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IRON IN ENDOMETALLOFULLERENES

We study the experimental and theoretical works concerned with the description of
state-of-the-art methods for the preparation of iron-containing endohedral metallof-
ullerenes (EMF), as well as works, which dispute such results due to the extremely
low efficiency of the used methods. We discuss the features of traditional methods
for the fabrication of endometallofullerenes, their advantages and disadvantages,
and indicate the areas of possible application of the synthesis products. As shown,
the EMF is obtained mainly by two methods, namely, arc discharge (plasma) and
synthesis using ablation and implantation methods. Despite a very small number of
works on iron endometallofullerenes, the group of authors achieved some progress in
their analysis. Thus, the fact of obtaining the Fe-containing endometallofullerenes
with their isolation from a mixture of synthesis products is proved. In addition,
the influence of the magnetic state of metal atoms on the stability of endohedral
fullerenes is predicted, a relationship between the EMF output and the plasma tem-
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perature as well as the chemical nature of the precursor of Fe atoms are established.
Particularly, as found, with an increase of the group number in the periodic table,
in which the metal is located, the EMF yield decreases exponentially. We conclude
that, due to the magnetic properties of EMF, they are prospective materials in the
field of clinical diagnostics (e.g., as a contrast agents in the magnetic resonance
imaging) and medicine (for magnetically controlled delivery of drugs directly to a
diseased organ).

Keywords: endofullerene, endometallofullerene, iron-containing endofullerene, mag-
netic state, ablation, implantation, arc discharge, synthesis, precursor.

1. Introduction

The problem of hydrogen storage is relevant today [1-5]. It is also pos-
sible that, in the future, the system ‘fullerite—metal-hydrogen’ will
compete with modern advanced means of hydrogen accumulation as the
cleanest source of energy [6—8].

Currently, the synthesis of carbon nanotubes [9-11] and other car-
bon nanostructures [12] is carried out by various methods: laser action
on metal—graphite electrodes, electric arc evaporation of graphite in the
gas phase [13—-16] and in the liquid medium in the presence of catalysts
[17], catalytic pyrolysis of hydrocarbon structures [18] and others.

The method of electric arc evaporation in an inert gas medium is
relatively common and quite effective because it allows obtaining both
soluble [19-23] and insoluble nanotubes. Today, a variety of carbon na-
nomaterials is actively used in the creation of new composites [24—30].

Fullerene molecules are capable of encapsulating atoms of different
elements and even small molecules, including iron atoms. The physical
properties of endometallofullerenes formed by various elements are de-
termined by the structural features of the electron shells, as well as by
the charge and mass of the nuclei of metal atoms enclosed in the fuller-
ene shell, i.e., physical properties of encapsulated atoms.

The study of the influence of the physical properties of metal atoms
on the formation of a new class of materials, namely, different endomet-
allofullerenes, is one of the important tasks of modern science. Using
atoms of different metals in the synthesis of endometallofullerenes (i.e.,
changing the physical properties of the atom enclosed in a fullerene), we
can synthesize the endometallofullerene molecules with different physi-
cal properties.

One of the important problems in the physics of metals and the
chemistry of fullerenes is the introduction of metal atoms into a hollow
fullerene molecule (Fig. 1). Encapsulation of a metal atom cannot be
achieved by simple chemical interaction of metal atoms with an already
formed fullerene molecule. The introduction of a metal atom into the
interior of a hollow fullerene sphere is possible only during the forma-
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Fig. 1. Endohedral fullerenes containing
1 and 2 metal atoms in the volume [31]
(open and solid circles denote C and met-
al atoms, respectively)

tion (synthesis) of the endofullerene molecule itself. These molecules are
known as the endohedral fullerenes (endofullerenes).

Iron endofullerenes as a prospective novel material for scientific
and applied purposes. Here, first of all, we should mention: the obtained
new class of superhard materials based on fullerenes; superconducting
compounds of fullerenes with atoms of alkali and alkaline earth metals,
which have been known since 1991 [32-37]; thin films and fullerene
solutions with nonlinear optical characteristics [38—41]; various chemi-
cal compounds and polymers based on fullerenes with unique physico-
chemical and mechanical properties [39].

This review scopes on the experimental works on obtaining iron
endofullerenes and the theoretical works questioning such results are
considered.

An interest in the metal endofullerenes (wherein the metal is Fe, Co,
Ni, and their alloys) is determined by their magnetic properties due to
iron atoms and the possibility of their application as contrast agents in
magnetic resonance imaging (MRI), which can find promising applica-
tions in clinical diagnostics and for magnetically controlled drug deliv-
ery to a diseased organ.

As shown, obtaining metal endofullerenes of low-active d-metals and,
particularly, Fe, has proved to be rather ineffective despite numerous
attempts by many researchers. Iron endofullerenes are synthesized mainly
by two traditional methods: either in an arc discharge or using a laser.

It was theoretically established that in all endohedral metal fuller-
enes the stabilizing effect of Sc is markedly stronger than that of Ti and
significantly stronger than that of Fe. The effect of the magnetic state
of metal atoms on the stability of endohedral fullerenes was predicted.

The cavity in a fullerene C,, with a diameter of 7 A is large enough
to be a ‘host’ and accept atoms of various elements and even small mol-
ecules inside [42], including iron atoms. Among the first attempts to
obtain fullerene molecules with metal atoms inside was the work of Yan
Chai and Richard E. Smalley [43] in 1991. They synthesized fullerenes
with a lanthanum atom trapped inside the framework, La@C,,, La@C,,
and La@C,, (the most stable of them), by laser evaporation of a graphite
rod filled with a mixture of graphite powder and lanthanum oxide in an
argon stream at 1200 °C.
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As known, the main methods of obtaining metal endofullerenes (MEF)
are [44]: (i) laser ablation (laser-furnace synthesis), (ii) dc arc-discharge
synthesis, and (iii) ion implantation technique. The book ‘Endohedral
Metallofullerenes. Fullerenes with Metal Inside’ (2015) [44] can be a
handbook for any researcher in the field of metal endofullerenes. A com-
prehensive review of the current state of endohedral metal fullerenes,
from preparation to functionalization, reactivity, and applications, is
provided in the book. It reviews synthesis, extraction, separation and
purification methods, and provides insight into molecular and crystal
structures; various categories of encapsulated particle-based endohedral
metal fullerenes are discussed, including carbides, nitrides, sulphides,
oxides, non-metallic and non-IPR (violating the isolated pentagon rule)
endohedral metal fullerenes, followed by scanning tunnelling microscopy
and studies of electronic, vibrational, magnetic, and optical methods.

2, Experimental Studies
of the Endohedral Iron-Fullerene Complexes

The beginning of the works on the experimental obtaining of endohedral
iron—fullerene complexes dates back to the 90 of the last century [34].
Besides being purely scientific, the interest in these compounds, prima-
rily water-soluble, was fuelled by the possibility of using them as con-
trast agents in MRI [46, 47], as well as for the magnetically-controlled
delivery of drugs to a diseased organ [48]. Since mass spectrometry was
mainly used for characterization, it is unknown whether the metal atom
is inside or outside the spherical hollow fullerene framework [49].

