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Abstract—This paper reviews the electron-irradiation effects in graphitic nanoparticles. Irradiation-induced
atomic displacements cause structural defects in graphite lattice forming the basis of carbon nanoparticles such
as nanotubes or carbon onions. Defects of the type of non-six-membered rings induce topological alterations
of graphene layers. The generation of curvature under electron irradiation leads to the formation of new struc-
tures, such as spherical carbon onions or coalescent nanotubes. At high temperatures, the self-compression of
carbon onions can promote the nucleation of diamond cores or phase transformations of foreign materials that
are encapsulated by onionlike graphitic shells. Under the nonequilibrium conditions of intense irradiation, the
phase equilibrium between graphite and diamond can be reversed. It is shown that graphite can be transformed
into diamond even if no external pressure is applied. All electron-irradiation and electron-microscopic studies
described here were carried out using in situ transmission electron microscopy. © 2002 MAIK “Nauka/Inter-
periodica”.
11. IRRADIATION OF GRAPHITIC
STRUCTURES

Irradiation of solids with high-energetic particles
can lead to structural alterations if atoms are persis-
tently removed from their lattice positions. Graphite
behaves under irradiation as most metals do; i.e., radia-
tion damage is restricted to knock-on atom displace-
ments, whereas excitations of the electron system do
not lead to observable radiation effects [1]. Atoms can
be displaced in a knock-on collision when the particle
energy exceeds the displacement threshold energy. This
energy is needed to displace an atom far enough from
its position such that immediate recombination of the
Frenkel pair does not occur. The minimum energy
which has to be transferred to a carbon atom in graphite
to induce its permanent displacement is approximately
15 eV [2]. The corresponding energy of the irradiating
particles can be calculated from the laws of momentum
conservation; for example, electrons with low mass
need a threshold energy of 100 keV to induce structural
changes in the graphite lattice. In the following, we will
constrain our considerations to electrons as irradiating
particles because of the importance of irradiation
effects in the beams of electron microscopes.

The graphite lattice consists of flat graphene layers
in which each carbon atom is bound covalently to three
neighbor atoms such that a network of hexagonal rings
is formed. When a carbon atom is knocked from its lat-
tice site, a monovacancy is created, which is stable until
recombination with a mobile interstitial atom can occur
(Fig. 1a). The diffusivity of interstitials is an exponen-

1 This article was submitted by the author in English.
1063-7834/02/4403- $22.00 © 20399
tial function of temperature; therefore, the recombina-
tion dynamics in a graphitic structure under irradiation
is governed by the temperature and also by the dis-
placement rate, which is proportional to the irradiation
intensity. At low temperatures, interstitials tend to form
agglomerates between the basal layers. These agglom-
erates act as traps for further interstitials; as a result,
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Fig. 1. Vacancy formation in the graphite lattice: (a) the
removal of one carbon atom (encircled) from a curved
graphene layer creates a stable monovacancy; (b) the
removal of two adjacent atoms creates a divacancy that can
close via Stone–Wales rearrangement. The number of hexa-
gons is reduced by one, and the surface area is reduced.
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new basal layers are gradually generated [2]. This leads
to a swelling of the graphite lattice in the c direction [3]
and to a highly defective structure, as can be seen in
high-resolution electron microscopy. At temperatures
above approximately 600–700 K, the mobility of inter-
stitials is high enough to promote annealing with
vacancies. No more clustering of interstitials can take
place, and the graphite lattice remains free of extended
defects [4]. It is noteworthy that vacancies in graphite
are immobile up to very high temperatures and do not
play a considerable role in the defect dynamics and
annealing behavior [5]. Since graphite has a layered
crystal structure, the mobility of interstitials is highly
anisotropic. Opposite to earlier expectations, the migra-
tion of interstitials is not restricted to the interplanar
space [2]. When an interstitial is located between the
planes, the local bonding character of the surrounding
atoms can change from sp2 towards sp3. In such a way,
the interstitial forms covalent bonds to the adjacent
planes, which drastically reduces its mobility in the
space parallel to the basal planes. Such an interstitial
can rather migrate along the c direction by exchanging
positions with atoms in the plane [6].

The defective graphite lattice has a peculiarity that
distinguishes the behavior of graphite under irradiation
from that of most other crystals. As soon as two adja-
cent atoms are displaced, i.e., a divacancy is created,
the surrounding atoms within the plane can rearrange
bonds in such a way that the open space is immediately
closed, as shown schematically in Fig. 1b. These
changes of bonding in a defective graphene layer are
known as Stone–Wales rearrangements [7]. In such a
process, hexagonal rings are converted to pentagons,
heptagons, or other types of structural defects. Since
the discovery of fullerenes, it has been known that non-
six-membered rings introduce curvature into the other-
wise flat graphene layer. Pentagons lead to positive
(spherical) and heptagons to negative (saddlelike) cur-
vature, whereas appropriate combinations of both pen-
tagons and heptagons can be used to build up a variety
of models of possible topologies [8, 9]. The irradiation-
induced rearrangement of the atomic structure in gra-
phitic networks is, therefore, a promising way to create
new architectures in the world of carbon nanoparticles.

The first structural transformation was achieved
when graphitic structures were transformed to spherical
concentric shell particles (carbon onions) [10]. The
introduction of pentagons and heptagons through irra-
diation induces curvature in the layers, which then
close upon themselves by saturating all dangling bonds.
However, it turned out that new structures that are cre-
ated by irradiation can again be destroyed by atom dis-
placements; as such, only those arrangements remain
stable that are in a dynamic equilibrium under irradia-
tion [2]. Since objects under intense irradiation are far
from being in thermal equilibrium, the formation of
ordered structures follows the principles of self-organi-
zation in dissipative systems. Apparently, the genera-
tion of carbon onions, as well as their transformations
P

under further irradiation, can serve as examples of such
self-organized nonequilibrium structure formation.

2. EXPERIMENTAL TECHNIQUES

The investigation of irradiation-induced structural
transformations of carbon nanoparticles was under-
taken using in situ transmission electron microscopy.
Irradiation with high-energetic electrons and imaging
on an atomic scale can be carried out at the same time.
However, the electron energy has to exceed the dis-
placement threshold, of approximately 100 keV, in gra-
phitic structures. The studies presented in the following
sections were carried out using a high-voltage electron
microscope with an acceleration voltage of 1.25 MeV
installed at the Max-Planck-Institut für Metallfors-
chung in Stuttgart. A high-temperature specimen stage
allowed the specimen temperature to be varied between
room temperature and 1300 K. Specialized drift com-
pensation systems were used to obtain a point resolu-
tion of 0.12 nm within the full temperature range. An
imaging filter system was available to carry out electron
energy-loss spectroscopy in order to obtain information
on the bonding states and to distinguish between graph-
ite and diamond-like modifications of carbon.

