiring the use of small 

modulation amplitude), acquisition of the spectrum took 2 days. After that, intensity of the 

signal started to decrease, revealing the cation radical degradation. 
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The nuclear spin of 45Sc is 7/2; so the total spin of the system with two equivalent Sc 

nucleus is calculated as I = I1+I2and spans all integer values from 0 to 7. If only the first order of 

perturbation is considered, positions of resonance lines in the EPR spectrum are dependent 

only on the projection of the total momentum, mI, and one can expect to see the 2*I+1=15 

lines in the EPR spectrum of  Sc2 dimer, corresponding to mI = 0, ±1,…±7, position of each 

resonance being determined by formula: 

0 IB B am= −                                                                                                                              (Eq. 2.1) 

However, the experimental spectrum of Sc2@C82
+ is much more complex and has as 

many as 64 lines. The reason is that for the large value of hyperfine coupling constants, the 

resonance positions are also dependent on the total momentum I. The equation 2.1 for the 

resonance field actually includes other terms, but when the value of a hfc constant is small with 

respect to B0, their contribution is negligible.  

2
2

0
0

[ ( 1) ] ...
2I I

a
B B am I I m

B
= − − + − +                                                                                 (Eq.2.2) 

The formula (Equation 2.2) splits mI-dependent lines into lines with different , II m

values. In case of Sc2@C82
+, the total spin I spans integer values from 0 to 7, and each value of 

spin projection mI can be achieved for (7+1-|mI|) different values of I. For instances, the 

resonances with mI = 7 and mI = −7 can be achieved only with I = 7, while the resonance 

resonances with mI = 6 and mI = −6 can be achieved for two different values of the total spin I: 

7 and 6, and so on. Thus, two resonances at the lowest and the highest magnetic fields 

correspond to non-degenerate mI = ±7 states, the next two states with mI = ±6 are split into two 

signals each, and the central line with mI = 0 is split into 8 lines. The total number of resonances 

is then 1+2+3+4+5+6+7+8+7+6+5+4+3+2+1=64. Figure 2.18 shows assignment of all observed 
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lines and indicates positions expected in the first order (blue lines) and their splitting in the 

higher orders of perturbation theory according to different I values (red lines). 

 

 

Figure 2.18. EPR of the cation radical Sc2@C82
+. Assignment of the peaks to , II m  states is shown in 

blue and red lines. Blue lines denote the states with I = |mI|, red lines show groups with identical mI 

values and I ≥ |mI|.  

 Despite the seemingly complex hyperfine pattern, positions of all resonances can be 

perfectly reproduced with a single a(45Sc) constant of 199.2 G equal for two Sc atoms and a g-

factor of 1.994. The a(45Sc) constant in Sc2@C82
+ is the largest among all Sc-based EMF 

compounds and is one of the largest among all Sc-based compounds in general.  

The value of isotropic coupling constant aSc can be employed to estimate the 

contribution of s-orbitals of Sc to the Sc–Sc bonding orbital. ScO radical with a(45Sc) value of 

630 G is known to be a pure Sc-4s1 system180. Taking it as a reference, we can determine the 

contribution of Sc atomic 4s-orbitals to the spin density in Sc2@C82
+ as 32%, that is in good 

agreement with the spd-hybrid orbital composition of the spin density distribution, calculated 

by DFT (Figure 2.17). 
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So far as resonance lines with different I, but the same mI have been resolved, there 

degeneracy of the spectrum is lifted.  So one can expect the intensity of all 64 resonance lines 

in the isotropic spectrum to be identical. The experimental data (Fig. 10) at first sight does not 

follow this prediction: the peaks close to the center have considerably higher height. The reason 

is the variation of the line width across the spectrum from 1.1 G for the central lines to 2.2/3.4 

G on the high- and low-field areas, which is caused by the incomplete rotational averaging 

(tumbling).  

In 1961 Kivelson et al. demonstrated, that  in the fast-motional regime the linewidth is 

determined as a quadratic or cubic function from mI
181.  

;<=ℎ = ? + ∑ 
A�BC + D�BC7� +⋯�                                                                      (Eq. 2.3) 

Here ?, A and D coefficients are depending from g-factor and coupling constant anisotropy and 

rotation time. 

For our system with a strong second order effect we hypothesized that line-width in the 

fast-motional regime depends quadratically on both mI and I. To check this suggestion at first 

we selected 15 points with same values of |mI|=I and verified that the linewidth exhibits 

quadratic dependence on mI 

 

Figure 2.19. Linewidth of the 15 resonance lines with|mI|=I in the EPR spectrum of Sc2@C82
+ as a 

quadratic function of mI. The inset exhibits the position of selected resonances at the spectrum. 
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For the resonance lines with zero mI values the quadratic dependence has also been 

found on the total momentum I:  

 

Figure 2.20. Linewidth  of the 8 resonance lines with mI=0 in the EPR spectrum of Sc2@C82
+ as a 

quadratic function of mI. The inset exhibits the position of selected resonances at the spectrum. 

Final two-parameter (mI and I) fit of all 64 resonances line-width in the fast-motional 

regime revealed square dependence on both  mI, and I, including also a mixed term mI,*I. 

(Figure 2.21). 

;<=ℎ = ? + A BC + A7F + D �BC7		 +	D� F7 + D  BCF	                                     (Eq. 2.4) 
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Figure 2.21. Linewidth in the EPR spectrum of Sc2@C82
+ as a function if I and mI and the fit of the 

whole set of data using quadratic function of both parameters 

It is interesting, that the contribution of the two linear terms A BC  and   A7F have been 

determined worse with respect to three quadratic terms		D �BC7		, D� F7 and D  BCF.			At the 

same time the contribution of the first ones also is much smaller. On the whole the fitting error 

has been found to be low (see figure 2.21). 

After adjusting the calculated line widths values to the simulation algorithm the 

experimental spectrum can be perfectly reproduced by a simulated one. 

 

Figure 2.22. Comparison of experimental (black) and simulated (red) EPR spectra of Sc2@C82
+. For the 

sake of comparison, noise reduction was applied to the experimental spectrum by filtering high 

frequency part in the Furrier-transformed spectrum. Positions of the lines in simulated spectrum were 

obtained using XSophe software, linewidth are from the fit described above. 

2.5.2. SQUID Magnetometry 

Because of the strong lanthanide-induced broadening of the resonance lines, EPR 

spectra of Er2@C82
+ cation radicals cannot be measured in solution at room temperature. In 

the absence of EPR indication of the spin localization in these dimetallofullerene cations, we 

have addressed this question using SQUID magnetometry. One can expect, that changing from 

the double-occupied Er–Er bonding orbital in the neutral Er2@C82 molecule to the single-

occupied orbital in Er2@C82
+ cation-radical will also adjust the Er–Er exchange coupling. This 



79 

 

should result in the changes in the magnetization behavior of the compound, which can be 

revealed with the help of SQUID magnetometry measurements.  

Similar to Sc2@C82
+, the Er2@C82

+ cation radical has been prepared by oxidation of 

Er2S@C82-C3v EMF with an excess of tris(4-bromophenyl)aminium hexachloroantimonate in o-

dichlorobenzene solution. After the reaction the solvent has been evaporated and the residue 

has been washed with acetonitrile to remove the excess of oxidant and with toluene to remove 

rest of unreacted dimetallofullerene and then redissolved in o-dichlorobenzene.  

 

Figure 2.23. Vis-NIR absorption spectra of [Er2@C82]+SbCl6- and Er2@C82 with C82-C3v(8) cage isomer, o-

dichlorobenzene, l=1 cm. 

The Vis−NIR spectra of final [Er2@C82]+SbCl6-is very similar to that of the parent 

Er2@C82EMF (figure 2.23). So far as shape of Vis−NIR is mostly determined by the π→ π* 

excitation of the cage π-electrons, we can conclude, that the electronic structure of the Er2@C82 

carbon cage is not changed upon oxidation. This fact additionally confirms the cluster-based 

nature of the HOMO in these EMFs. 