One of the first attempts to obtain iron compounds with fullerenes
was performed under the supervision of B.S. Freiser [560, 51], in which
exohedral compounds of metal fullerenes with this element were ob-
tained. As known, the aromatic nature of fullerenes with 5- and 6-mem-
bered rings and low reduction potentials suggests that they can act as
ligands, like cyclopentadienyl or benzene, and form complexes with met-
al atoms as electron donors. For example, the FeC,," exohedral complex
was obtained in 1991 in Ref. [50] using the following technique on a
Nicolet FTMS-2000 Fourier mass spectrometer:

e Fe" was generated by laser evaporation of the Fe target in the
external solenoid magnet source;

e then, the Fe' particles reacted with alkenes at 1-10°¢ Torr to form
Fe—(C,H,,)" (n = 2-5);

o after that, these particles were subjected to ligand-exchange reac-
tions with previously obtained C,, and C,, at 350 °C and, as a result,
FeCy," and FeC,,* and other particles with lower masses were generated;
the complex of FeCy," and FeC,," particles did not react further with the
background alkene.
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Fig. 2. Mossbauer spectrum of the
plasma chemical product synthesis of
fullerenes with iron [52]

In Ref. [51], Ni(Cy)** was
obtained in the gas phase in sev-
eral stages by a similar method,
as a result of direct addition of
Cso to NiC,,™ and observed in
the Fourier transform mass spec-
trometer Nicolet FTMS-2000.

Let us note for ourselves
that the experimental conditions were not conducive to the penetration
of metal ions inside the fullerene molecule: pre-formed fullerene mole-
cules and the low temperature of 350 °C ensured that only exchange
reactions took place.

In 1992, T. Pradeep [49] obtained FeCy, by electric arc evaporation
of graphite in an atmosphere of iron pentacarbonyl Fe(CO),. The reac-
tion chamber was evacuated to a vacuum of about 10-¢ Torr. Helium was
then pumped into it to about 50 Torr through a needle valve. Fe(CO),
and He were passed at the same rate. The resulting soot was washed
with diethyl ether. The residue was treated by Soxlet extraction with
toluene for 3 hours. The extract was dried in vacuum at 380 K to re-
move volatile iron compounds. Mass spectrometry of the synthesis prod-
uct extract showed peaks with the mass numbers 776, 752, and 728
corresponding to FeCg,, FeC,,, and FeC;.

G.N. Churilov et al. [62] used infrared, ultraviolet spectroscopy,
electron paramagnetic resonance, and M06ssbauer spectroscopy to iden-
tify iron endofullerenes in 1997 (Fig. 2, Table 1). They used a plasma-
chemical reactor to synthesize iron-containing fullerene complexes. The
operation of this reactor is based on a self-blowing and self-focusing jet
of carbon plasma that flows through a conical hole in the outer graphite
electrode into a water-cooled copper column (tube). The cent-ral elec-
trode was a C-3 rod for spectral analysis with an axial hole filled with
carbonyl iron powder (TU 6-09-3000-78). Helium with the flow rate of

Table 1. MOssbauer parameters of the product

of the plasma-chemical synthesis of complexes of fullerenes with iron [52]
(here, 8 is a chemical shift relative to the a-Fe, ¢ is a quadrupole splitting,
T is the spectral line width, and S is the share population of the Fe phase)

o € r S
Fe 1 -0.15 0 0.37 0.34
Fe 2 0.36 0 0.38 0.66
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3—4 1/min was fed into the jet, and the arc was fed with the current
with the frequency of 66 kHz and the amplitude of 300 A. Then, soot
was poured with a nonpolar solvent. Benzene or toluene were usually
used. The solution was filtered and evaporated. The dry residue (fullerene
mixture) was studied. The strong covalent bonding, or high local sym-
metry, and the presence of an additional line in the EPR spectrum of
iron-containing fullerene complexes, according to the authors of the
paper, prove that the iron atom is located inside the fullerene cell.

In the paper by K. Sueki et al. [45], the formation of metal fuller-
enes has been studied for 23 elements. Experimental evidence was ob-
tained for metallofullerenes with Zr, Hf, and Nb. It was found that the
relative yields of metal fullerenes are approximately the same as those
of M@C,, (M = elements of groups 2 and 3), but exponentially decrease
as the group number increases. The yields for Fe and Co, namely group
8 elements, were estimated as less than one hundredth of the yield for
M@C,, (M = lanthanide).

Special attention should be paid to the works of the group of re-
searchers from Japan (T. Uchida, H. Minezaki et al.) [63—59]. They used
electron cyclotron resonance (ECR) as an ion source (ECRIS) [53] and
endofullerene implantation method [54—56] to obtain endohedral metal
fullerenes. The authors developed a technology for the synthesis of Fe@
Cs, iron-endohedral fullerenes by the same ion implantation method by
irradiating C,, thin films with Fe* ions [67-59].

In these works, a thin film of C;, was irradiated with a low-energy
beam of Fe' ions obtained using a deceleration system. The flux energy
of iron ions varied from 50 to 250 eV. The dose of this irradiation was
controlled from 6.67-10'? to 6.67-10" ions/cm?. The C,, thin film irra-
diated with Fe® was analysed by high-performance liquid chromatogra-
phy and laser desorption/ionization time-of-flight mass spectrometry,
confirming the presence of a peak with a mass/charge of 776. Mass/
charge 776 corresponds to Fe*Cy,. The authors investigated the perform-
ance of the inhibition system using a low-energy Fe® beam and obtained
the maximum intensity of the peak with mass/charge 776 when irradi-
ated with a flux of iron ions with energies and doses of 50 eV and
3.30-10% ions/cm?, respectively. Then, separation of the material with
mass 776 was performed using high-performance liquid chromatogra-
phy. They were able to separate Fe'C, from a thin film of C,, irradiated
with iron ions. As a result, they synthesized the Fe*C,, complex as a new
material. However, the yield was quite low because only the surfaces of
the Cg, thin films were irradiated with ion beams (i.e., very small amounts
of the treated starting material).