3. OBSERVATIONS AND DISCUSSION

3.1. Fullerenes

When fullerites, i.e., crystals that are built up of
fullerene molecules, are exposed to an electron beam of
more than 100 keV, the fullerene cages are rapidly dam-
aged by a loss of atoms. In the microscope, this is seen
as a collapse of the molecules, which then tend to coa-
lesce so as to form larger irregular cages [11]. In the
course of this process, the regular arrangement of mol-
ecules is completely lost. However, the picture can be
different when individual fullerene molecules are irra-
diated. Under irradiation of graphite material, the for-
mation of single fullerene-like cages of different size is
often observed. These cages are located on the graphite
surfaces and are surprisingly stable under the beam.
Such a high radiation hardness was explained in terms
of a mechanism where vacancies in the fullerene shell
can recombine with free carbon atoms available on the
graphite surface [11].

3.2. Carbon Nanotubes

Many-walled carbon nanotubes show the general
behavior of graphite when irradiated with an electron
beam. At low temperatures, radiation defects accumu-
late and the graphite planes curve and bend; this can
eventually lead to the complete transformation of the
tube to a carbon onion [10]. At temperatures above
600 K, the graphite lattice of the tubes remains free of
extended defects and the tubes bend but do not trans-
form to onionlike structures.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Single-walled carbon nanotubes are very sensitive
to electron irradiation at low temperatures. Shrinkage
and collapse of the tubes occur, leading to a necklace-
like shape and eventually to complete disintegration
[12]. As other graphite structures, single-walled nano-
tubes show a much improved stability when irradiated
at higher temperatures. The irradiation of a bundle of
single-walled nanotubes can lead to the coalescence of
two adjacent tubes so as to form a tube of double diam-
eter [13]. As shown in Fig. 2, such a coalescence can be
monitored in situ in an electron microscope when
curved bundles of tubes are locally aligned with their
axes parallel to the viewing direction (along the optical
axis of the microscope), such that they are imaged in
cross section. Molecular-dynamics calculations show
that the coalescence of adjacent tubes can only occur if
the tubes have the same chirality [13].

3.3. Carbon Onions

The most spectacular irradiation effect of carbon
nanoparticles is the transformation of graphite material
to spherical concentric-shell carbon onions [10].
Almost all graphite precursors, such as soot particles,
nanotubes, or any disordered graphite filaments, show
this transformation when irradiated with an electron
beam of sufficient intensity. The structure of carbon
onions has been modeled by combining pentagons,
hexagons, and heptagons in each shell (Fig. 3) [8, 14].
In such combinations, a uniform spherical curvature of
the shells can be achieved without altering the bond
length between two carbon atoms (0.14 nm). Complete
spherical closure with saturation of all dangling bonds
leaves a particularly stable structure, because further
atom displacements just rearrange defects and do not
change the curvature anymore.

The formation of carbon onions under irradiation at
higher specimen temperatures leads to perfectly coher-
ent graphite shells without extended defects. Such car-
bon onions show a spacing between the shells which is
smaller than the equilibrium distance between basal
planes in graphite (0.335 nm). Furthermore, the spacing
decreases as one goes from the surface of the onion
towards its center. This self-compression of carbon
onions under irradiation has been explained in terms of
the surface tension of the outer shells due to a sputter-
ing-induced loss of atoms and successive closure of the
shells around divacancies. The migration dynamics of
interstitials through the onion, following the pressure
gradient towards the surface, can explain why the pres-
sure is not isostatic but increases towards the center
[15]. The high mechanical strength of graphene layers
makes the shells extremely rigid and allows the gener-
ation of enormous pressure inside the onion. The pres-
sure can reach values that are high enough to promote
the nucleation of a diamond crystal in the core of the
onion [16]. The phase transformation into diamond is
facilitated by the high curvature of the innermost shells,
shifting the bonding character from sp2 towards sp3.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
3.4. Transformation of Graphite into Diamond
under Irradiation

The phase equilibrium between graphite and dia-
mond is determined by the difference in free enthalpy
between the two phases. Close to thermal equilibrium,
graphite is thermodynamically favored at low pressures
and, thus, represents the stable phase of carbon. Dia-
mond is the stable high-pressure phase but can exist in
a metastable state at low pressures because the transfor-
mation into graphite is kinetically suppressed. The
transformation of graphite into diamond requires the
application of high pressure and high temperature and,
to achieve a reasonable yield of diamond, the presence
of metallic catalysts [17].

The function of carbon onions as pressure cells for
diamond nucleation demonstrates a new way of trans-
forming graphite into diamond. It has been observed
that diamond cores in carbon onions, once nucleated,
grow under sustained electron irradiation. Growth of

2 nm

(a)

(b)

Fig. 2. Coalescence of two single-walled nanotubes under
electron irradiation at 1000 K: (a) before and (b) after irra-
diation. The merging tubes are labeled with arrows.
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2 nm (a) (b)