Figure 2.24 demonstrates normalized magnetization curves measured for the powder 

samples of pristine Er2@C82, Er2@C82
+ salt as well as for the same isomer of Er2S@C82. The 

Er2@C82 and Er2@C82
+ samples exhibit strongly different magnetization saturation behavior in 

the magnetic field area of below 2 T. With the increase of the external magnetic field the 

magnetization grows much faster in case of the cation-radical than in case of parent 

dimetallofullerene. This effect cannot not be caused by the rest of tris(4-bromophenyl)aminium 
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hexachloroantimonate influence: saturation curve of the last one has been measured at the 

same conditions and demonstrates the magnetization growth much slower than both EMFs 

samples. Thus, normalized magnetization curve for non-interacting mixture of tris(4-

bromophenyl)aminium hexachloroantimonate and Er2@C82 would be also reaching saturation 

slower than Er2@C82. Similarly, in case when oxidation does not influence the metal-metal 

interaction but only creates an additional spin of 1/2 localized on the carbon cage, saturation 

of the Er2@C82
+ cation radical would be reached slower with respect to the pristine Er2@C82 

dimetallofullerene. This line of arguments has confirmed that the difference in the 

magnetization curves of Er2@C82 and Er2@C82
+ is not caused by an additional spin 1/2center 

weakly interacting with the spin system of Er2 unit, but has to have a lanthanide-based nature. 

Thus one can conclude that oxidation of Er2@C82 with tris(4-bromophenyl)aminium 

hexachloroantimonate strongly influences the spin state in the endohedral M2 unit, supposedly 

transforming it into a three-center [M–e–M] spin system with stronger exchange interactions. 

SQUID measurements have confirmed that metal-metal bonding in Er2@C82
+ cation-radical is 

substantially modified with respect to neutral dimetallofullerene. Interestingly, magnetization 

saturation curve of Er2@C82
+ at 2 K is almost similar to that of the Er2S@C82. 

 

Figure 2.24. Magnetization curves of Er2S@C82, Er2@C82, [Er2@C82
+]SbCl6−, and magic blue at T = 2 K (all 

EMFs are with C82-C3v(8) cage). For each sample, the curve was normalized to the value measured at 7 

T. The line shows Brillouin function with the spin S=1/2 fitting the data points for magic blue. 
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2.6. Chapter summary 

1. Two series of M2@C82-C3v and M2@C82-Csdimetallofullerenes as well of corresponding 

sulfide and carbide clusterfullerenes have been isolated and characterized. For both cage 

isomers dimetallofullerenes have non-trivial structure with a metal-metal bonding between 

two metal atoms, which has been proved with several spectroscopic techniques as well as DFT 

calculations. 

2. The M2+- M2+ bonding orbital is the HOMO orbital of the dimetallofullerene molecule, 

that strongly influences the oxidation behavior of dimetallofullerene in comparison with 

corresponding isomers of clusterfullerenes.  

3. The EPR spectrum of Sc2@C82 cation radical shows a giant isotropic 45Sc hyperfine 

coupling constant of 199.2 G due to the large contribution of 4s atomic orbitals of Sc to the Sc–

Sc bonding MO in Sc2@C82. 

4. For Er2@C82, the metal-based oxidation leads to the formation of a unique spin 

system, in which local magnetic moments of Er ions derived from 4f electrons are coupled to 

each other via a single unpaired spin delocalized between two ions. The oxidation of Er2@C82 

to Er2@C82
+ hence results in the strong changes in the magnetization behavior. 
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Chapter 3. Single-occupied metal bonding orbital in 

M2@C80(CH2Ph): electrochemical and EPR studies 

 

3.1. Unique M2@C80(CH2Ph) EMFs: synthesis and structure 

In the previous chapter we have demonstrated, that such metals as Er, Lu and Sc can 

adopt the charge state of 2+ in dimetallofullerenes and form stable EMFs with 4-fold charged 

cages C82-Cs and C82-C3v, although lower lanthanides as Ce and La adopt charge state of 3+ and 

can be stabilized with 6-fold charged cages. However there is a third variant of the electronic 

configuration of the M2 cluster, which can be realized for Y and a list of medium lanthanides 

such as Dy, Tb and Gd. For all this metals no dimetallofullerene with 6-fold C80-Ih cage has ever 

been isolated, whereas a dimetallofullerene with 4-fold C82-C3v cage has been found only in case 

of Y. Y2@C82-C3v is characterized by low first oxidation potential and low stability66. 

 

Figure 3.1. Schematic depiction of dimetallofullerenes and derivatives. (a) Comparison between 

different types of dimetallofullerenes.(b) Description of the synthetic route for M2@C80 with single-

electron M–M bond. 

Calculations made by group of Shinohara in 2014  have revealed that  the ground state 

of M2@C80 molecule (M = Y, Gd) is a triplet with one unpaired electron on the M–M bonding 

MO, and another one unpaired electron being delocalized over the carbon cage (Figure 3.1a)182.  

In this way, the M2 cluster actually donates 5 electrons to the carbon cage that can be called 

an intermediate situation between 4 electrons in case of Er, Sc and Lu and 6 electrons in case 
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of La and Ce. This statement is confirmed by isolation of Y2@C79N and Gd2@C79N azafullerenes, 

in which the formal charge of the mixed C79N cage is 5-. Moreover EPR studies of neutral 

Y2@C79N and Gd2@C79N have revealed an unpaired electron delocalized between two metal 

atoms155. 

Thus, M2@C80 dimetallofullerenes with unpaired electrons in the metal bonding orbital 

are biradicals in the ground state. These EMFs are extremely unstable and cannot be extracted 

from the primary soot using the ordinary extraction (with CS2, halogen aromatics, etc.).There 

have been several attempts to extract such EMFs as anions37,183 using donor solvents such as 

pyridine and DMF  or to transform them into stable chemical derivatives (in particular, by 

adding a CF3 group with the formation of M2@C80(CF3) mono adduct)182,184,185, although in both 

cases products have not been isolated individually. 

During the last year Dr. Liu from our group has investigated and developed the ingenious 

two-step procedure to extract such dimetallofullerenes from the standard metal 

oxide/graphite arc-discharge primary soot. During the first step, solid EMFs are transferred to 

anionic form with DMF extraction: this solvents acts as a donor, providing an additional electron 

to dimetallofullerene molecules. As a result we have M2@C80 anions, in which all cage electrons 

are coupled, and only one unpaired electron remains on the metal-bonding orbital. Such anions 

are more stable in comparison with parent biradical dimetallofullerenes and can be efficiently 

dissolved in polar DMF (Figure 3.1 b). This ionic solution is then treated with excess of BrCH2Ph, 

that finally leads to a mixture of different M@C2n(CH2Ph) and M2@C78,80(CH2Ph) benzyl 

monoadducts. These compounds are stable on air and soluble in toluene. The reaction with 

BrCH2Ph proceeds via formal nucleophilic substitution of Br− with M2@C80
− anion. Wherein the 

cage electron pair forms the bonding between fullerene and CH2Ph moiety.  Consequently, in 

the final monobenzyl derivative M2@C80(CH2Ph), the only unpaired electron is located on the 

metal-bonding orbital, while all other electrons are coupled. It should be noted, that formation 

of benzyl monoadduct is not common in fullerene chemistry: generally in case of monovalent 

addends EMFs as well as empty fullerenes form derivatives with even number of attached 

groups. Formation of stable derivative with one attached benzyl moiety also indicates the 

unusual electronic structure of parent M2@C80 EMFs. 

Described above extraction procedure has been shown to be applicable in case of Y, Dy 

and Tb dimetallofullerenes. Further multi-step HPLC procedure allows to isolate two isomers of 
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M2@C80(CH2Ph) - with C80-Ih and C80-D5h cages. Molecular structure of Dy2@C80(CH2Ph) with 

C80-Ih cage isomer has been confirmed by single-crystal XRD experiment. Molecular structure 

of M2@C80(CH2Ph) with C80-D5h cage isomer has been determined by UV−vis−NIR spectroscopy 

based on the analogy with the monoadduct of La2@C80-D5h
186.  

These dimetallofullerene derivatives with single-occupied molecular bonding orbital 

(SOMO) represent a unique case in EMF research. Unpaired ground state electron between 

two metals strongly influences both electrochemical and magnetical behavior. In particular 

SQUID studies of Dy2@C80(CH2Ph) with C80-Ih cage isomer have demonstrated that this fullerene 

is a single molecule magnet with record-high blocking temperature of 22 K. The three-center 

spin system of molecule can be described as [Dy3+–e–Dy3+], in which all moments are collinear 

and coupled ferromagnetically to form a single spin unit of 21 μB
187. 