Therefore, researchers attempted to synthesize iron-endohedral ful-
lerenes in plasma using the same method of obtaining Fe ions [60]. By
this time, it was already possible to obtain N@C,, in the ECR plasma
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[61, 62]. However, most fullerene molecules were destroyed in plasma
and the yield of the product was minimal. High-temperature electrons
probably damaged fullerenes and metal endofullerenes. The fact is that
the energy required to generate iron plasma is much higher than that
required to generate fullerene plasma. Since the conditions for the two
plasmas are significantly different, it is currently difficult to create
dense mixed plasma. Therefore, the researchers needed to develop a
technique that would not damage the metal fullerenes at the higher
power of the microwave energy source. They used a gas mixing method
to cool the plasma and thereby reduce fullerene dissociation. Based on
the results, the method of adding helium and He—Ar, He—Xe gas mix-
tures to the plasma was effective against fullerene dissociation [60].
Despite our attempts to find confirmation of the obtained results to
increase the yield of Fe@C,, in ECR plasma by the group of researchers
(T. Uchida, H. Minezaki et al.), a positive result could not be found.
Summarizing the work of these authors was the article [56]. It reports
materials science experiments conducted recently using bio-nanoelec-
tronic cyclotron resonance ion source (ECRIS) at the University of Toyo.
They investigated several methods for synthesizing endohedral Cy, us-
ing ion—ion and ion—molecule collision reactions in ECRIS. It turned out
that because of the simplicity of the configuration, a wide range of ad-
ditional equipment can be installed in the ECRIS setup. Bio-Nano ECRIS
is not only suitable for material production testing, but also for techni-
cal development testing to improve or understand ECRIS performance.
The work of the team of authors also attract attention, namely,
V.T. Lebedev, M.V. Suyasov, A.A. Szhogin, [47], in which electric arc
synthesis of 3d-metal endofullerenes is carried out in helium medium
with graphite electrodes containing an additive of pyrolysis of 3d-metal
taftalocyanine. This is an unusual precursor in the synthesis of metal
endofullerenes. Usually metal oxides are used in this process, for iron—
iron pentacarbonyl. Iron phthalocyanine powder was heated at 840 °C
for 1.5 hours in a helium flow. A pyrolysis product with Fe content of
30 wt.% was obtained. As can be seen from the text of the invention,
the chemical composition of the pyrolysate was not determined. The
electric arc evaporation of graphite electrodes containing the pyrolysis
additive of 3d-metal tephthalocyanine was performed in helium envi-
ronment (constant current 140 A and helium pressure 380 mm Hg) re-
sulting in the formation of fullerene-containing soot containing empty
fullerenes and metal endofullerenes of 3d-metals. Then, empty fuller-
enes and 3d-metal endofullerenes were isolated from carbon black in two
stages. First, the empty fullerenes were separated by extraction with
o-xylene. Then, the 3d-metal endofullerenes were isolated by extraction
as a complex with the solvent, which was N,N-dimethylformamide with
the addition of hydrazine hydrate. The yield of endofullerenes of 3d-
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metals increased. What was new was that graphite electrodes containing
a pyrolysis additive of 3d-metal tephthalocyanine were used in the elec-
tric arc evaporation, and the separation of empty fullerenes and 3d-
metal endofullerenes was performed in two stages.

It should be noted that in spite of many years of fairly successful
synthesis work, the possibility of forming iron fullerenes has been dis-
puted throughout the research in this field, both in theoretical (e.g.,
[63]) and experimental (e.g., [64]) studies.

For example, the authors of the paper [63] (2016), including the
authoritative theoretical researcher A.A. Popov, argue that iron endo-
metal fullerenes (3d-metal group) are not synthesized in the electric arc
and plasma due to the fact that the Fe—C bonds formed are weak and
exist for a short time, which is not long enough for endofullerene for-
mation.

In 1994, E.M. Brunsman et al. [64] obtained endofullerenes of 3d-
metals by electric arc evaporation of graphite electrodes filled with a
powdery mixture of a metal source: Fe, Ni, Co oxides and graphite in
the molar ratio metal/carbon ~0.04. Magnetic nanocrystallites were ex-
tracted from carbon black by the magnetic gradient field method. No
iron-endohedral fullerenes were detected in the products. From our
point of view, this is possible for two reasons: the theoretically calcu-
lated weakness of the Fe—C bonds [63] and the experimentally estab-
lished exponential decrease in the MEF yield with increasing number of
the Mendeleev table group, in which the element is located [45].

3. Formation of the Endohedral Iron-Fullerene
Complexes: Theoretical Calculations

In Ref. [65], Chun-Mei Tang et al. applied the generalized gradient ap-
proximation (GGA) method based on a density functional theory (DFT)
to analyse the structural and electronic properties of Fe@C,, and C, Fe
for comparison. According to the calculation results, it appeared that
among the six possible optimized geometries of Fe@C,,, the most fa-
vourable endohedral location of the Fe atom is under the centre of the
hexagonal ring, that is, Fe@C,,-6.The energy gap of Fe@C,,-6 was lower
than that of C,,Fe and C,,, indicating a higher chemical reactivity of
this complex. The magnetic moment of the Fe atom in Fe@C;-6 was
preserved to some extent, although hybridization between the Fe atom
and the C atoms of the framework was observed. In Ref. [66], R.E.
Estrada-Salas et al. also studied the structural and electronic properties
of M@C,, (M = Mn, Fe, Co, Ni, Cu, or Zn) by another DFT method,
namely, BPW91/DNP. Energy structures with minimal energy were cal-
culated for each endohedral metal fullerene. As found, there is hybridi-
zation between the 3d-valent orbitals of Mn, Fe, Co, and Ni and the
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cellular orbitals of Cy,, which suggests the presence of chemical bonding
between the M and C atoms of the fullerene molecule. At the same time,
this phenomenon was not observed between the Cu and Zn orbitals and
the Cg, cell orbitals. These results were obtained when the metal atom
was preferentially located inside the fullerene framework. The endohe-
dral metal fullerenes Mn@C,,, Fe@C,,, Co@C,,, and Cu@C,, possess
paramagnetism.

Based on calculations using density functional theory, Guohua Gao
et al. [67] showed that C,, can act as a Faraday chemical cell, into which
a metal cluster with high magnetic activity and high chemical reactivity
can be encapsulated. As an example, the authors found that Cg, can en-
capsulate a Fe, cluster, while it is much less likely to encapsulate a Fe,
cluster. The spin set (= 9) of Fe,@C,, is very large and comparable to
that (of 11 A) a free Fe, cluster. Geometrically, the triangular plane of
the cluster is perpendicular to the S, axis of the fullerene.

M.B. Javan et al. [68] (2010) theoretically, by the same generalized
gradient approximation (GGA) in density functional theory (DFT) meth-
od as in [65], calculated the total energy of a Cy, nanocage doped with
Fe and Co transition metals (T'M), endohedral and exohedral, i.e., inside
and outside the fullerene. Full geometry optimization near the mini-
mum of the bonding energy curves showed that the most stable position
of the Fe atom in the TM@C, system is below the carbon atom and the
position of the Co atom is below the middle of the double bond between
the carbon atoms. In addition, the most stable position of both TM at-
oms in the TM@C,, systems is above the double bond. The results showed
that for all investigated structures Co atom has higher bonding energy
than Fe atom. As found, for all complexes, the additional peaks intro-
duced by the TM-3d-, 4s-, and 4p-states appear in the highest occupied
molecular orbital (HOMO) slot and lowest unoccupied molecular orbital
(LUMO) slot of the host cluster, which is perfectly reasonable and un-
derstandable. The mid-slit states are mainly due to hybridization be-
tween the TM-3d-, 4s-, and 4p-orbitals and the n-orbitals of the frame-
work. Because of the interaction between the TM atom and the fullerene
framework, the charge of the T'M-4s-orbital decreases to the TM-3d-
and 4p-orbitals, and the magnetic moment of the included TM atom
decreases in all cases. In addition, the Mulliken charge analysis shows
that the general charge transfer takes place from the TM atom to the
framework.