Fig. 3. The structure of carbon onions. (a) Electron microscopy image of a carbon onion formed under electron irradiation at
1000 K; the shells are coherent and show a decreasing spacing towards the center. (b) Model structure of a carbon onion with three
shells (not on the same scale as in (a)); pentagons and heptagons ensure uniform curvature (courtesy of M. Terrones).
the diamond crystals at the expense of the surrounding
graphite shells continues until the onions have wholly
transformed into diamond, although no more pressure
is applied to the system at the later stage of the process.
This observation has motivated further studies, in
which a flat interface between graphite and diamond
was irradiated with an electron beam at different beam
intensities and temperatures. Those experiments were
carried out in the heating stage of an electron micro-
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Fig. 4. Nonequilibrium phase diagram of carbon under
high-energetic electron irradiation. The displacement rate
(proportional to the beam intensity) is plotted as a function
of temperature. The ratio of displacement cross sections in
graphite and diamond of σg/σd = 2.6 was assumed.
PH
scope; no external pressure was applied. It turned out
that, within a limited temperature range, the phase equi-
librium can be reversed such that diamond becomes the
stable phase [18]. A theoretical treatment of the phase
equilibrium between graphite and diamond under irra-
diation could explain the observations quantitatively
[19]. The theory is based on the well-known fact that
the radiation hardness of diamond exceeds that of
graphite, i.e., that the atom displacement rate in graph-
ite is higher than in diamond (under the same condi-
tions of irradiation). When a carbon atom at the inter-
face between the two phases is displaced, its survival
time is longer if it aggregates to the diamond crystal.
Thus, a net growth of diamond at the expense of graph-
ite occurs, which depends on the displacement rate that
is again proportional to the beam intensity. However, at
high temperatures, thermal jumps of atoms across the
interface prevail and restore thermal equilibrium, such
that graphite becomes the stable phase again and grows
at the expense of diamond. In such a way, a nonequilib-
rium phase diagram of carbon can be obtained such as
that shown in Fig. 4. The only adjustable parameters in
the model are the displacement threshold energies of
graphite and diamond, which are not known with high
accuracy from earlier studies. The adjustment of these
parameters within a reasonable range has led to an
excellent match of experimental and theoretical results
[20]. These experiments have thus demonstrated for the
first time that the transformation of graphite into dia-
mond is feasible at zero pressure under the nonequilib-
rium conditions of intense particle irradiation.
YSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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3.5. Metal–Carbon Nanoparticles

The encapsulation of crystalline metals in graphite
shells, either in nanotubes or in onions, is a subject of
considerable interest [21]. Among techniques such as
coevaporation of carbon together with metals at high
temperature, irradiation of metal–carbon composites
has been shown to produce metal crystals that are com-
pletely encapsulated in graphite shells [22]. This pro-
cess occurs in a fashion similar to the formation of car-
bon onions under irradiation, with the difference that,
here, graphite shells wrap around nanometer-sized
metal crystals so as to form onionlike spherical gra-
phitic particles with metal cores. Examples of the
encapsulated transition metals Fe, Co, and Ni are
shown in Fig. 5.

A peculiarity of these encapsulates is that the graph-
ite shells self-compress under electron irradiation, such
that considerable pressure is exerted on the metal crys-
tal in the core. As a consequence, atoms at the metal–
graphite interface can leave the metal crystal and
migrate along the pressure gradient towards the surface
of the graphite shell. This leads to a gradual shrinkage
of the metal crystal inside the compressing shells until
the crystal has completely vanished [22]. This phenom-
enon is of interest, because it allows one to study the
migration of foreign atoms through graphite structures.
Apparently, foreign atoms occupy irradiation-induced
vacancies and migrate in the c direction via an
exchange of position with carbon atoms. Most foreign
atom species are unstable on lattice sites of graphite and
tend to migrate rapidly; however, some elements form
configurations with graphite that are at least tempo-
rarily stable. It has been observed that nickel atoms
form metastable ordered arrangements during their
migration through the graphite shells [23]. This can be
seen on the right-hand side in Fig. 5, where the shells
are modified due to the presence of Ni atoms.

The action of graphite shells as pressure cells for
encapsulated foreign materials is highly useful for the
study of pressure-induced phase transformations in
small crystals. Very recent experiments show that the
melting behavior of low-melting metals is completely
altered when they are encapsulated in graphite shells
[24].

A variety of new, unexpected phenomena resulted
from the irradiation of graphite nanoparticles with high-
energetic electrons. Although the atoms are displaced
randomly by knock-on collisions with electrons, highly
ordered structures can emerge from such nonequilib-
rium processes. The introduction of defects into
graphene layers leads to curvature and to a change in
topology of the structures. Perfectly spherical carbon
onions have been shown to be the most stable arrange-
ments of graphite carbon under irradiation. The self-
compression of carbon onions can be made use of to
nucleate diamond or to exert pressure on foreign mate-
rials that are encapsulated under irradiation in the cores.
The study of carbon structures under irradiation has led
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
to the discovery that the nonequilibrium conditions of
irradiation can reverse the phase stability between
graphite and diamond, which enabled us to transform
graphite into diamond without applying pressure.

Ni

Co

Fe

2 nm

Fig. 5. Metal crystals that were encapsulated by graphite
shells under electron irradiation. Examples for Fe, Co, and
Ni crystals are shown.
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Abstract—Correlations between the density, elastic properties, and hardness of the carbon phases prepared
from C60 at a high pressure are studied. By varying the high pressure and temperature properly, one can obtain
from C60 a broad class of ordered polymerized and disordered phases, for which the fraction of the sp2 and sp3

states, the characteristic dimensionality of the structure, the degree of covalent bonding, etc. can be varied suc-
cessfully. 3D-bonded carbon structures are shown to exhibit a clearly pronounced correlation between the hard-
ness or bulk modulus and the density, with these correlations also apparently applying to the carbon phases in
a general case. At the same time, the mechanical characteristics of structures with a lower dimension covalent
bonding are worse than those of 3D-bonded phases with similar values of the density. © 2002 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

Investigation of correlations between the physical
properties of various substances, in particular, between
the density and mechanical characteristics, is of consid-
erable interest. Considered from a physical standpoint,
the relation between the density, elastic properties, and
hardness may reflect the role played by the structure
and atomic forces in the properties of the substance.
Viewed practically, empirical relations may help in pre-
dicting the characteristics of new and hypothetical
materials.

A variety of empirical relations connecting the den-
sity, elastic characteristics, hardness, and other physical
properties have been thus far established for various
groups of substances [1–10]. It is surprising that the
elastic moduli of substances increase with decreasing
molar volume [10]. However, the correlation between
the elastic moduli and the electronic valence density is
even stronger, which is clearly seen in the case of s and
p solid elements (Fig. 1). Of particular interest are the
empirical relations for the hardness, because, in con-
trast to elastic moduli, direct calculation of the macro-
scopic mechanical properties remains a problem of
staggering complexity. It may be appropriate to men-
tion, in this connection, the well-known correlation
between the shear modulus and hardness [8–10], in par-
ticular, for superhard materials (Fig. 2).

Solid carbon offers a unique opportunity to study
correlations between mechanical properties and density
among numerous modifications of the same substance.
The rich diversity of the real and hypothetical carbon
phases derives from the fact that the carbon atom may
reside in tetravalent sp3, trivalent sp2, or divalent sp
states. The theoretical prediction of new carbon phases
1063-7834/02/4403- $22.00 © 20405
[13–19]; the discovery of new allotropic forms of car-
bon, such as fullerenes [20], nanotubes [21], and car-
bynes [22]; and the synthesis of various amorphous car-
bon sp2–sp3 phases [23–25] open new prospects for the
physics of carbon materials.