In the present work we focus mainly on electrochemical and EPR studies of different 

M2@C80(CH2Ph) EMFs (M= Y, Dy, Tb, C80-Ih and C80-D5h cage isomers), so far as author has been 

involved only in these parts of the research. For more details about the synthesis, structure and 

SQIUD measurements, see ref187.  

3.2. The electronic structure of neutral Y2@C80(CH2Ph) compounds: EPR 

investigation 

The electronic structure of the Y2@C80(CH2Ph) derivatives with C80-Ihand C80-D5hcages is 

confirmed by EPR spectroscopy. The EPR spectrum of neutral Y2@C80(CH2Ph) fullerene with C80-

Ih cage (Y2-Ih), measured in solution at room temperature (Figure 3.2) exhibits a broad triplet 

with the isotropic a(89Y) hyperfine constant of 81.2 G (224 MHz) and an electron g-factor of 

1.9733. Such a large value of the 89Y coupling constant confirms the presence of the unpaired 

electron on the Y–Y bonding molecular orbital. As in case of Sc2@C82
+ cation-radical, this 

bonding is formed with sufficient contribution of s-orbital that provides high spin density at the 

nuclei and strong nuclear-spin interaction.  
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Figure 3.2. EPR spectrum of Y2-Ih in toluene solution at room temperature 

The EPR spectrum of the Y2-Ih frozen solution at 150 K (Figure 3.3) shows characteristic 

rhombic pattern with hyperfine tensor components a⊥(89Y)=75,3 G (208 MHz) and a‖(89Y)=88,9 

G (246 MHz) respectively, and g-tensor components g⊥	= 1.9620, and g‖ =1.9982. The averaged 

values of g-factor and hyperfine constant, obtained from the low temperature tensors, are 

respectively 1.974 and 79.8 G, that is quite closed to experimentally observed isotropic values. 

The pronounced anisotropy of both tensors also indicates that a substantial degree of 

the spin density is localized on the two Y atoms.  

 

 

Figure 3.3. Experimental and simulated EPR spectra of Y2-Ih in frozen toluene solution at 150 K.  
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At the intermediate temperatures, between 276 and 176 K, the EPR spectra in toluene 

solution have a shape of an asymmetrically broadened triplet, the broadening degree 

increasing with the decrease of the temperature. The simulation can be done in the fast motion 

regime: all the hyperfine tensor components and g-tensor components are fixed as obtained 

from the simulation for 150 K, the only variable parameter is the correlation time. The linewidth 

is then calculated from the correlation time. In particular figure 3.4 shows the experimental 

and simulated spectra for the temperature of 196 K. The value of correlation time decimal 

logarithm Log(tcorr) is −9.115. 

 

 Figure 3.4. Experimental and simulated EPR spectra of Y2-Ih at 196 K 

The EPR parameters of Y2-Ih are very close to those reported earlier for corresponding 

isomer of Y2@C79N azafullerene155,161: both EMF molecules have very similar spin density 

distribution arising from the single-occupied Y–Y bonding MO. DFT calculations also confirm 

that the spin density in Y2-Ih is fully enclosed inside the carbon cage and resembles the spatial 

distribution of the Y–Y bonding molecular orbital.  

In case of Dy2-Ih and Tb2-Ih EMFs, the EPR spectroscopy is not applicable, and the 

electron distribution cannot be confirmed directly. Although, UV−vis−NIR absorption, Raman, 

and IR spectra of all three M2-Ih fullerenes are very similar187, confirming that these compounds 

have identical molecular and electronic structure. Thus, conclusions, made for Y2-Ih can be 

extended to Dy2-Ih and Tb2-Ih EMFs as well. 
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The EPR spectrum of Y2@C80(CH2Ph) fullerene with C80-D5h cage isomer (Y2-D5h) 

generally follows the same trend as the Ih analogue does, although several noticeable 

differences have been detected. The EPR spectrum of toluene solution at room temperature 

(Figure 3.5) can be assigned to the system with two close but inequivalent Y atoms: a1(89Y) =79  

G (218.3 MHz), a2(89Y) = 77.1 G (213 MHz) and g-factor of 1.9738. 

 

Figure 3.5.  EPR spectrum of Y2-D5h in toluene solution at room temperature  

In the EPR spectrum of the frozen solution at 150 K we can observe rhombic pattern of 

both hyperfine tensor components a1(89Y)=[73,3 G; 87,7 G] and a2(89Y)=[73,1 G; 86,7 G], 

whereas the g-tensor is fully anisotropic  g=[1.9582; 1.9665; 1.9971].  

 

Figure 3.6. Experimental and simulated EPR spectra of Y2-D5h in frozen toluene solution at 150 K. 



88 

 

The spectrum of Y2-D5h at 196 K is also a distorted and broadened triplet, it is interesting 

that unequivalence of Y nuclei is not visible anymore. The value of Log(tcorr), obtained from 

simulation in the fast motion regime is -9.025, so Y2-D5h is characterized by somewhat slower 

rotation in comparison with Y2-Ih. 

 

Figure 3.7. Experimental and simulated EPR spectra of Y2-D5h at 196 K 

3.3. Electrochemical studies 

Redox behavior of M2@C80(CH2Ph) fullerenes with single-occupied metal-bonding 

orbitalis of particular interest. In the previous chapter we have demonstrated, that in M2@C82 

EMFs with Sc, Er and Lu the double-occupied metal bonding orbital is the HOMO, while in 

La2@C80-Ih molecule this empty metal-bonding orbital is LUMO. This orbital has both occupied 

and unoccupied components that hypothetically allows participation in both oxidation and 

reduction activity. However, DFT calculations (made for Y-based EMF with C80-Ih cage) predict, 

that the occupied SOMO component has energy level much lower than the cage-based HOMO 

and hence is not electrochemically active (Figure 3.10). At the same time, the LUMO of 

Y2@C80(CH2Ph) is the unoccupied counterpart of the Y–Y bonding SOMO, and one can expect 

the first reduction step to involve this orbital. 

Cyclic voltammetry and square wave voltammetry experiments have been executed in 

standard conditions in o-dichlorobenzene solution under dry N2 atmosphere. All three Y2-Ih, 

Dy2-Ih and Tb2-Ih EMFs exhibit completely reversible first reduction and partially reversible 

second and third reduction steps (Figure 3.8). The first oxidation is also reversible. In case of Y 
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and Dy EMFs, the second oxidation step can be detected in square wave voltammetry 

experiment, this process is also partially observed in cyclic voltammetry and most likely 

proceeds irreversibly. 

 

Figure 3.8. Cyclic voltammetry Y2@C80(CH2Ph) and Dy2@C80(CH2Ph) EMFs with C80-Ih cage isomer. 

Measurements are performed at room temperature in o-dichlorobenzene/TBABF4 with the scan rate 

100 mV/s. To guide an eye, vertical dotted lines denote redox potentials. 

The first oxidation potentials of Y2-Ih, Dy2-Ih and Tb2-Ih are virtually identical and placed 

in the range of +0.51-+0.52 V that is typical for cage-based processes.  Metal-independent value 

of the potential also indicates the cage-based character of the oxidation: internal dimetallic 

cluster is not involved in the charge transfer, the potential is determined only by the electronic 

structure of the cage. 