A relatively recent theoretical work by S.G. Semenov et al. [69]
again refers to a ‘hypothetical endocomplex’ Fe@C,. It is argued, with
references to other authors, that the production of metal fullerene con-
taining a natural iron isotope is limited only by the lack of efficient
synthesis methods, rather than by the shortage of feedstock [49, 60, 73,
74]. We should add for ourselves that this production is limited by
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Fig. 3. Temperature dependence of the 25
solubility of fullerene C,, in toluene (1),
xylene (2), and CS, (3) [75]

small yields and difficulties in sepa-
rating the synthesis products from
the mixture.

In the work [69], the structural
parameters of this complex were de-
termined at the (U) level of PBEO/
cc-pVDZ density functional theory
(DFT). It was found that the (Al//
C3v)-Fe@C,, state characterized by 1 o
an electron spin square of 3.07 a.u., 0 | .
a free valence of 4.15, a dipole mo- —40 0 40 80
ment of 1.15 D, and a Fe nuclear Temperature, °C
shift of 172 pm relative to the Cg,
centre of inertia corresponds to an energy minimum. The Stone—Wales
transposition in the quasi-triplet state increases the endocomplex ener-
gy by 1.56 and 0.79 eV in the quasi-quintet state. The authors applied
the same method in [70] to study the structure of the Fe@C,,(OH),, en-
docomplex molecule. It was shown that the triplet state of the endocom-
plex is energetically the lowest among its four states corresponding to
different spin sets and positions of the Fe nucleus in the fullerene cav-
ity. This state is characterized by a bond between the iron atom and one
of the two benzoidal cycles of the carbon frame, six Fe—C internuclear
distances (208 pm) and the electronic configuration of 1s22s22p%3s23p®
3d"245%14p"3 for iron with a spin population of 2.36.

In the work of M.V. Ryzhkov et al. [71] of the same 2017 theoretical
(ab initio method Dmol3) calculated the electronic structures of endohe-
dral forms of fullerenes C,,, C,,, C4, and Cg;, encapsulating 3d atoms of
Sc, Ti and Fe, and in the case of Cy, with M,C, carbide clusters (M = Sc,
Ti, Fe). For the C,;, and C,, frameworks, the authors found the preferred
positions of the metal atoms and their carbon clusters near the inner
surface of the fullerene shell. We found that, in all endohedral metal
fullerenes, the stabilizing effect of Sc is markedly stronger than that of
Ti and significantly stronger than that of Fe. The stability of the com-
plexes M@C;, and M,C,@C,, with Sc becomes higher than that of the
systems with Ti and Fe. The effect of the magnetic state of metal atoms
on the stability of endohedral metal fullerenes was predicted.

In Ref. [72], using density functional theory (DFT), the authors
(Tianwei et al.) first predicted the possibility of using endohedral metal
fullerenes M@C,, (M = Na, K, Rb, Cs, Sc, Ti, Mn, Fe) as catalysts for a
promising highly efficient hydrogen evolution reaction (HER). The cat-

Solubility, mg/ml

@ 1
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Table 2. Solubility of Cy, fullerene at different temperatures [75]

Solubility Solubility
Solvent T, K mole Solvent T, K mole
mg/ml fraction, 10* mg/ml fraction, 10*
n-Hexane | 195 0.011 Toluene 253 1.93
238 0.03 258 2.79
273 0.07 273 4.79
283 0.12 278 4.93
288 0.1 283 3.79
298 0.09 288 3.93
318 0.07 295 4.21
338 0.07 298 4.07
338.1 1.8 313 3.29
Toluene 298.1 0.8 353 1.57
308.1 0.9 383 1.29
328.1 1.2 1,2- 253 1.6
338.1 1.5 Dimethyl-| 263 2.5
233 | 0.75 benzene | 273 | 3.5
243 0.96 283 5.0
248 1.30 288 6.2
253 1.5 293 7.7
258 1.9 298 9.3
263 2.5 300.5 (10.2
268 3.2 303 10.3
273 4.0 305.5 | 9.3
278 3.9 308 8.4
283 3.7 313 7.4
293 3.3 323 6.1
298 2.9 333 5.3
303 2.7 343 4.9
313 2.3 353 4.4
323 2.2 1,2- 298.1 11.1
333 1.9 Dichlo- 308.1 13.4
353 | 1.5 robenzene | 318.1 15.1
195 0.14 328.1 17.8

alytically active centre in this case is a non-metallic C-atom, and the
HER characteristics of M@C;, are even better than those of modern Pt
and MoS, catalysts. The excellent catalytic properties are related to the
charge transfer between the metal atom and the C,, framework. Since
endohedral metal fullerenes can be easily implemented in the experi-
ment, these results, according to the authors, create a new class of in-
expensive and efficient HER catalysts in hydrogen production.
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4. Conclusions

Obtaining endofullerenes of low-active d-metals, and iron, particularly,
has proved to be rather ineffective in spite of numerous attempts of
many researchers. Some authors theoretically deny the possibility of Fe-
endofullerenes formation at all due to extremely weak bonds between
iron atoms and fullerene carbon atoms [63]. Others point to an exponen-
tial decrease in the MEF yield with the increase in the number of the
periodic table group, in which the metal is located [45].

Nevertheless, Fe-containing endofullerenes are still obtained, just
with very small yields and great difficulties in their extraction from the
mixture of products (see Fig. 3 and Table 2), because the completeness
of endofullerenes extraction from carbon black is not provided (the sol-
ubility of fullerenes in toluene does not exceed 2 mg/ml [75]).

Iron-containing endofullerenes are obtained mainly by two traditio-
nal methods: in plasma generated by electric arc or using laser (ablation
and implantation methods). In contrast to obtaining and studying the
properties of MEF substances of other metals, there are significantly
fewer works on iron endofullerenes. Let us focus our attention on the ob-
vious dependence of the yield of these MEF on the plasma temperature
(primarily in the processes of involving iron atoms in the forming fuller-
ene molecule [60—70]). We can note the presence of gases in the reaction
medium that do not form complexes with fullerenes, and the probable
dependence on the chemical nature of the precursor of iron atoms. For
example, in Ref. [47], iron phthalocyanine pyrolizate was used in elec-
tric arc synthesis rather than iron oxides or iron pentacarbonyls.

The interest of researchers in iron MEF is determined by their mag-
netic properties due to iron atoms and the possibility of their applica-
tion as contrast agents in MRI [46, 47], which can find promising ap-
plications in clinical diagnostics and for magnetically-controlled delivery
of drugs to a diseased organ [48—63].