In this paper, we analyze the elastic properties and
hardness of a variety of carbon modifications prepared
from the C60 fullerite at high pressures and tempera-
tures. It is significant that the results obtained are com-
pared with experimental and theoretical data available
for other carbon phases. Section 2 considers general
trends in the structural transformations of the C60 fuller-
ite under pressure and briefly classifies the phases syn-

0.01 0.1

B
, G

, G
Pa

ρel, electron mole/cm3
1

100

10

1
B modulus
G modulus

Fig. 1. Bulk modulus B and shear modulus for hard s and p
elements vs. electronic valence density ρel = n/Vm, where
Vm is the molar volume and n is the valence; for the s and p
elements, the valence is equal to N for N ≤ 4 and to (8 – N)
for N > 4, where N is the number of outer-shell electrons.
Numerical data taken from [2, 11, 12].
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Fig. 3. Typical x-ray diffraction patterns for carbon phases
prepared from C60 at a high pressure.
P

thesized from C60. The main results of the work are
summed up in Section 3.

2. STRUCTURAL TRANSFORMATIONS
OF THE C60 FULLERITE AT HIGH PRESSURES 

AND TEMPERATURES

By subjecting the C60 fullerite, which is metastable
with respect to transformation into graphite or dia-
mond, to a high pressure or temperature, one can pre-
pare a number of ordered or disordered carbon phases
(Fig. 3). Among them are the one-dimensionally (1D)
and two-dimensionally (2D) polymerized C60 phases
[26–29], solid disordered phases with a graphite-like
(sp2) structure [28, 30, 31], three-dimensionally (3D)
polymerized phases with a variable degree of polymer-
ization [32–37], diamond-like (sp3) amorphous phases
[36–39], and nanocrystalline composites [36, 37, 40].

Analysis of the polymerized phases permits one to
distinguish the region of low pressures, where low-
dimensional polymers form from C60, and the high-
pressure region, which favors 3D polymerization. A
crossover between the two regimes of polymerization is
observed in the range between 8 and 9 GPa [41]. Within
the 12- to 13-GPa interval, the regime of formation of
graphite-like (sp2) phases at high temperatures is
replaced by the formation of predominantly sp3 amor-
phous phases [28, 32, 33, 35, 36, 41].

One can single out the following main trends in the
structural transformations of C60 at high pressures: (1)
the C60 fullerite transforms at high pressures and tem-
peratures to stabler graphite or diamond through inter-
mediate molecularly polymerized and disordered
phases; (2) increasing the temperature eventually
brings about irreversible destruction of the C60 molecu-
lar structure; and (3) increasing the pressure when heat-
ing C60 increases the density and average coordination
of carbon atoms (from three to four) in the synthesized
phases and, in particular, initiates the 2D–3D transition
in the polymerization regime or the sp2–sp3 transition in
the disordering regime.

Thus, by subjecting C60 to high pressure and high
temperature, one can vary the following structural char-
acteristics of the carbon phases: (1) the type of covalent
bonding (the ratio of the numbers of atoms in the sp2

and sp3 states), (2) the spatial dimension of the structure
(1D, 2D, or 3D), (3) the degree of covalent bonding and
the extent of disorder in molecular polymerized phases,
(4) the type of short- and medium-range order structure
in disordered phases, and (5) the extent of phase homo-
geneity in graphite–diamond nanocrystalline compos-
ites.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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3. RELATIONS BETWEEN THE MECHANICAL 
PROPERTIES AND DENSITY 
OF THE CARBON PHASES

Prior to discussing the elastic properties and hard-
ness of the carbon phases synthesized from C60, a few
comments on the experimental determination of these
quantities are in order. Hardness is not a uniquely deter-
mined physical characteristic, because it depends on
the method of measurement, the load on the indenter,
and other factors [10]. We consider here the hardness
measured using the Vickers method and reported in [31,
32, 37, 40]. The bulk modulus B of a substance is cer-
tainly a uniquely determined characteristic. However,
the elastic properties of carbon phases obtained from
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
C60 in quasi-hydrostatic conditions may exhibit consid-
erable anisotropy [42]. This can naturally bring about
errors in the determination of the elastic moduli from
the ultrasonic technique made in the isotropic-medium
approximation. For this reason, the velocities of ultra-
sound waves in the phases under study should be mea-
sured in different directions [42, 43].

Figure 4 plots the Vickers hardness HV vs. density ρ
for a variety of carbon phases prepared from C60 in
comparison with the data obtained for amorphous sp2–
sp3 carbon films [25]. Note the general trend in the
behavior of the hardness, which increases with density,
and also the fact that the results for the phases prepared
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from C60 are in good agreement with the HV(ρ) data
quoted for amorphous carbon films. Although the val-
ues of the hardness exhibit a scatter within a broad
range, one clearly sees a correlation between the den-
sity and hardness, which is apparently of a general
nature for various carbon phases.

Despite the existence of an HV(ρ) correlation, the
phases with the same or similar densities in the region
of densities typical of graphite (~1.8–2.2 g/cm3) may
have hardnesses differing by more than an order of
magnitude (see [31] and Fig. 4). Graphite, as well as the
starting C60 fullerite and the 1D and 2D polymerized
phases, is a soft material [31], whereas disordered sp2

phases with similar densities may have a hardness of up
to 40 GPa (Fig. 4). Obviously enough, the soft phases
are those which have a macroscopic two-dimensional
ordering (or bonding) of the covalent structure (within
a crystallite). At the same time, elastic recovery effects
may play a significant part in hardness measurements
on ordered phases made using the indenter technique.

A still better pronounced correlation is observed
between the bulk modulus B and the density of the car-
bon phases with three-dimensional ordering of the
covalent structure. In Fig. 5, the experimental data for
the sp2–sp3 disordered phases prepared from C60 [31,
42, 43] and for real allotropic forms of carbon are com-
pared with numerous calculations made for hypotheti-
cal phases, including amorphous structures [44] and 3D
C60 polymers [45]. The observed B(ρ) correlation is in
accord with the general trend for hard elements (Fig. 1),
and the experimental data for the carbon phases are in
good agreement with theory. We note at the same time
that phases with 1D or 2D covalent bonding (graphite
and 1D or 2D C60 polymers), as well as the starting ful-
lerite (a molecular van der Waals crystal with zero-
dimensional covalent bonding), exhibit a much larger
compressibility than the three-dimensionally bonded
phases (Fig. 5).