At the same time the first reduction potentials are more positive than standard cage-

based processes and are characterized by substantial metal-dependence: Y-based EMF is the 

easiest to reduce (−0.52 V), then comes Dy2-Ih with -0.60 V and Tb2-Ih is the hardest to reduce 

with E= −0.79 V. In case of Y- and Dy-based EMFs the second and third reduction potentials as 

well as the second oxidation potential are also identical, although for Tb2-Ih both the second 

and third reduction potentials are negatively shifted by 80 and 130 mV respectively. 
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Figure 3.9. Square wave voltammetry of Y2@C80(CH2Ph), Dy2@C80(CH2Ph)   and Tb2@C80(CH2Ph)  

compounds with C80-Ih cage isomer. Measurements are performed at room temperature in o-

dichlorobenzene/TBABF4 with the scan rate 100 mV/s. To guide an eye, vertical lines denote redox 

potentials of Y2@C80(CH2Ph)-Ih and first reduction potentials of Dy2@C80(CH2Ph)-Ih and 

Tb2@C80(CH2Ph)-Ih 

The difference in electronic structure between M2@C80(CH2Ph) EMFs and already 

known M2@C80 dimetallofullerenes with C80-Ih cage make comparing their redox behavior to be 

meaningless. The only known reference compound for such EMFs is recently synthetized 

La2@C80(CH2Ph) with Ih cage isomer188. This compound also has a single-occupied La–La 

bonding MO, that has been proven by EPR experiment. It should be noted, that mechanism of 

its formation is however different to that of Y, Dy and Tb analogs: the parent La2@C80 (that is 

stable and soluble in toluene) is treated with BrCH2Ph under irradiation with light of wavelength 

λ >350 nm. The reaction proceeds via radical mechanism. In the ground state the metal-

bonding orbital in La2@C80 is empty, but DFT calculations show, that in the excited state one of 

electrons can switch to metal-bonding LUMO, forming a triplet. This particle can be further 

stabilized by bonding with one CH2Ph radical. The electronic structure of resulting La2-Ih is 

similar to that of M2-Ih EMFs with Y, Tb and Dy: the only unpaired electron is located on the 

metal-metal bonding orbital. The orbital energy distribution is although directly opposite: in 
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case of La-based EMF calculation show, that the occupied component of SOMO is HOMO, while 

the unoccupied component has high energy level and is not electrochemically active. 

 

Figure 3.10. DFT-computed molecular orbital levels in Y2-Ih and La2-Ih, spin-up (α) and spin-down (β) 

levels are shown separately, arrows denote electrons in occupied MOs; Metal-based levels are 

highlighted in red. In Y2-Ih, HOMO levels are fullerene-based, whereas the lowest unoccupied MO is 

localized on the Y2-fragment. In La2-Ih, the highest occupied level is localized on La2-dimer, whereas 

LUMO levels are localized on the fullerene core. 

Experimentally observed  redox potential values for La2-Ih (ref.188) are in complete 

agreement with orbital distribution. La2-Ih  is characterized by a remarkably low first oxidation 

potential of +0.15 V. From the experiments with Y2-Ih, Dy2-Ih and Tb2-Ih we can set down the 

first oxidation potential of C80(CH2Ph) EMF with Ih isomer as approximately +0.5 V. In case of 

La2-Ih   pronounced negative shift undoubtedly indicates the cluster-based activity. 

The first reduction potential of La2-Ih is −0.82 V, which is the most negative among the 

Y, Tb and Dy analogs (whereas the second and the third reductions occur at similar potentials, 

see table 3.1). Taking into account the DFT calculation results, we can consider the value of 

−0.82 V as the level of cage-based reduction of C80(CH2Ph) EMF with Ih cage isomer. 

 So we can conclude, that the first oxidation of Y, Tb and DyM2@C80(CH2Ph) EMFs is the 

cage-based process, while for La2-Ih  it is cluster-based. On the contrary, the first reduction step 
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for La2-Ih is cage-based, while the first reduction of Y2-Ih and Dy2-Ih is metal-dependent and 

occurs via the M–M SOMO. The first reduction of Tb2-Ih is the only process that could not be 

clearly assigned. Somewhat more positive with respect to the La2-Ih potential, it may indicate 

the cluster-based nature, although the difference is too small to make any definite conclusions. 

The switching of the redox mechanisms in M2-Ih  EMFs on going from Y through Tb to La also 

can be explained by the higher energy of the (6s)σg
2 MO in the La2 dimer, which is inherited in 

dimetallofullerenes in the form of a high-energy La–La bonding orbital. 

 

Figure 3.11. Cyclic voltammetry Y2@C80(CH2Ph) and Dy2@C80(CH2Ph) EMFs with C80-D5h cage 

isomer. Measurements are performed at room temperature in o-dichlorobenzene/TBABF4 with the scan 

rate 100 mV/s. To guide an eye, vertical lines denote redox potentials of Y2@C80(CH2Ph)-D5h 

Redox behaviour of M2@C80(CH2Ph) fullerenes with C80-D5hcage generally follows the 

same trend. These EMFs exhibit three reversible reduction and one reversible oxidation steps.  
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Figure 3.12. Square wave voltammetry of Y2@C80(CH2Ph), Dy2@C80(CH2Ph), and Tb2@C80(CH2Ph) 

compounds with C80-D5h cage isomer. Measurements are performed at room temperature in o-

dichlorobenzene/TBABF4 with the scan rate 100 mV/s. To guide an eye, vertical lines denote redox 

potentials of Y2@C80(CH2Ph)-D5h and first reduction potentials of Dy2@C80(CH2Ph)-D5h and 

Tb2@C80(CH2Ph)-D5h 

Table 3.1....    Redox potentials of selected EMF monobenzyl derivatives 

EMF ox-I ox-II red-I red-II red-III gapEC link 

Y2@C80(CH2Ph)-Ih +0.52 +0.98 -0.52 -1.29 -1.60 1.04 t.w. 

Dy2@C80(CH2Ph)-Ih +0.52 +0.98 -0.60 -1.28 -1.58 1.12 t.w 

Tb2@C80(CH2Ph)-Ih +0.51 - -0.79 -1.36 -1.71 1.30 t.w 

La2@C80(CH2Ph)-Ih +0.15 - -0.82 -1.34 -1.64 0.97 188 

Y2@C80(CH2Ph)-D5h +0.40 +0.68 -0.72 -1.47 -1.82 1.12 t.w 

Dy2@C80(CH2Ph)-D5h +0.40 +0.67 -0.77 -1.44 -1.79 1.17 t.w 

Tb2@C80(CH2Ph)-D5h +0.40 +0.72 -0.96 -1.64 -2.05 1.36 t.w 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, gapEC is an electrochemical gap defined as the difference of the first reduction and oxidation 

potentials. All potentials obtained in this work have been measured in the SWV experiment and can be 

slightly to that measured in the CV experiment. 

The first oxidation potentials are exactly identical for all three Y2-D5h, Dy2-D5h and Tb2-

D5hEMFs (+0.40 V), while the first reduction potential spans the range from −0.72 V for Y to 
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−0.96 V for Tb. Similarly to Ih isomers we can make a conclusion, that unoccupied component 

of metal-metal bonding SOMO acts as the LUMO for these molecules, while the HOMO is cage-

based.  

The whole series of M2@C80(CH2Ph) fullerenes with C80-D5hcage isomer is characterized 

by more negative both oxidation and reduction potentials with respect to their Ih analogs (see 

Table 3.1). The metal-dependence of the redox behavior is somewhat less pronounced. 

3.4. Changing of the spin states in Y2@C80(CH2Ph), upon redox activity: 

EPR investigations 

Our next step was the investigation of electronic structure of Y2@C80(CH2Ph) cations 

and anions. As we can conclude from the DFT data and electrochemical experiments, the first 

reduction occurs predominantly at the metal-bonding SOMO. In this case the unpaired electron 

at this orbital will be coupled upon reduction, and the resulting Y2@C80(CH2Ph)− anion should 

be diamagnetic. So, one can expect to see no signal in the EPR spectrum of the Y2@C80(CH2Ph) 

monoanion. 

 

Figure 3.13. Schematic depiction of M2@C80(CH2Ph) first reduction and oxidation processes 

At the same time, oxidation is the cage-based process, and the first electron will be 

taken from the cage HOMO, turning parent Y2@C80(CH2Ph) to a biradical with one unpaired 

electron at the metal-bonding SOMO and another one – at the fullerene cage. Such changes in 

the spin state also will influence the EPR activity of the compound.  

To check this suggestion we measured EPR spectra of Y2-Ih monocation and monoanion. 

The cation Y2-Ih+ has been generated by chemical oxidation with tris(4-bromophenyl) aminium 

hexachloroantimonate (“Magic blue”, E+/0 = +0.70 V) in o-dichlorobenzene solution in the dry 

nitrogen atmosphere. The anionY2-Ih− has been generated by chemical reduction with excess of 

decamethylferrocene (E0/- = −0.51 V) under the same conditions. 
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In case ofY2-Ih− anion the experiment results are in total agreement with our 

expectations. Upon addition of decamethylferrocene solution to our sample the EPR signal 

started to decrease. When the excess of reductant has been added, we could observe the total 

disappearance of the signal both at room temperature and at 150K. 

 

Figure 3.14. EPR spectrum of parent Y2-Ih and anionY2-Ih
-in toluene solution at room 

temperature. 