REFERENCES

1. D.V. Schur and V.A. Lavrenko, Vacuum, 44, No. 9: 897 (1993);
https://doi.org/10.1016,/0042-207X(93)90247-8

2. D.V. Schur, A. Veziroglu, S.Y. Zaginaychenko, Z.A. Matysina, T.N. Veziroglu,
M.T. Gabdullin, T.S. Ramazanov, An.D. Zolotarenko, and Al.D. Zolotarenko, Int.
J. Hydrogen Energy, 44, No. 45: 24810 (2019);
https://doi.org/10.1016/j.ijhydene.2019.07.205

3. Z.A. Matysina, S.Y. Zaginajchenko, D.V. Shhur, A.D. Zolotarenko, Al.D. Zolo-
tarenko, and T.M. Gabdullin, Al’ternativnaya Ehnergetika i Ehkologiya, Nos. 13—
15: 37 (2017) (in Russian);
https://doi.org/10.15518 /isjaee.2017.13-15.037-060

4. Z.A. Matysina, S.Y. Zaginaichenko, D.V. Schur, T.N. Veziroglu, A. Veziroglu,
M.T. Gabdullin, AL.D. Zolotarenko, and An.D. Zolotarenko, Int. J. Hydrogen
Energy, 43, No. 33: 16092 (2018);

ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 3 521



Z.A. Matysina, Ol.D. Zolotarenko, O.P. Rudakova, N.Y. Akhanova et al.

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.1016/j.ijhydene.2018.06.168

. Z.A. Matysina, S.Y. Zaginaichenko, D.V. Schur, Al.D. Zolotarenko, An.D. Zo-

lotarenko, and M.T. Gabdullin, Russ. Phys. J., 61, No. 2: 253 (2018);
https://doi.org/10.1007/s11182-018-1395-5

. N.S. Anikina, D.V. Schur, S.Y. Zaginaichenko, A.D. Zolotarenko, and O.Ya. Kri-

vushenko, Proc. 10" Int. Conf. ‘Hydrogen Materials Science and Chemistry of
Carbon Nanomaterials’ (Sept. 22-28, 2007, Sudak, Crimea, Ukraine), p. 676.

. Z.A. Matysina, S.Yu. Zaginaychenko, and D.V. Schur, Rastvorimost’ Primesey v

Metallakh, Splavakh, Intermetallidakh, Fulleritakh [Solubility of Impurities in
Metals, Alloys, Intermetallics, Fullerites] (Dnepropetrovsk: Nauka i Obrazovanie:
2006) (in Russian).

. D.V. Schur, S.Y. Zaginaichenko, A.F. Savenko, V.A. Bogolepov, N.S. Anikina,

A.D. Zolotarenko, Z.A. Matysina, N. Veziroglu, and N.E. Scryabina, Int. dJ.
Hydrogen Energy, 36, No. 1: 1143 (2011);
https://doi.org/10.1016/j.ijhydene.2010.06.087

. O0.1. Nakonechna, M.M. Dashevskyi, O.1. Boshko, V.V. Zavodyannyi, and N.N. Belya-

vina, Effect of carbon nanotubes on mechanochemical synthesis of d-metal car-
bide nanopowders and nanocomposites, Prog. Phys. Met., 20, No. 1: 5 (2019);
https://doi.org/10.15407/ufm.20.01.005

E.A. Tsapko and I.Ye. Galstian, Positron spectroscopy study of structural de-
fects and electronic properties of carbon nanotubes, Prog. Phys. Met., 21, No. 2:
153 (2020);

https://doi.org/10.15407/ufm.21.02.153

A. Selvakumar, U. Sanjith, T.R. Tamilarasen, R. Muraliraja, W. Sha, and
J. Sudagar, A critical review of carbon nanotube-based surface coatings, Prog.
Phys. Met., 23, No. 1: 3 (2022);

https://doi.org/10.15407/ufm.23.01.003

A.G. Solomenko, R.M. Balabai, T.M. Radchenko, and V.A. Tatarenko, Func-
tionalization of quasi-two-dimensional materials: chemical and strain-induced
modifications, Prog. Phys. Met., 23, No. 2: 147 (2022);
https://doi.org/10.15407 /ufm.23.02.147

D.V.Schur, A.D. Zolotarenko, A.D. Zolotarenko, O.P. Zolotarenko, M.V. Chimbai,
N.Y. Akhanova, M. Sultangazina, and E.P. Zolotarenko, Phys. Sci. Technol., 6,
Nos. 1-2: 46 (2019);

https://doi.org/10.26577/phst-2019-1-p9

A.A. Volodin, A.D. Zolotarenko, A.A. Bel’mesov, E.V. Gerasimova, D.V. Schur,
V.R. Tarasov, S.Yu. Zaginaichenko, S.V. Doroshenko, An.D. Zolotarenko, and
Al.D. Zolotarenko, Nanosistemi, Nanomateriali, Nanotehnologii, 12, No. 4: 705
(2014).

V.A. Lavrenko, I.A. Podchernyaeva, D.V. Shchur, An.D. Zolotarenko, and
Al.D. Zolotarenko, Powder Metall. Met. Ceram., 56, Nos. 9-10: 504 (2018);
https://doi.org/10.1007/s11106-018-9922-z

N. Akhanova, S. Orazbayev, M. Ualkhanova, A.Y. Perekos, A.G. Dubovoy,
D.V. Schur, Al. D. Zolotarenko, An. D. Zolotarenko, N.A. Gavrylyuk, M.T. Gab-
dullin, and T.S. Ramazanov, J. Nanosci. Nanotechnol. Appl., 3, No. 3: 1
(2019);

https://doi.org/10.18875/2577-7920.3.302

A.G. Dubovoj, A.E. Perekos, V.A. Lavrenko, Yu.M. Rudenko, T.V. Efimova, V.P. Za-
lustkii, T.V. Rushitskaya, A.V. Kotko, Al.D. Zolotarenko, and An.D. Zolota-
renko, Nanosistemi, Nanomateriali, Nanotehnologii, 11, No. 1: 131 (2013) (in
Russian).

522 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 3



Iron in Endometallofullerenes

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

S.Yu. Zaginajchenko, D.V. Schur, M.T. Gabdullin, N.F. Dzhavadov, Al.D. Zolo-
tarenko, An.D. Zolotarenko, A.D. Zolotarenko, S.H. Mamedova, G.D. Omarova,
and Z.T. Mamedova, Al’ternativnaya Ehnergetika i Ehkologiya, Nos. 19-21: 72
(2018) (in Russian);

https://doi.org/10.15518/isjaee.2018.19-21.072-090

N.Ye. Akhanova, D.V. Shchur, A.P. Pomytkin, Al.D. Zolotarenko, An.D. Zolo-
tarenko, N.A. Gavrylyuk, M. Ualkhanova, W. Bo, and D. Ang, J. Nanosci.
Nanotechnol., 21, No. 4: 2446 (2021);

https://doi.org/10.1166/jnn.2021.18971

N.S. Anikina, D.V. Schur, S.Y. Zaginaichenko, and A.D. Zolotarenko, Proc. of
10" Int. Conf. ‘Hydrogen Materials Science and Chemistry of Carbon Nanoma-
terials’ (Sept. 22-28, 2007, Sudak, Crimea, Ukraine ), p. 672.