Thus, the carbon phases, both synthesized from C60
and obtained otherwise, exhibit a direct correlation
between the hardness or elastic properties and the den-
sity. However, phases with one- or two-dimensional
macroscopic ordering of the covalent structure have
lower values of the mechanical characteristics.
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Abstract—The electron spin resonance spectrum of scandium trimer encapsulated in a C82 cage (Sc3@C82)
was measured at low temperatures. The spectrum exhibited a specific pattern due to the strongly anisotropic
hyperfine tensor of the scandium trimer. The electronic state of the Sc3@C82 was determined from an analysis
of the hyperfine tensor. © 2002 MAIK “Nauka/Interperiodica”.
1 Since the success of laboratory synthesis of C60 and
other fullerenes [1], many papers on fullerenes and
their chemical derivatives [2] have been published over
the last decade. Especially metallofullerenes, i.e.,
fullerenes with metal(s) inside the hollow spherical car-
bon cage, have interested researchers (because of their
possible use in free-tuning of “outside chemistry”) and
been prepared and characterized. In the beginning stage
of the study, trace amounts of metallofullerenes were
detected by an electron spin resonance (ESR) spec-
trometer. The recent progress made in the isolation and
purification of endohedral metallofullerenes [3–5]
expanded the investigation of the characterization of
the physical [6–9] and chemical properties [10, 11].

Scandium trimer encapsulated in a C82 cage
(Sc3@C82) has been produced by the Nagoya research
group [3 (a)] and also by the IBM research group
[3 (c)]. The Nagoya group succeeded in further separat-
ing and purifying Sc3@C82 of other metallofullerenes
and empty fullerenes by the so-called two-stage high-
performance liquid chromatography method. The ESR
spectrum of Sc3@C82 in toluene and CS2 solutions
exhibits symmetric hyperfine splitting of 22 lines with
a linewidth of 0.5 G at room temperature, which is con-
sistent with the structure of Sc3@C82 with C3v symme-
try. The linewidths of the 22 lines were much broader
than those for Sc@C82. The broader linewidths of the
scandium trimer in C82 could reflect the intramolecular
dynamics, which causes averaging over the environ-
ments of the three Sc metal atoms in the Jahn–Teller
distorted structure of the whole molecule [3 (d)]. The
intramolecular dynamics is the inherent nature of the Sc
trimer encapsulated in a C82 cage with C3v symmetry.

Knight et al. [12] obtained matrix-isolated scan-
dium trimer in solid neon and reported the ESR spec-

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20410
trum of Sc3. The  electronic state and the D3h molec-
ular structure for the Sc3 were drawn from an analysis
of the ESR spectrum. The scandium trimer isolated in a
solid neon matrix was a neutral radical; however, the
scandium trimer encapsulated in C82 would be a radical
cation. The intramolecular charge transfer from the
central metal to the fullerene cage would give a stable
electronic structure of an endo-metallofullerene. Pro-
fessor Takata et al. [13] reported that there was no
bonding electron between the cage and the trimer and
that the charge state of Sc3 was 3+, leading to the elec-

tronic structure of (Sc3)3+@ .

1. EXPERIMENTAL

The scandium-containing fullerenes were produced
by burning of a composite rod of graphite and Sc2O3
under 50–100 Torr He pressure. The soot was extracted
with carbon disulfide (CS2) over 12 hours. The
Sc3@C82 fullerene was separated and isolated from var-
ious empty and other-type scandium fullerenes (such as
Sc@C82, Sc2@C84) by the two-stage high-performance
liquid chromatography (HPLC) method. The two-stage
HPLC method is described in detail elsewhere [14].
The Sc3@C82 fullerenes in CS2, toluene, and liquid-par-
affin solutions were degassed using a freeze-pump-
thaw cycle and sealed in quartz tubes. The ESR spectra
were obtained with Bruker ESR 300E and E500 spec-
trometers in combination with a temperature-control
unit set for temperatures between 290 and 80 K.

2. RESULTS AND DISCUSSION

The temperature dependence of the ESR spectra of
Sc3@C82 in liquid paraffin solution [3 (d)] was found to
be strong in the temperature range below 200 K, as

A2 '
1

C82
3–
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shown in Fig. 1. The linewidths of the hyperfine struc-
ture (HFS) components in both wings of the spectrum
became broader, and this broadening effect was inten-
sified with decreasing temperature. At temperatures
below the freezing point of the solvent, the spectrum
consisted of a single line with very broad wings. One of
the origins of the line width of ESR spectra in a solution
is an insufficient averaging of anisotropy of the HFS
and g tensors due to hydrodynamic rotation in the solu-
tion. A linewidth of this type is proportional to the vis-
cosity of the solvent and to the reciprocal of tempera-
ture. We have reported that the ESR spectrum of
Sc@C82 in toluene and CS2 solutions showed a strong
temperature dependence of the linewidths [15]. In the
case of Sc3@C82, a strong temperature dependence of
the linewidth was observed in a more viscous solvent of
liquid paraffin. This type of line broadening is much
enhanced in solvents with high viscosities, such as liq-
uid paraffin. Once the solution was frozen, the ESR
spectrum exhibited a so-called powder pattern, which
was totally broadened and anisotropic. The line broad-
ening of the HFS components in both wings of the
spectrum preceded in the central part, and the central
line persisted at 100 K. The features of the temperature
dependence and the spectrum at 100 K were due to the
highly anisotropic hyperfine tensor of the scandium tri-
mer. This is especially true for the central single line
observed at 100 K, which originated from the zero-val-
ued perpendicular component of the anisotropic HFS
tensor. The ESR spectrum of Sc3@C82 in a toluene
solution observed at 80 K with a better signal-to-noise
ratio is shown in Fig. 2. There were two prominent fea-
tures in the spectrum of the frozen solution of Sc3@C82.
One was the central line with broad spectra on each side
of it. The other was the phase relationship, in which the
high-field spectra were opposite in phase to those at low
fields. The phase relationship for the broad spectra of
both wings suggested that the observed spectra were
due to parallel components of the HFS of an axial mol-
ecule with A⊥  ! A||. The central line corresponded to the
perpendicular component A⊥ . Considering that the cen-
tral line remained strong at temperatures below the
freezing point of the solvent, A⊥  would be nearly eval-
uated as zero. In addition, an isotropic g value of 1.999
and an isotropic Sc hyperfine coupling constant of
6.25 G were obtained from an analysis of the solution
spectrum at ambient temperature. Consequently,
Aiso(45Sc) = 6.25 G, A||(45Sc) = 18.8 G, and A⊥ (45Sc) = 0
were obtained. The value of the isotropic hyperfine
coupling constant [Aiso(45Sc) = 6.25 G] indicated that
only 0.6% (in total, about 2% for the three Sc atoms) of
the total unpaired-spin density was due to the 4s elec-
tron character. The magnetic dipole component Adip of
6.25 G was found from the anisotropic HFS compo-
nents, and 25% (in total, 75% for the three Sc atoms) of
the total unpaired-spin density sat on the 3d orbital of
Sc.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
The electronic structure of the Sc trimer consists of
18 (4s and 3p) molecular orbitals, into which nine
valence electrons are placed. Assuming that the Sc tri-