These data unequivocally confirms, that the first reduction of Y2-IhEMF is SOMO-based. 

In case of Y2-Ih+ the interpretation of the EPR experiment is somewhat more 

complicated. So far as the tris(4-bromophenyl) aminium hexachloroantimonate, used as an 

oxidant, is also paramagnetic, its signal should be subtracted from the final spectrum.  Having 

done this (for more details see figure 6.X in the experimental section), we can assert, that one 

electron oxidation of Y2-Ih radical actually leads to the changes (rather than disappearance) in 

the EPR signal: the new resonance has appears near the 3470 G, the parent triplet becomes 

more asymmetric. 
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Figure 3.15. EPR spectrum of parent Y2-Ih and cationY2-Ih
+in toluene solution at room temperature. 

The spectrum of the frozen solution of the oxidized Y2-Ih at 100 K is also different from that of 

the pristine Y2-Ih.  

 

Figure 3.16. EPR spectrum of parent Y2-Ih and cationY2-Ih
+in frozen toluene solution at 100 K. 

The shape of biradical EPR spectra is determined by the value of spin-spin interaction 

constant J. Zero J corresponds to the system of two non-interacting spins. In this case the 

spectrum is just a combination of two individual spectra corresponding to two separate spin 

centers of the molecule. Increase of the J value leads to the growth of the spin-spin interaction 

and consequently, more pronounced distortions at the spectrum. We performed simulation for 

the several systems with different J values. Other EPR parameters were fixed: we used the g-
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tensor components and hyperfine tensor components, obtained from the simulation for neutral 

Y2-Ih experiment at 150 K. For the second spin center the hyperfine tensor components have 

been set as zero values. 

 

Figure 3.17. Simulated EPR data for the biradical particle with different values of spin-spin coupling 

constant J. other EPR parameters such as a⊥(89Y)=74,3 G (208 MHz) and a‖(89Y)=87,8 G (246 MHz), g⊥= 

1.9620, and g‖=1.9982 are fixed. 

From comparing the simulated spectra with real EPR data we can suggest, that observed 

Y2-Ih+ cation-biradical is a system with weak spin-spin interactions. (J<10 MHz). 
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3.5. Chapter summary 

1. EPR spectroscopy together with DFT calculations show that M2@C80(CH2Ph) EMFs 

with C80-Ih and C80-D5h cages have very interesting electronic structure with single-occupied 

molecular orbital in the ground state 

2. For all Dy, Y and Tb EMFs unoccupied component of SOMO acts as LUMO of the 

molecule, while occupied component of the SOMO is not redox active. 

3. Redox reactions of Y2@C80(CH2Ph) with C80-Ih can influence the spin states, that is 

revealed in EPR activity.  In particular, the first reduction leads to the coupling of the SOMO-

electron, and the compound becomes EPR-silent. The first oxidation turns parent 

Y2@C80(CH2Ph) radical to biradical particle with one unpaired electron at the metal-bonding 

SOMO and another one – at the cage.   
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Chapter 4.  Titanium based redox activity in M2TiC@C80 and 

M2TiC2@C80clusterfullerenes 
 

4.1. M2TiC@C80 and M2TiC2@C80 EMFs: structure and background 

M2TiC-clusterfullerenes family is a specific type of EMFs, where one Ti atom and two 

other metal atoms (usually IIIB group: Sc, Y or lanthanide) are connected to the central µ3-

carbon atom inside the fullerene cage. Single-crystal X-ray diffraction as well as computational 

studies demonstrate that Ti in this compound is in the (IV) state, donating two electrons to the 

cage and another two – to the internal carbon52,164. Thus the Ti(IV)= (µ3-C) bond is shown to be 

double, which represents the first example of multiple bond between a metal and the central, 

non-metal atom of the endohedral cluster. 

 

 

 

 

Figure 4.1. DFT-optimized molecular structure of Lu2TiC@C80-Ih, Ti is cyan, Lu is green, internal µ3-C is 

dark grey. 

Structure, size and the charge state of the metal-M2TiC-clusters are quite similar to 

those of well-known nitride clusters, so most abundant cage isomer of metal-titanium-

clusterfullerenes is also M2TiC@C80-Ih. 

The molecular structure of M2TiC2-cluster in its turn has some analogues to M3C2, e.g. 

Sc3C2 in Sc3C2C80
189. DFT calculations show that the cluster has two low energy conformations: 

in the first one C2 unit is perpendicular to the M2Ti plane and has µ2- coordination with all metal 

atoms, in the second one it is tilted out of the M2Ti plane and has µ2-coordination with Ti and 

one lanthanide, and µ1-coordination with another lanthanide.  For Sc2TiC2@C80-Ih the cluster 

configuration with a tilted arrangement of C2 was found to be more stable, whereas for 



100 

 

clusterfullerenes with larger metals (i.e. Y, Lu), the lowest-energy configuration corresponds to 

the more compact structure with the C2 unit perpendicular to the plane of metal atoms.  

 

 

Figure 4.2.DFT-optimized molecular structure of Lu2TiC2@C80-Ih and Sc2TiC2@C80-Ih,Ti is cyan, Lu is 

green, Sc is magenta, internal carbons are grey. 

The first fullerene of the family Lu2TiC@C80-Ih was discovered in 2013 as a minor product 

of Lu/Ti/NH3 and Lu/Ti/melamine arc discharge syntheses52. Cyclic voltammetry experiment 

exposed one reversible oxidation at + 0.63 V and one reversible Ti(IV) to Ti (III) reduction at 

−0.91 V. The last one resembles other Ti-based reductions, that have been detected in C80-Ih  

EMFs:  TiSc2N@C80
190  and TiY2N@C80

146, which are reduced reversibly at respectively −0.94 and 

−1.11 V (cage-based reductions for C80-Ih EMFs are generally irreversible and proceed at deeper 

potentials - see table 4.2.). 

Later in 2015 our colleagues investigated the new reactive gas method with methane164, 

applicable for high selectivity -synthesis of M2TiC@C80 as well as M2TiC2@C80 clusterfullerenes.  

This approach has provided us with M2TiC@C80-Ih with Sc, Lu, Y, Dy, Er and Gd andM2TiC2@C80-

Ih with Sc and Dy, so we became able to study the electrochemical behavior of this 

clusterfullerenes family in more details to identify differences and similarities between EMFs 

with different metals. 
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4.2. Electronic structure and redox behavior 

Computational studies reveal that all M2TiC@C80-Ihmoleculeshave a cluster-localized 

LUMO with large contribution of Ti. So, the first cathodic peak of M2TiC@C80-Ihisexpected to be 

Ti(IV)/Ti(III) reduction. Herein the HOMO is cage-based, similar to nitride clusterfullerenes.  

For the M2TiC2@C80-Ih, both HOMO and LUMO are predominantly localized on the 

endohedral cluster and have a large contribution of the acetylide fragment. The LUMO of 

M2TiC2@C80 is to a large extent localized on Ti, whereas in the HOMO both Ti and lanthanide 

ions have comparable contributions: 

 

 

Figure 4.3. DFT-computed frontier molecular orbitals of a) Sc2TiC@C80-Ih and b) Sc2TiC2@C80-Ih 

computed at the Ti=cyan, Sc=magenta, internal carbons =grey. 

Cyclic voltammetry experiments show that the first reduction of Sc2TiC@C80-Ih (Figure 

4.4) is reversible as it was for Lu2TiC@C80-Ih, but proceeds at more positive potential (−0.67 V 

vs −0.91 V in case of Lu). The process is reversible and the potential value confirms that this 

peak can be ascribed to the endohedral TiIV/TiIII redox couple. When monoanion is transformed 

further to dianion at −1.61 V the process turns to be irreversible. This also influences the 
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character of the first reduction: reverse peak is decreasing and we can observe a new re-

oxidation peak at the potential value of about −0.34. The first oxida]on is reversible and occurs 

at +0.66 V, very close to that of the nitride clusterfullerene, which is in accord with almost 

identical HOMOs in both molecules. 

 

                 

 

Figure 4.4.Cyclic voltammetry of Sc2TiC@C80-Ih. Measurements are performed at room 

temperature in o-dichlorobenzene/TBABF4 with the scan rate 100 mV/s. 