D.V. Schur, S.Yu. Zaginaichenko, A.D. Zolotarenko, and T.N. Veziroglu, Carbon
Nanomaterials in Clean Energy Hydrogen Systems (Eds. B. Baranowski, S.Yu. Za-
ginaichenko, D.V. Schur, V.V. Skorokhod, and A. Veziroglu) (Springer Science
+ Business Media B.V.: 2008), p. 85.

D.V. Schur, S.Yu. Zaginaichenko, E.A. Lysenko, T.N. Golovchenko, and N.F. Ja-
vadov, Carbon Nanomaterials in Clean Energy Hydrogen Systems (Eds. B. Bara-
nowski, S.Yu. Zaginaichenko, D.V. Schur, V.V. Skorokhod, and A. Veziroglu)
(Springer Science + Business Media B.V.: 2008), p. 53;
https://doi.org/10.1007/978-1-4020-8898-8 5

D.V. Schur, N.S. Astratov, A.P. Pomytkin, and A.D. Zolotarenko, Proc. VIII
Int. Conf. Hydrogen Material Science and Chemistry (Sept. 14-20, 2003, Sudak,
Crimea, Ukraine), p. 424.

Y.M. Shul’ga, S.A. Baskakov, A.D. Zolotarenko, E.N. Kabachkov, V.E. Muradjan,
D.N. Voilov, V.A. Smirnov, V.M. Martynenko, D.V. Schur, and A.P. Pomytkin,
Nanosistemi, Nanomateriali, Nanotehnologii, 11, No. 1: 161 (2013) (in
Russian).

Yu.l. Sementsov, N.A. Gavriluk, G.P. Prikhod’ko, T.A. Aleksyeyeva, O.N. La-
zarenko, and V.V. Yanchenko, Carbon Nanomaterials in Clean Energy Hydrogen
Systems (Eds. B. Baranowski, S.Yu. Zaginaichenko, D.V. Schur, V.V. Skorokhod,
and A. Veziroglu) (Springer Science + Business Media B.V.: 2008), p. 327;
https://doi.org/10.1007/978-1-4020-8898-8 39

Yu.l. Sementsov, N.A. Gavrilyuk, G.P. Prikhod’ko, A.V. Melezhyk, M.L. Pyatkovsky,
V.V. Yanchenko, S.L. Revo, E.A. Ivanenko, and A.I. Senkevich, Hydrogen Mate-
rials Science and Chemistry of Carbon Nanomaterials (Eds. Eds. B. Baranowski,
S.Yu. Zaginaichenko, D.V. Schur, V.V. Skorokhod, and A. Veziroglu) (Springer:
2007), p. 757;

https://doi.org/10.1007/978-1-4020-5514-0_95

G.P. Prihod’ko, N.A. Gavriljuk, L.V. Dijakon, N.P. Kulish, A.V. Melezhik, and
Yu.l. Semencov, Nanosistemi, Nanomateriali, Nanotehnologii, 4: 1081 (2006)
(in Russian).

Yu.l. Sementsov, T.A. Alekseeva, M.L. Pjatkovskij, and G.P. Prihod’ko, N.A. Gav-
rilyuk, N.T. Kartel, Yu.E. Grabovskiy, V.F. Gorchev, and A.Yu. Chunikhin,
Proc. IX Int. Conf. ‘Hydrogen Materials Science and Chemistry of Carbon Nano-
materials’ (Sept. 9—13, 2009, Yalta, Crimea, Ukraine), p. 782 (in Russian).
O.P. Dmytrenko, N.P. Kulish, Yu.l. Prylutskyy, N.M. Belyi, L.V. Poperenko,
V.S. Stashchuk, E.L. Pavlenko, A.E. Pogorelov, N.S. Anikina, and D.V. Schur,
Hydrogen Materials Science and Chemistry of Carbon Nanomaterials. NATO
Security through Science Series A: Chemistry and Biology (Eds. T.N. Veziroglu,
S.Yu. Zaginaichenko, D.V. Schur, B. Baranowski, A.P. Shpak, V.V. Skorokhod,

ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 3 523



Z.A. Matysina, Ol.D. Zolotarenko, O.P. Rudakova, N.Y. Akhanova et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

and A. Kale) (Dordrecht: Springer: 2007), p. 111;
https://doi.org/10.1007/978-1-4020-5514-0_12

Yu. Sementsov, N. Gavriluk, T. Aleksyeyeva, and O. Lasarenko, Nanosistemi,
Nanomateriali, Nanotehnologii, 5, No 2: 351 (2007).

V.I. Trefilov, D.V. Schur, B.P. Tarasov, Yu.M. Shul’ga, A.V. Chernogorenko,
V.K. Pishuk, and S.Yu. Zaginaichenko, Fullereny — Osnova Materialov Budush-
chego [Fullerenes — the Basis of Materials of the Future] (Kiev: ADEF-Ukraina:
2001) (in Russian).

A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, D.W. Murphy, S.H. Glarum,
T.T.M. Palstra, A.P. Ramirez, and A.R. Kortan, Nature, 350: 600 (1991);
https://doi.org/10.1038,/350600a0

K. Holczer, O. Klein, Sh. Huang, R.B. Kaner, K. Fu, R.L. Whetten, and
F. Diederich, Science, 252, No. 5009: 1154 (1991);
https://doi.org/10.1126/science.252.5009.1154

M.J. Rosseinsky, A.P. Ramirez, S.H. Glarum, D.W. Murphy, R.C. Haddon,
A.F. Hebard, T.T.M. Palstra, A.R. Kortan, S.M. Zahurak, and A.V. Makhija,
Phys. Rev. Lett., 66, No. 21: 2830 (1991);
https://doi.org/10.1103/PhysRevLett.66.2830

R.C. Haddon, A.F. Hebard, M.J. Rosseinsky, D.W. Murphy, S.J. Duclos,
K.B. Lyons, B. Miller, J.M. Rosamilia, R.M. Fleming, A.R. Kortan, S.H. Glarum,
A.V. Makhija, A.J. Muller, R.H. Eick, S.M. Zahurak, R. Tycko, G. Dabbagh,
and F.A. Thiel, Nature, 350: 320 (1991);

https://doi.org/10.1038/350320a0

R.C. Haddon, Acc. Chem. Res., 25, No. 3: 127 (1992);
https://doi.org/10.1021/ar00015a005

H.H. Wang, A.M. Kini, B.M. Savall, K.D. Carlson, J.M. Williams, K.R. Lykke,
P. Wurz, D.H. Parker, and M.dJ. Pellin, Inorg. Chem., 30, No. 14: 2838 (1991);
https://doi.org/10.1021/ic00014a005

N.S. Anikina, O.Ya. Krivushhenko, D.V. Schur, S.Yu. Zaginajchenko, S.S. Chup-
rov, K.A. Mil’to, and A.D. Zolotarenko, Proc. IX Int. Conf. ‘Hydrogen Material
Science and Chemistry of Metal Hydrides’ (Sept. 5—11, 2005, Sevastopol, Crimea,
Ukraine), p. 848 (in Russian).