290 K

140 K

100 K

3300 3350 3400 3450
Magnetic field, G

Sc3@C82/paraffin

Fig. 1. ESR spectra of Sc3@C82 obtained at temperatures of
290, 140, and 100 K in liquid paraffin solution.

3350
Magnetic field, G

3400 3450 3500 3550 3600

Sc3@C82/toluene at 80 K

Fig. 2. ESR spectrum of Sc3@C82 in a toluene solution
observed at 80 K.
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mer has D3h symmetry with a threefold axis of symme-
try perpendicular to the molecular plane, 5 orbitals out
of 18 shown in Fig. 3 could be assigned as the 5 lowest
energy orbitals. From the analysis of the Sc hyperfine
coupling constant mentioned above, the distribution of
the spin density on the Sc3@C82 molecule could be con-
figured as in Fig. 3. The total spin density on the
Sc3@C82 molecule equals unity because of the spin
state of S = 1/2 (the spin doublet), so the density of an
α spin and of a β spin is balanced to give the unity spin
density. 75% density of an α spin is on the dσ orbital
of the Sc trimer, 2% density of a β spin is on the e'sσ
orbital of the Sc trimer, and 27% density of an α spin is
on the π2 orbital of the fullerene cage. As a result, the
charge state of Sc3 is +2.27, describing the electronic

state of .

The ESR spectrum of an Sc3@C82 solution observed
at low temperatures exhibited a specific pattern given

a1'

Sc3
+2.27@C82

2.27–

27% (α) π2

C82 cage π1

75% (α)a'1dσ

a'1dδ

e'sσe'sσ

2% (β)

a'1sσ

Sc3
+2.27@C82

–2.27

Fig. 3. Distribution of spin density on the Sc3@C82 mole-
cule. 
PH
by the strongly anisotropic HFS tensor of the scandium
trimer. The electronic state of Sc3@C82 was deduced
from the analysis of the HFS tensor. From this analysis,
the spin density distribution on the Sc3@C82 molecule
was estimated and the electronic state was identified as

.
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Abstract—This paper presents an overview of recent works concerned with determination of the electron affin-
ity (EA) and the ionization energy (IE) for higher fullerenes and their endohedral and fluorine derivatives. The
numerical values of the electron affinity are analyzed for higher fullerenes up to C106 and lanthanum, gadolin-
ium, and scandium endohedral fullerenes, including Sc3N@C80. Most attention is concentrated on two methods
for producing fluorofullerenes, namely, direct fluorination of fullerenes with molecular fluorine in a manganese
difluoride matrix and solid-phase reactions between fullerenes and fluorinating agents capable of donating flu-
orine to fullerene. The structures of three fluorofullerenes (C60F18, C60F20, and C60F48) characterized by a dis-
tortion of the carbon cage due to attachment of functional groups are discussed. © 2002 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

The electron affinity (EA) and the ionization energy
(IE) are the fundamental characteristics of molecules.
For the C60 fullerene, the electron affinity is equal to
2.667 ± 0.001 eV [1] and the ionization energy is 7.57 ±
0.01 eV [2]. It is worth noting that the electron affinity
for the C60 fullerene is considerably higher than those
for the majority of organic materials. This indicates that
molecules of new fullerene compounds possess suffi-
ciently strong electron-acceptor properties. Moreover,
it turned out that fullerene molecules exhibit an unusual
combination of relatively high electron affinity and low
ionization energy. This is seldom the case in chemistry
and suggests that fullerene molecules can serve as both
donors and acceptors of electrons in chemical reac-
tions.

The first results obtained for other representatives of
the fullerene family—the so-called higher fullerenes
C2n (n > 30) that can also be prepared in macroa-
mounts—have demonstrated that the properties of
these compounds noticeably differ from those of the
C60 fullerene. These differences should primarily man-
ifest themselves in fundamental characteristics such as
the ionization energy and electron affinity.

Among experimental parameters, the work function
of a metal surface is of particular importance, because
the surface properties of materials substantially affect
the efficiency of thermal ionization responsible for ion
formation. In the ion-molecular equilibrium (IME)
method considered in the present work, we deal with
the inner surface of a Knudsen effusion cell whose
work function can vary over a wide range depending on
the treatment conditions. For example, the work func-
tion for the inner surface of an effusion cell decreases
1063-7834/02/4403- $22.00 © 20413
upon introduction of alkali metals and their compounds
into the cell and increases upon fluorination of the cell
walls. Under actual conditions, the work function can
be controlled in the range from 3 to 7 eV. It was found
that the electron affinities and ionization energies for
fullerenes correspond to the boundaries of this range.
This has opened up strong and, in a sense, unique pos-
sibilities of generating negative and positive thermal
ions of fullerenes. All this has lent impetus to a number
of studies on the properties of gas-phase fullerene ions.
The experimental technique, which is concisely named
“the ion-molecular equilibrium method,” is based on
the classical effusion method with mass spectrometric
detection of vaporization products or, in other words,
on Knudsen cell mass spectrometry (KCMS). In addi-
tion to analysis of the relative content of neutral species
ionized by electron impact in the KCMS method, the
IME technique involves detection of charged species in
saturated vapors of inorganic compounds. The use of
KAlF4-type salt additives characterized by a low energy
of heterolytic dissociation into ions offered the key to
attaining measurable concentrations of ions in vapors
of inorganic compounds. In these vapors, the concen-
tration of cations and anions even at 1000 K is so high
that the Debye screening length becomes less than the
effusion cell size and the electron-free plasma is
formed. In this case, the pressure of neutral species is
five or seven orders of magnitude higher than the pres-
sure of ions [3]. The addition of these salts to other sys-
tems whose vapors contain no ions in measurable con-
centrations makes it possible to produce ion-molecular
associates in large amounts.