Dy2TiC@C80-Ih demonstrates similar electrochemical behavior: the first reduction is 

reversible (potential is −0.97, which is more negative, then for Lu and Sc, but still in the range 

typical for Ti-based reductions of EMFs). Extending of the potential sweep window further to 

reach the second and third reductions results in irreversible processes and creates a new re-

oxidaton peak at −0.49 V, in the potential range of the first reduction step. The first oxidation 

of Dy2TiC@C80-Ih proceeds reversibly at +0.61 V (Figure 4.5).  
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Figure 4.5.Cyclic voltammetry of Dy2TiC@C80-Ih. Measurements are performed at room temperature in 

o-dichlorobenzene/TBABF4 with the scan rate 100 mV/s 

Table 4.1.  Selected electrochemical parameters for Sc2TiC@C80-Ihand Dy2TiC@Ih-C80 

 

 

 

 

 

 

 

 

 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands 

for reduction, “reox-I” stands for a new reoxidation peak, appearing after second reduction,	”∆EF-R” 

stands for difference of the forward and reversed peak potentials,     “IR/IF“ stands for the ratio of the 

forward and reversed peak current. 

*peak appears after extending of the potential sweep window further to reach the 

second reduction. 

In case of other M2TiC@C80-Ih and M2TiC2@C80-Ih clusterfullerenes, the amounts 

synthesized were not sufficient to record well-reserved cyclic voltammograms, so we 

performed square wave voltammetry experiments. The curves are presented at Figures 4.6 and 

4.7, and all the data are summarized up it table 4.2. 

  E ∆ EF-R IR/IF character 

Sc2TiC@C80-Ih    

    

ox-I                                    

red-I                       

reox-I*                                

red-II     

red-III 

+0.66 

-0.68 

-0.34 

-1.61 

-1.73 

0.10 

0.09 

- 

- 

- 

0.97                

0.96 

- 

-       

-                        

reversible 

reversible 

- 

irreversible 

irreversible 

Dy2TiC@C80-Ih ox-I              

red-I                               

reox-I*                                  

red-II     

red-III 

+0.61 

-0.97 

-0.49 

-1.63 

-1.88 

0.05 

0.04 

- 

- 

- 

0.93   

0.95   

-                        

-            

- 

reversible 

reversible 

- 

irreversible 

reversible 
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Comparison of the first reduction potential through the M2TiC@C80-Ih family uncovers 

substantial variability of the endohedral Ti(IV)/Ti(III) redox couple from −0.67 V in Sc2TiC@C80-

Ih to −1.04 V in Gd2TiC@C80-Ih Figure 4.8 shows that a linear correlation exists between the 

reduction potential of M2TiC@C80-Ih and the ionic radius of the non-titanium metal, (herein, 

the first oxidation potential is metal-independent). Such a strong variation of the Ti-based 

reduction on the second metal, which is not involved in the LUMO, suggests that the energetics 

of the reduction is controlled by geometric aspects. 

In EMF molecules the endohedral cluster is usually sterically hindered by the external 

fullerene frame. Stability of the compounds is substantially determined by the value of this 

inner strain energies, which in its turn directly depends on the geometrical factors. 

The ionic radius of Ti is increased when going from Ti(IV) (0.605 Å) to Ti(III) (0.67 Å), 

thereby the whole M2TiC-cluster becomes bigger and more strained (we are using Shannon 

ionic radii throughout this discussion191). When the size of the cluster is relatively small in the 

pristine EMF, as it is in Sc2TiC@C80-Ih, this increase of the cluster size upon reduction does not 

result in a dramatic growth of the total strain energy (∆Estrain is relatively small). On the contrary, 

in Gd2TiC@@C80-Ih, the size of the cluster is rather large resulting in a non-negligible steric 

strain already in the pristine neutral compound. A further increase of the cluster size upon 

reduction is, therefore, not thermodynamically favorable (∆Estrain is large) and requires 

additional energy input (e.g., applying more negative potential) to overcome the strain.  
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Figure 4.6.Square wave voltammetry of M2TiC@C80-Ih compounds with different metals. Measurements 

are performed at room temperature in o-dichlorobenzene/TBABF4with the scan rate 100 mV/s 

The electrochemical behavior of the M2TiC2-clusterfullerenes follows the same trend, 

with some deviations due to the difference in the MO distribution. The first oxidation potential 

of the Sc2TiC2@ C80-Ih is shifted to the cathodic direction vs Sc2TiC@C80-Ih due to the cluster 

contribution to the HOMO, but the shift is not dramatic (0.13 V), which also agrees with the 

distribution of the HOMO between the cluster and the cage. In case of Dy, the corresponding 

shift of the first oxidation potential is 0.15 V (see table 4.2) 
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Figure 4.7. Square wave voltammetry of several M2TiC and M2TiC2-based EMFs. Measurements are 

performed at room temperature in o-dichlorobenzene/TBABF4 with the scan rate 100 mV/s 

Reduction potentials of Sc2TiC2@C80-Ih and Dy2TiC2@C80-Ihare shifted negatively versus 

Sc2TiC@ C80-Ihand Dy2TiC@ C80-Ih, and the shift is larger for Dy2TiC2@ C80-Ih(see table 4.2). To 

explain this behavior we can use the same line of arguments as forM2TiC-clusterfullerenes. So 

far as the LUMO of M2TiC2-clusterfullerenesis similarly located on the internal cluster with high 

contribution of the Ti, the first reduction of the compound will be also accompanied by the 

cluster size increasing. The M2TiC2-cluster is more sterically hindered than the M2TiC-cluster 

with the same metal, so the reduction requires applying some extra negative potential.  In case 

of bigger Dy3+ this difference is naturally more pronounced. 

The above described dependence  is valid not only in case of metal-titanium-carbide-

EMFs: in the TiM2N@C80-Ih  family146,152,190, the first reduction step is also a Ti-based process, 

and its potential was shown to be more negative in case of TiY2N@C80-Ih than in TiSc2N@C80-Ih, 

because of the larger cluster size. Furthermore, in TiM2N@C80 the valence state of titanium is 
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Ti(III), and it becomes Ti(II) upon reduction. The ionic radius of Ti(II) is 0.86 Å, and therefore, 

the increase of the intrinsic cluster size in the Ti(III)/Ti(II) couple (∆R (M3+/2+)=0.19 Å) is more 

pronounced than in the Ti(IV)/Ti(III) couple (∆R(M4+/3+)= 0.06 Å). That is why, the potential shift 

in case nitrides is also more pronounced. Furthermore, reduction potentials of the TiM2N@ C80-

Ihclusterfullerene family are generally more negative than reduction potentials of their carbide 

counterparts M2TiC@C80-Ih. Thus, the variation of the potential of the internal Ti-based redox 

couple can act as a measure of the strain energy for different Ti-containing clusterfullerenes.  

 

 

Figure 4.8.Correlation between the reduction potentials of M2TiC@C80-Ih (dots) and M2TiC2@C80-Ih 

(squares) and the Shannon ionic radii of the metals, R(M3+). The arrows denote negative shifts of the 

reduction potentials when going from M2TiC- to M2TiC2-clusterfullerenes. 

 

It should be noted, that in 2013 similar correlation was also observed for the endohedral 

Ce(IV)/Ce(III) redox couple in CeM2N@C80-Ih (M=Sc, Lu, Y).144 In these EMFs, the first oxidation 

step is usually described as an oxidation of the trivalent Ce. Because the ionic radius of Ce(IV) 

is smaller than that of Ce(III), oxidation of Ce(III) results in a decrease of the size of the 

endohedral cluster. Authors demonstrated, that difference in inner strain of neutral molecules 

predetermines the difference in the first oxidation potential: bigger and more strained clusters 

can be oxidized at lower potentials.  
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Table 4.2. Redox potentials of selected Ti-based EMFs. 

Potentials are listed in Volt versus the [Fe(Cp)2]+/0 pair, “ox” stands for oxidation, “red” stands for 

reduction, gapEC is an electrochemical gap defined as the difference of the first reduction and oxidation 

potentials. All clusterfullerenes have Ih-cage. All potentials obtained in this work have been measured 

in the SWV experiment and can be slightly to that measured in the CV experiment. 

  

EMF ox-I red-I red-II red-III gapEC link 

Sc2TiC@C80 

Sc2TiC2@C80 

+0.66 

+0.53 

-0.67 

-0.76 

-1.51 

-1.01 

-1.66 

-1.96 

1.33 

1.26 

t.w. 

t.w. 