A.V. Eletskii and B.M. Smirnov, Phys.-Usp., 38, No. 9: 935 (1995);
https://doi.org/10.1070/PU1995v038n09ABEH000103

Y. Wang, Nature, 356: 585 (1992);

https://doi.org/10.1038/356585a0

H. Hoshi, N. Nakamura, Y. Maruyama, T. Nakagawa, Sh. Suzuki, H. Shiromaru,
and Y. Achiba, Jpn. J. Appl. Phys., 30, No. 8A: L1397 (1991);
https://doi.org/10.1143/JJAP.30.L1397

H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, and R.E. Smalley, Nature,
318: 162 (1985);

https://doi.org/10.1038/318162a0

Y. Chai, T. Guo, C. Jin, R.E. Haufler, L.P.F. Chibante, J. Fure, L. Wang,
J.M. Alford, and R.E. Smalley. J. Phys. Chem., 95, No. 20: 7564 (1991);
https://doi.org/10.1021/j100173a002

H. Shinohara and N. Tagmatarchis, Endohedral Metallofullerenes. Fullerenes
with Metal Inside (John Wiley & Sons, Ltd.: 2015);
https://doi.org/10.1002/9781118698006

K. Sueki, K. Kikuchi, K. Akiyama, T. Sawa, M. Katada, S. Ambe, F. Ambe, and
H. Nakahara, Chem. Phys. Lett., 300, Nos. 1-2: 140 (1999);
https://doi.org/10.1016/S0009-2614(98)01353-0

524 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 3



Iron in Endometallofullerenes

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

H.C. Dorn and E.B. Iezzi, Endohedral Metallofullerene Derivatives (Patent US
20090240042A1, 2006).

V.T. Lebedev, M.V. Sujasova, A.A. Szhogina, and V.P. Sedov, Sposob Polucheniya
Endofullerenov 3d-Metallov [The Technology of 3d-Metallic Endofullerenes]
(Patent RF 2664133 No. 218.016.7C5D, 2017) (in Russian).

Z. Chen, L. Ma, Y. Liu, and C. Chen, Theranostics, 2, No. 3: 238 (2012);
https://doi.org/10.7150/thno.3509

T. Pradeep, G.U. Kulkarni, K.R. Kannan, T.N. Guru Row, and C.N.R. Rao,
J. Am. Chem. Soc., 11, No. 46: 2272 (1992);
https://doi.org/10.1021/ja00032a059

L.M. Roth, J. Huang, J.T. Schwedler, C.J. Cassady, D. Ben-Amots, B. Kahr, and
B.S. Freiser, J. Am. Chem. Soc., 113, No. 16: 6298 (1991);
https://doi.org/10.1021/ja00016a071

Y. Yuang and B.S. Freiser, J. Am. Chem. Soc. 113: 8186 (1991);
https://doi.org/10.1021/ja00021a065

G.N. Churilov, O.A. Bayukov, E.A. Petrakovskaya, A.Ya. Korets, V.G. Isakova,
and Ya.N. Titarenko, Tech. Phys., 42: 1111 (1997);
https://doi.org/10.1134/1.1258784

T. Uchida, H. Minezaki, K. Tanaka, M. Muramatsu, T. Asaji, Y. Kato, A. Kita-
gawa, S. Biri, and Y. Yoshida, Rev. Sci. Instrum., 81, No. 2: 02A306 (2010);
https://doi.org/10.1063/1.3258027

T. Uchida, H. Minezaki, Y. Yoshida, S. Biri, A. Kitagawa, Y. Kato, T. Asaji,
and K. Tanaka, Proc. of 18" Int. Workshop on ECR Ion Sources—ECRIS08
(Sept. 08—15, 2008, Chicago, IL, USA), p. 25.

H. Minezaki, T. Uchida, K. Tanaka, M. Muramatsu, T. Asaji, A. Kitagawa, Y. Kato,
R. Racz, S. Biri, and Y. Yoshida. AIP Conf. Proc., 1321, No. 1: 480 (2011);
https://doi.org/10.1063/1.3548456

T. Uchida, H. Minezaki, S. Ishihara, M. Muramatsu, R. Rocz, T. Asaji, A. Kita-
gawa, Y. Kato, S. Biri, A.G. Drentje, and Y. Yoshida, Rev. Sci. Instrum., 85:
02C317 (2014);

https://doi.org/10.1063/1.4862212

H. Minezaki, S. Ishihara, T. Uchida, M. Muramatsu, R. Rocz, T. Asaji, A. Kita-
gawa, Y. Kato, S. Biri, and Y. Yoshida, Rev. Sci. Instrum., 85: 02A945 (2014);
https://doi.org/10.1063,/1.4850756

H. Minezaki, K. Oshima, T. Uchida, T. Mizuki, R. Racz, M. Muramatsu, T. Asaji,
A. Kitagawa, Y. Kato, S. Biri, and Y. Yoshida, Nucl. Instrum. Methods Phys.
Res. B, 310: 18 (2013);

https://doi.org/10.1063/1.4850756

H. Minezaki, K. Oshima, T. Uchida, T. Mizuki, R. Racz, M. Muramatsu, T. Asaji,
A. Kitagawa, Y. Kato, S. Biri, and Y. Yoshida, Nucl. Instrum. Methods Phys.
Res. B, 310, No. 1: 18 (2013);

https://doi.org/10.1016/j.nimb.2013.05.015

T. Asaji, T. Ohba, T. Uchida, H. Minezaki, S. Ishihara, R. Racz, M. Muramatsu,
S. Biri, A. Kitagawa, Y. Kato, and Y. Yoshida, Rev. Sci. Instrum., 85: 02A936
(2014);

https://doi.org/10.1063/1.4847255

S. Biri, A. Valek, L. Kenez, A. Janossy, and A. Kitagawa, Rev. Sci. Instrum.,
73: 881 (2002); https://doi.org/10.1063/1.1429788

T. Kaneko, S. Abe, H. Ishida, and R. Hatakeyama, Phys. Plasmas, 14: 110705
(2007);

https://doi.org/10.1063,/1.2814049

ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 3 525



Z.A. Matysina, Ol.D. Zolotarenko, O.P. Rudakova, N.Y. Akhanova et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

Q. Deng, T. Heine, S. Irle, and A. Popov, Nanoscale, 8, No. 6: 3796 (2016);
https://doi.org/10.1039/C5NR08645K

E.M. Brunsman, R. Sutton, E. Bortz, S. Kirkpatrick, K. Midelfort, J. Williams,
P. Smith, M.E. McHenry, S.A. Majetich, J.0. Artman, M. De Graef, and S.W. Staley,
J. Appl. Phys., 75, No. 10: 5882