In actual practice, the KCMS–IME technique often
includes relative measurements, i.e., measurements of
002 MAIK “Nauka/Interperiodica”
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equilibrium constants for isomolecular reactions
involving the reference species B with standard thermo-
chemical parameters:

(1)

(2)

2. ION-MOLECULAR EQUILIBRIA
IN FULLERENE VAPORS

In the majority of works concerned with research
into fullerene-containing systems, particular emphasis
was placed on anions and, in many cases, additives of
alkali metal compounds were used to decrease the work
function. In order to examine fullerene cations, Bolt-
alina et al. [4] added iron trifluoride to the reaction mix-
ture for the purpose of increasing the work function of
the inner surface of the nickel effusion cell.

Another problem associated with the attainment of
measurable concentrations of ions in fullerene vapors is
the difference between the sublimation and thermal
ionization temperatures of the fullerenes. In most cases,
the required degree of ionization can be achieved only
with a superheated vapor. For this purpose, it was pro-
posed to use double effusion cells of the “Russian
matreshka” type. A volatile compound (fullerene) was
placed in a small-sized cell. Then, the relative sizes of
effusion orifices in exterior and interior cells were
changed so as to decrease the degree of saturation of the
fullerene vapor by a factor of seven or ten. This made it
possible to increase the temperature without violating
the conditions of molecular effusion from the effusion
orifice of the exterior cell.

The experimental setup allowed successive mea-
surements of the partial-pressure ratios for neutral and
charged components of the vapor in the course of one
experiment. The neutral species were detected by mea-
suring the ionic currents generated under electron
impact of the molecular beam evaporating from the
effusion cell. The partial-pressure ratios were calcu-

A– B+ A B–, ∆H0
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Fig. 1. Ionization energies (IE) and electron affinities (EA)
of higher fullerenes.
P

lated from the equation relating the ionic currents to the
partial pressures of neutral species, that is,

(3)

where σ is the total ionization cross section of the mol-
ecule and I is the intensity of the ionic current.

The charged species were detected by measuring the
ionic currents induced through direct evacuation of
thermal ions from the effusion cell. The pressure ratios
of thermal anions were calculated from the equation

(4)

where M is the molecular mass. As a consequence, the
equilibrium constants were obtained for ion-molecular
reactions of the type

(5)

The above technique provides a means for identify-
ing species with a very low content in samples, because
the dynamic range of measurable concentrations covers
eight orders of magnitude. In this manner, reliable data
were obtained for reactions involving the most abun-
dant fullerenes (C70, C76, C78, and C84) and species
(including the C106 fullerene) present in small amounts
in the mixture but hitherto not isolated in pure form. It
is these factors (the high sensitivity together with the
mass spectrometric analysis of species) that constitute
the advantage of the KCMS–IME method over conven-
tional spectroscopic techniques widely used for deter-
mining the electron affinity and the ionization energy.
For comparison, we note that the electron affinity of C60
fullerene was determined by the photodetachment
method [1]. Reliable data on the electron affinity of the
C70 fullerene were obtained in 1995 with the use of an
experimental setup in which, prior to measuring the
photodetachment threshold, excited anions of the C70
fullerene were cooled in storage in a 40-m ASTRID
accelerator [2]. The electron affinities of higher
fullerenes were experimentally determined only by the
KCMS–IME method [5].

More recently, thermal cations were examined in
vapors of higher fullerenes and the equilibrium con-
stants were measured for reactions of the type

(6)

The electron affinities, ionization energies, and elec-
tronegativities (the half-sum of the electron affinity and
the ionization energy) determined for higher fullerenes
are shown in Fig. 1.

A simple physical model, according to which the
fullerene molecule is treated as a rigid conducting
sphere, allows us to derive the following equations
relating the electron affinity and the ionization energy
to the sphere radius RN:

(7)

pA/ pB IA/IBσB/σA,=

pA/ pB IA/IBMA
1/2/MB

1/2,=

C60
– C2n+ C60 C2n

– .+=

C60
+ C2n+ C2n

+ C60.+=

EA ϕ∞
1
2
---RN

1––=
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and

(8)

Here, ϕ∞ is the work function of a graphite monolayer,
which corresponds to the limiting value of both the
electron affinity and the ionization energy for the
fullerene molecule in the case when the molecular size
tends to infinity. The theoretical estimate of ϕ∞ is equal
to 5.37 eV. It should also be noted that the dependences
of the electron affinity and the ionization energy exhibit
a pronounced “mirror” behavior. This manifests itself
in a sufficiently narrow energy range of electronegativ-
ities (EA + IE)/2 for all the fullerenes studied (Fig. 1).
The aforementioned theoretical estimate made for the
work function of the graphite monolayer also falls in
this range.

The so-called exohedral and endohedral fullerenes
form two main groups of fullerene derivatives. It is of
interest to elucidate how these two types of functional-
ization affect the electron-acceptor properties of
fullerenes. In the case of fluorofullerenes, an increase in
the electron affinity, as compared to that for the initial
C60 fullerene, can be assumed reasoning from the high
electronegativity of fluorine. However, it is difficult to
predict the effect of an encaged metal on the electron-
acceptor properties of fullerenes without resorting to
experimental data.

The constants of ion-molecular equilibria of the
type

(9)

were measured in order to determine the electron affin-
ity of endohedral metallofullerenes. According to the
calculations, the electron affinities of Gd@C2n com-
pounds fall in a narrow range (3.2–3.3 eV) (see table)
and, on the average, exceed the electron affinities of the
relevant empty fullerenes.

Thus, it was established that, compared to the empty
fullerene molecule, the encapsulation of a gadolinium
rare-earth metal atom within the fullerene cage leads to
an increase (even if insignificant) in the electron affin-
ity, except for Gd@C74. We also succeeded in determin-
ing the electron affinities for a number of endohedral
molecules with two scandium atoms within the cage
and the electron affinity for a rather exotic compound,
Sc3N@C80 (see table).