Lu2TiC@C80 +0.63 -0.87 -1.53 - 1.50 t.w. 

Er2TiC@C80 +0.62 -0.96 -1.72 - 1.58 t.w. 

Y2TiC@C80 +0.60 -0.99 -1.67 -1.89 1.59 t.w. 

Dy2TiC@C80 

Dy2TiC2@C80 

+0.61 

0.47 

-0.97 

-1.14 

-1.62 

-1.58 

-1.87 

-2.29 

1.58 

1.61 

t.w. 

t.w. 

Gd2TiC@C80 +0.60 -1.04 -1.72 -1.91 1.64 t.w. 

Sc3N@C80 +0.63 -1.24 -1.73 - 1.78 t.w. 

TiSc2N@C80 0.16 -0.94 -1.58 -2.21 1.10 152 

TiY2N@C80 0.00 -1.11 -1.79 - 1.11 146 
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4.3. Chapter summary 

 

1. Electrochemical investigations of M2TiC@C80-Ihand M2TiC2@C80-IhEMF series have 

revealed, that the first reversible reduction of these fullerenes predominantly occurs on 

internal Ti and can be described as TiIV/TiIIIredox process. 

2. Reduction potentials of endohedral Ti(IV)/Ti(III) redox couples exhibits dramatic 

variation with the size of endohedral clusters. In particular, reduction potential in the 

M2TiC@C80-Ih series correlates linearly with the ionic radius of non-Ti metals in M2TiC cluster. 

The increase of the ionic radius of Ti upon reduction increases the strain of the whole fullerene 

molecule that is why to reduce EMFs with bigger (and hence more strained) more negative 

potential should be applied. 
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Chapter 5. Experimental details. 
 

Synthesis of mixed ErSynthesis of mixed ErSynthesis of mixed ErSynthesis of mixed Er----Sc EMFsSc EMFsSc EMFsSc EMFs 

Two graphite rods of 10 cm length and 6 mm diameter were drilled 6-7 cm depth and 

filled with a mixture of metal oxides, graphite powder and guanidium thiocyanate in a molar 

ratio Er/Sc/GT/C=1:1:2.5:15). Then, the rods were fixed inside the fullerene generator on two 

electrodes, which were linked to an electric arc generator. The walls of the chamber and the 

electrodes were water cooled throughout the synthesis process.  The chamber was pumped 

and filled with Helium up to the pressure of 200 mbar. Before arc-discharge evaporation start 

rods were brought into contact and preliminary heated for 10-15 minutes (the current was set 

as 15 A). . . . During the arc-discharge evaporation the current was set in the form of square signal 

with 100A at the high point. Two rods were evaporated alternatively and there was a breaking 

between two impulses to let the generator cool down and stabilize. After the synthesis 

procedure the chamber was pumped again and cooled down for 1 hour, then the soot 

containing fullerene was collected from the reactor chamber to the cellulose extraction thimble 

and extracted with Acetone for 1h in a Soxhlet-Extractor to wash most of the non-fullerene 

products. This step was followed by the second over-night extraction with carbon disulfide to 

dissolve fullerenes. The CS2 extract was distilled of and the residual fullerene mixture was then 

washed with acetone and redissolved in toluene. Every extract was analyzed with HPLC and 

laser desorption time-of-flight (LD-TOF) mass spectrometer (Biflex III Brucker, Germany) 

running in both positive and negative ion modes.    

HPLC HPLC HPLC HPLC analysis and analysis and analysis and analysis and separation.  separation.  separation.  separation.      

Individual EMFs and EMF derivatives were separated with multistep high performance 

liquid chromatography (HPLC). In the first stage, the soot extract was separated into several 

fractions by analytical single-run HPLC (Agilent, 1100 series, UV-absorbance detection at 320 

nm), employing a linear combination of two analytical 4.6 mm x 250 mm Buckyprep columns 

(Nacalai Tesque, Japan), with flow rate of 1.6 mL/min and an injection volume of 800 µL. 

Further isolation and purification of individual EMFs was performed by recycling HPLC 

(SunFlow 501, detector Sunchrom 100, UV-absorbance detection at 320 nm) with semi-

preparative 10 x 250 mm Buckyprep or semi-preparative 10 x 250 mm Buckyprep –M column. 

(Nacalai Tesque, Japan), with a flow rate of 1.5-3 mL/min and an injection volume of 3-6 mL. 
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Fraction purity was controlled with laser desorption time-of-flight (LD-TOF)  mass spectrometry, 

running in both positive and negative ion modes HPLC testruns were performed with analytical 

single-run HPLC (Agilent, 1100 series, UV-absorbance detection at 320 nm), employing a linear 

combination of two analytical 4.6 mm x 250 mm Buckyprep columns (Nacalai Tesque, Japan), 

with flow rate of 1.6 mL/min and an injection volume of 200 µL. Pure toluene (99,8%, 

Spectronorm, VWR Prolabo) was used as an eluent at all steps of separation. 

Spectroscopic and physicochemical measurements.Spectroscopic and physicochemical measurements.Spectroscopic and physicochemical measurements.Spectroscopic and physicochemical measurements.    

LDI mass-spectra were measured with a Bruker auto flex mass-spectrometer. The 

analyzer was calibrated before each measurement batch using the mixture of empty fullerenes 

with known composition. Mass distribution was analyzed with Isotope Pattern and Molecular 

Weight Calculator Software. 

UV−vis−NIR absorption spectra were measured in toluene solution at room temperature 

with Shimadzu 3100 spectrophotometer. Spectrophotometric measurements of Er2@C82-C3v 

were performed with the same equipment.0.8 mgof Er2@C82-C3v were first dissolved in 10 ml 

of toluene, than the solution was consistently diluted to the volume of 25 and 50 ml. The values 

of molar extinction coefficients at 379 nm, 477 nm and 899 nm were determined as averaged 

from three experiments with different concentrations. 

Raman spectra were recorded at 78 K on a T 64000 triple spectrometer (JobinYvon) 

using 647 nm excitation wavelength of the Kr laser. For Raman measurements, the samples 

were drop-casted onto single-crystal KBr disks.  

IR spectra were measured on KBr substrates using Vertex 80 FT-IR spectrometer 

(Bruker, Germany).  

The 125 MHz 13C NMR spectra were measured at room temperature with d6-acetone as 

a lock on an Avance 500 spectrometer (Bruker, Germany) using the multiprobe head PH 1152Z.  

X-band EPR measurements were performed at Bruker EMXplusX EPR spectrometer with 

PremiumX Microwave Bridge and high sensitivity standard resonator (ER4119HS). For 

temperature dependent measurements internal variable temperature control unit (ER 4131VT) 

was used. The samples were dissolved in o-dichlorobenzene. In case of Sc2@C82
+, 

Y2@C80(Ch2Ph)+ and Y2@C80(Ch2Ph)– experiments the reactions with redox-active agents were 

done in the glovebox, than the solution was put in the EPR tube, closed and covered with teflon 
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to prevent reactions with water and oxygen. EPR spectra simulation was performed with X-Soft 

and Easy Spin (Matlab) software. 

Magnetization measurements were performed using a Quantum Design VSM MPMS3 

magnetometer. The samples were drop-casted from either toluene (Er2@C82, Er2S@C82) or 

from o-dichlorobenzene ([Er2@C82
+]SbCl6−) into standard polypropylene capsules in the 

glovebox. 

DFT-optimization of molecular structures was performed with PBE functional192 using 

Priroda code193. The calculations employed original basis set of TZ2P-quality basis set, which 

comprised full-electron basis {6,3,2}/(11s,6p,2d) for C, N, and O atoms, and SBK-type effective 

core potential with {5,5,4}/(9s,9p,8d) valence part for Sc, Ti, Y and La atoms, and 

{5,5,3,4}/{10s,10p,9d,7f} valence part for Lu atoms. For visualization of molecular orbital sand 

spin densities, single-point energy calculations were then performed using Orca suite194, with 

PBE functional, ZORA scalar-relativistic correction, and full-electron TZVP basis set for all 

elements. Molecular structures and isosurfaces were visualized with VMD code195.  

ElectrochemicalElectrochemicalElectrochemicalElectrochemical    mmmmeasurements.easurements.easurements.easurements.    