(1994);https://doi.org/10.1063/1.355548

C.M. Tang, K.M. Deng, J.L. Yang, and X. Wang, Chinese J. Chem., 24, No. 9:
1133 (2006);

https://doi.org/10.1002/cjoc.200690213

R.E. Estrada-Salas and A.A. Valladares, J. Mol. Struct.. THEOCHEM, 869:
Nos. 1-3: 1 (2008);

https://doi.org/10.1016/j.theochem.2008.08.017

G. Gao and H.S. Kang, Chem. Phys. Lett., 462: Nos. 1-3: 72 (2008);
https://doi.org/10.1016/j.cplett.2008.07.044

M.B. Javan, N. Tajabor, M. Behdani, and M.R. Rokn-Abadi, Phys. B, 405, No. 24:
4937 (2010);

https://doi.org/10.1016/j.physb.2010.09.035

S.G. Semenov, M.E. Bedrina, M.V. Makarova, and A.V. Titov, J. Struct. Chem.,
58, No. 3: 447 (2017);

https://doi.org/10.15372/JSC20170304

S.G. Semenov and M.E. Bedrina, J. Struct. Chem., 59, No. 3: 506 (2018);
https://doi.org/10.1134/S0022476618030022

M.V. Ryzhkov, N.I. Medvedeva, and B. Delley, Polyhedron, 134: 376 (2017);
https://doi.org/10.1016/j.poly.2017.06.032

H.T. Gao, G. Kou, L. Will, and G. Du, J. Catalysis, 354: 231 (2017);
https://doi.org/10.1016/j.jcat.2017.08.025

V.K. Koltover, Vestnik RFFI, 59, No. 3: 54 (2008).

A. Popov, S. Yang, and L. Dunsch, Chem. Rev., 113, No. 8: 5989 (2013);
https://doi.org/10.1021/cr300297r

V.N. Bezmel’nitsyn, A.V. Eletskii, and M.V. Okun’, Phys.-Usp., 41, No. 11:
1091 (1998);

https://doi.org/10.1070/PU1998v041n11ABEH000502

Received 18.06.2021;
in final version, 15.06.2022

526 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 3



Iron in Endometallofullerenes

3.A. Mamucina!, Ox.Jl. Bonomapenrxo!?, O.I1. Pydarxosa -2,
H.E. Axanosa®*, AII. ITomumxkin!, An.Jl. Boromapenro?!-2,
II.B. H[yp!, M.T. I'a60yanin?, M. Yanxanosa?, H.A. I'aspuaix?,
0.]]. Boromapenkxo!, M.B. Qumbaii’?, 1.B. Sazopyavko®
TaeruryT npobJem marepianosgascTsa im. I.M. @pannesnua HAH Vipainu,
ByJa. Axanemika Kp:xuxanosebkoro, 3, 03142 Kuis, Ykpaina
TucTuryT ximii mosepxui im. 0.0. Uyiika HAH Vxpaiuu,
Bya. 'emepama Haymosa, 17, 03164 Kuis, Ykpaina
KasaxCchbKuil HaljioHANLHUEI yHiBepcureT imMm. Anb-Papabi,
npoci. Anp-®apabi, 71, 050040 Anmaru, Kasaxcraun
‘KaszaxcTaHCHLKO-OpATAHCHKUM TeXHIUHUN yHiBepcurer,
ByJ. Touse 6i, 59, 0560040 Anxmaru, Kasaxcran
*TacturyT Meramopisuku im. I'.B. Kypaiomosa HAH Vkpaiuu,
oynbpB. Axkamemika Bepuancbkoro, 36, 03142 Kuis, YKpaina

DEPYM B EHIOMETAJIO®YJIJIEPEHAX

BuBuaioThbCca eKcIlepUMEeHTaJNbHI Ta TeOpPeTuUHi po0OTH, IPUCBAUEHI OMUCY CYyUYaCcHUX
MeTOMiB oJiep:KaHHA (PepyMBMIiCHUX eHaoeApanbHuX Merasodysiaeperis (EM®P), a ra-
KO2K Po0OOTH, II[0 CTABJATH MiJ CYMHIB ITOAi0HI pe3ybTaTu yepes BKpail HU3LKY e(deK-
TUBHICTH 3aCTOCOBYBAHUX METOAUK. PO3riIsfgatoThCsi 0COOJIMBOCTI TPAAUIIAHUX METO-
IiB ofep:KaHHA eHpoMeTasodyepeHiB, IXHi mepeBaru Ta HeNOJIIKM, & TAKOMX 3a3HAa-
YaioThbCcA chepu MOKJIUBOTO 3aCTOCYBaHHS IIPOAYKTIB cuHTedy. Ilokasano, mo EM®
OJIePKYIOTh B OCHOBHOMY JBOMAa CIIOCO0aMM: AYTOBUM PO3PSALOM Y CEPEIOBHUIIL T'eJIiio
Ta CUHTE30M i3 3aCTOCYBAHHAM MeTO[iB abuamii ¥ immramramnii. HesBaskamouum Ha
ny:Ke Masy KiJbKicTh pobiT cTocOoBHO eHgoMeTaopyiepenis @epymy, rpyii aBropis
BAAJIOCA JOCATTHU IIEBHOTO IIpoIpecy B ix aHamisi. Tak, O0yJyo moBemeHO aKT OfepsKaH-
HA (pepyMBMicHUX eHIOMeTaJo(dysyepeHiB i3 BUAiNeHHAM ixX i3 cyMimii IpoayKTiB
cunTedy. Kpim TOr0, 6yJI0 IPOTHO30BAHO BILJINB MAarHiTHOTO CTaHy aTOMiB MeTasly Ha
cTabiIbHICTh €HAOeIPATbLHUX (PYJIepeHiB, BCTAHOBJIEHO 3B’ A30K MixkK Buxomom EM®
i TeMIepaTypoio IIJIad3MH, a TAKOXK XiMiUHOIO IIPUPOMOI0 IpPeKypcopy — artomiB Fe.
3okpema, OyJI0O BCTAHOBJIEHO, IO 3i 30i/ILIIIEHHAM HOMEpa rpynu mepioguyHol Tabuii
eJIEMEHTIB, B AKill 3HAXOAUTBHCA MeTas, Buxiyy EM® eKCHIOHEHITIHHO MOHUIKYETHCA.
Poburbcsa BUCHOBOK PO Te, III0 3aBASKHN MarHiTHUM BjacTuBocTaM EM® € mepcrex-
TUBHUMHU MaTepiasiaMmu B obJiacTi KJIiHiUHOI fiarHOCTUKY (HAIPUKJIAL, ¥ AKOCTI KOHT-
PacTHUX PEYOBUH MarHiTopesoHaHCHOI TomMorpadii), a TakoK MeJUuIUHY (IJIg MardiTo-
KepoBaHOI [OCTaBKM JIiKapPChKUX IIpemnapaTriB 6e3mocepelHLO 10 XBOPOTO OPTaHy).

KarouoBi cioBa: engodyiaepeH, eHgoMmerantodyiiepeH, GepyMBMicHUNE eHIODYLIe-
PeH, MaTHiTHUI cTaH, a0JAIid, iMIUIaHTaIlid, JYTOBUI PO3PSAM, CUHTE3, IIPEKYypPCcop
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