Cyclic Voltammetry experiments were performed in 0.1 M TBABF4o-dichlorobenzene in 

a glove box using potentiostat-galvanostat PARSTAT 4000A. A three-electrode system of 

original design employing  platinum wires as working and a counter electrodes and a silver wire, 

covered with silver chloride as a pseudoreference electrode was used. The electrochemical 

cavea (volume of 50 µl) was made from the standard NMR tube. Potentials were measured 

versus ferrocene-ferrocenium couple as an internal standard. Scan rate was set as 100 mV/s.  

Square Wave Voltammetry experiments were performed at the same equipment with 

thу following experimental parameters: pulse height of 40 mV, Step height of 10 mV, and 

frequency of 10 Hz, that resulted in scan rate of 100 mV/s.  

For decontamination, working electrode and counter electrode were annealed in 

propane burner's flame after each experiment, while the pseudoreference electrode was 

washed several times with ethanol. 
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Figure 5.1.(a) Schematic image of three-electrode system, employing in the present work;(b) 

photo of electrochemical system together with empty cell. 
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Figure 5.2a. Isolation of Er2S@C82-CsEMF (10×250 mm Buckyprep-M column; flow rate 1.5 

ml/min; injection volume as 5 ml; toluene as eluent; room temperature).

 
Figure 5.2b. Positive-ion mass spectrum of isolated Er2S@C82-Cs, the inset shows experimental 

mass distribution in comparison to the theoretical one. 



115 

 

 

Figure 5.3a. Isolation of Er2@C82-CsEMF (10×250 mm Buckyprep-M column; flow rate 

1.5ml/min; injection volume as 5 ml; toluene as eluent; room temperature).

 

Figure 5.3b. Positive-ion mass spectrum of isolated Er2@C82-Cs, the inset shows experimental 

mass distribution in comparison to the theoretical one. 
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Figure 5.4a. Isolation of Er2S@C82-C3v EMF (10×250 mm Buckyprep-M column; flow rate 1.5 

ml/min; injection volume as 5 ml; toluene as eluent; room temperature).

 

Figure 5.4b. Positive-ion mass spectrum of isolated Er2S@C82-C3v, the inset shows experimental 

mass distribution in comparison to the theoretical one. 
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Figure 5.5a. Isolation of Er2@C82-C3v EMF (10×250 mm Buckyprep-M column; flow rate 1.5 

ml/min; injection volume as 5 ml; toluene as eluent; room temperature).

 

Figure 5.5b. Positive-ion mass spectrum of isolated Er2@C82-C3v, the inset shows 

experimental mass distribution in comparison to the theoretical one. 
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Figure 5.6.Positive-ion mass spectrum of isolated ErSc@C82-C3v, the inset shows experimental 

mass distribution in comparison to the theoretical one.

 

Figure 5.7. Positive-ion mass spectrum of isolated YLu@C82-C3v, the inset shows experimental 

mass distribution in comparison to the theoretical one 
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Figure 5.8. Positive-ion mass spectrum of isolated Er2@C82-C3v, the inset shows experimental 

mass distribution in comparison to the theoretical one. 

 

 

Figure 5.9. Positive-ion mass spectrum of isolated Lu2@C82-Cs, the inset shows experimental 

mass distribution in comparison to the theoretical one. 
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Figure 5.10. Positive-ion mass spectrum of isolated Lu2@C82-C3v, the inset shows 

experimental mass distribution in comparison to the theoretical one. 
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Figure 5.11. Processing of the EPR spectra of Y2-Ih cation, synthetized in the reaction with the 

“Magic blue” oxidant. Top to bottom: EPR spectra of the parent Y2-Ih, measured in the same 

conditions,EPR spectra of the parent Y2-Ihcation with excess of “Magic blue”, normalized 

spectrum of  the “Magic blue”, measured in the same conditions, result of the substraction of 

the “Magic blue” spectrum from the cation spectrum, EPR simulation, obtained in the following 

conditions: g=[1,962; 1,962; 1,998], a=[208; 208; 242] MHz, J=10 MHz 
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Summary. 
 

This thesis reports on the investigations of endohedral metallofullerenes (EMFs) with redox-

active clusters inside. 

Chapter 1 briefly reviews the families of endohedral clusterfullerenes, such as 

monometallofullerenes, dimetallofullerenes, nitride clusterfullerenes, carbide clusterfullerenes 

and sulfide clusterfullerenes, their synthesis, isolation and properties. Special attention is paid to 

electrochemical studies of EMFs, including several examples of cage-based and cluster-based redox 

activity of fullerene molecules.  

Two next chapters are illustrating the concept of the metal-metal bonding in 

dimetallofullerenes. Recent DFT calculations demonstrate that such fullerenes must be considered 

as a combination of a carbon cage with enclosed metal dimers with a possibility of metal-metal 

bonding, rather than rather than a combination of carbon cage with two non-interacting metal 

atoms167,171. Wherein the bonding appearance is determined by the energy matching between 

the frontier carbon cage orbitals and the M–M bonding metal dimer orbital. 

Chapter 2 describes spectroscopic and electrochemical studies of M2@C82-C3v 

andM2@C82-Csdimetallofullerenes (M = Sc, Lu, Er, as well as their combinations)196. 

Electrochemical studies have demonstrated, that the M2+–M2+ bonding orbital is the HOMO 

orbital of the dimetallofullerene molecule, which strongly influences the oxidation behavior of 

dimetallofullerenes in comparison with corresponding isomers of sulfide- and carbide 

clusterfullerenes M2S@C82 and M2C2@C82, respectively. M2@C82 cations have an unpaired 

electron on the metal-metal bonding orbital, which results in a strong interaction between 

unpaired electron and nuclei spins or localized magnetic moments of metal atoms. In particular, 

the EPR spectrum of Sc2@C82
+ cation radical exhibits a giant isotropic 45Sc hyperfine coupling 

constant of 199.2 G due to the large contribution of 4s atomic orbitals of Sc to the Sc–Sc 

bonding MO in Sc2@C82. For Er2@C82, SQUID magnetometry showed that the cation Er2@C82
+ 

has substantially different magnetic properties than the pristine neutral form.  

Chapter 3, logically following the previous one, describes another family of compounds 

with metal-metal bonding: dimetallofullerene derivatives M2@C80(CH2Ph) with C80-Ih and C80-

D5h  cages (M = Y, Tb, Dy), that have been recently synthetized in our group187. These EMFs have 

very interesting electronic structure with single-occupied molecular orbital in the ground state 
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that is proved with help of EPR spectroscopy. Cyclic voltammetry experiments have 

demonstrated, that unoccupied component of the single-occupied MO acts as the LUMO of the 

molecule, while occupied component of SOMO is not redox active. The spin structure of 

Y2@C80(CH2Ph) with C80-Ih is changed upon redox reactions, that can be seen in comparison of 

EPR spectra of oxidized and reduced forms with that of the neutral one. The first oxidation turns 

parent Y2@C80(CH2Ph) radical to a biradical particle with one unpaired electron at the metal-

bonding SOMO and another one – at the fullerene cage. The first reduction leads to the two-

fold occupation of the M-M bonding MO, resulting in the diamagnetic EPR-silent anion. 

The last research topic addressed in the Chapter 4 of this work concerns the new 

M2TiC@C80-Ih EMFs with double Ti(IV)=(µ3-C) bonding inside the carbon cage. Electrochemical 

investigations of M2TiC@C80-Ih and M2TiC2@C80-Ih EMF series with different metals such as Sc, 

Y, Lu, Dy and Gd have revealed, that the first reversible reduction of these fullerenes 

predominantly occurs on internal Ti atom and can be described as the TiIV/TiIII redox process. 

Reduction potential of the endohedral TiIV/TiIII redox couple is dramatically dependent on the 

size of endohedral clusters. In particular, reduction potential in the M2TiC@C80-Ihseries 

correlates linearly with the ionic radius of non-Ti metal atom in the M2TiC cluster. The increase 

of the ionic radius of Ti upon reduction leads to the growth of the strain energy of the whole 

fullerene molecule. For this reason, more negative potentials are required to reduce EMFs with 

bigger (more strained) clusters. This results are a part of research, made by Katrin Junghans 

during her PhD time in IFW164,197. 

Chapter 5 contains a detailed description of experiment procedures and the equipment 

used throughout the work. The chapter also describes HPLC-separation and Mass-spectroscopy 

results for several dimetallofullerenes, which are discussed in the Chapter 2. 
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