The electron affinity of fluorofullerenes was deter-
mined using the reactions

(10)

(11)

The electron affinities thus determined for C60 and
C70 fullerene difluorides are equal to 2.73 and 2.82 eV,
respectively. These data indicate that the electron affin-
ity increases only slightly upon attachment of two fluo-

IE ϕ∞
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rine atoms. It is reasonable to assume that molecules
with a higher content of fluorine atoms possess a larger
electron affinity. Hettich et al. [8] investigated electron
exchange reactions between the C60F44–48 fluorof-
ullerenes and different reference compounds by using
the bracketing technique and revealed a substantial
increase in the electron affinity (4.05 ± 0.5 eV).

3. FLUORINATION AND SELECTIVITY

The first experiments on fluorination of the C60
fullerene demonstrated that this reaction results in the
formation of a mixture of products with the general for-
mula C60F2n, where n varies in the range from 17 to 24.
Subsequently, an active search for new methods of the
selective synthesis of individual fluorofullerenes was
performed in situ in a mass spectrometer with the aim
of exercising mass spectrometric monitoring of gas-
phase reaction products. The measurements were car-
ried out concurrently on two virtually identical setups.
The sole difference resided in the fact that one of these
setups was equipped with a system of molecular fluo-
rine inflow into an effusion cell. This setup was used to
examine fluorination of the C60 fullerene with molecu-
lar fluorine. The solid-phase reactions between C60 and
a number of fluorinating agents (such as MnF3, CoF3,
CeF4, TbF4, K2PtF6, KMnF3, BaPbF6, and AgF2) were
investigated in the second setup. A reaction mixture
composed of thoroughly mixed fullerene and fluorinat-
ing agent (taken in specified mass ratios) was placed in
the effusion cell of the high-temperature evaporator of
the ion source. The mixture was heated under high vac-
uum at temperatures varying over a wide range. The
gas-phase products of fluorination in the form of posi-
tive ions (produced by electron impact) were detected
using an output device of the mass spectrometer.

This approach involves the preliminary stage of the
synthesis inside the mass spectrometer and offers obvi-
ous advantages over a conventional one-stage synthesis
performed directly in a chemical reactor. First and fore-
most, this technique makes it possible, immediately in
the course of synthesis, to obtain information on the
time distribution of reaction products at different tem-
peratures and, thus, to reduce substantially the number
of experiments required for choosing the optimum con-

Electron affinities of endohedral compounds

Compound EA, eV Compound EA, eV

La@C74 >2.9 [6] Gd@C80 3.37 ± 0.05 [6]

La@C80 3.32 Gd@C82 3.38 ± 0.06 [6]

Gd@C60 2.85 [6] Sc2@C80 3.20 ± 0.04 [7]

Gd@C74 3.2 ± 0.1 [6] Sc2@C82 3.21 ± 0.04 [7]

Gd@C76 3.22 ± 0.02 [6] Sc2@C84 3.10 ± 0.04 [7]

Gd@C78 3.41 ± 0.09 [6] Sc3N@C80 2.81 ± 0.05 [7]
2
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ditions for the synthesis of compounds with a specific
stoichiometric composition.

By using the above technique, Boltalina et al. [9]
revealed that the reaction of the C60 fullerene with
MnF3 at a temperature of 615 K leads to the formation
of only one compound, namely, C60F36, whereas the
reaction with K2PtF6 at T = 730 K predominantly pro-
duces C60F18. In [10], the reaction of the C60 fullerene
with KMnF3 gave a fluorofullerene mixture enriched
with C60F20: this compound was isolated in pure form
(4 mg) through chromatographic separation of the mix-
ture.

Experimental investigations into the direct fluorina-
tion of the C60 fullerene with molecular fluorine dem-
onstrated that the composition of gas-phase products is
characterized by a broad distribution over the number
of fluorine atoms and includes virtually all molecules
C60Fn with even numbers n up to 48. This distribution
depends on the temperature, fluorination time, and the
rate of fluorine flow arriving at the reaction zone. At
constant flow rates and fluorination times, an increase
in the temperature brings about a shift in the distribu-
tion maximum toward smaller values of n (Fig. 2).

Fig. 2. Mass spectra of volatile fluorofullerenes prepared by
direct fluorination of C60 with molecular fluorine. 

0.5

0
0

n

1.0

4 8 12 16 20 24 28 32 36

Tp = 760 K

0.5

0
0

1.0

4 8 12 16 20 24 28 32 36

Tp = 720 K

40 44

0.5

0
0

1.0

4 8 12 16 20 24 28 32 36

Tp = 670 K

40 44

0.5

0
0

1.0

4 8 12 16 20 24 28 32 36

Tp = 615 K

40 44

0.5

0
0

1.0

4 8 12 16 20 24 28 32 36

Tp = 510 K

40 44

In
te

ns
ity

, a
rb

. u
ni

ts
P

It should be noted that no indications of fluorination
selectivity are found; i.e., no predominant formation of
a particular compound occurs. Specifically, at 615 K
(the optimum temperature for selective solid-phase flu-
orination of the C60 fullerene with manganese trifluo-
ride), the electron impact mass spectrum exhibits a
series of peaks attributed to C60F28–44 with a weakly
pronounced maximum in the range of n = 30. A differ-
ent situation arises when the C60 fullerene is incorpo-
rated into a manganese difluoride matrix, i.e., when the
fluorinated system consists of the C60 fullerene and
97 mol % MnF2. In this case, the selective formation of
C60F18 and C60F36 is observed at 720 and 615 K, respec-
tively (Fig. 3).

Therefore, we can state that the direct fluorination of
a mechanical mixture of C60 and 97 mol % MnF2 with
molecular fluorine makes it possible to synthesize both
C60F18 and C60F36 fluorofullerenes. In the case when the
fluorination is carried out at a temperature of 615 K, the
C60F36 fluorofullerene is the main volatile product of
the reaction. This result is in agreement with experi-
mental data on the solid-phase fluorination of the C60
fullerene with manganese trifluoride, which also pre-
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Fig. 3. Mass spectra of volatile fluorofullerenes prepared by
direct fluorination of the C60–MnF2 mixture with molecular
fluorine: (a) C60, T = 720 K; (b) C60–NiF2 (97 mol %), T =
720 K; (c) C60–MnF2 (50 mol %), T = 720 K; (d) C60–MnF2
(97 mol %), T = 720 K; and (e) C60–MnF2 (97 mol %), T =
615 K.
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dominantly produces the C60F36 volatile compound.
When the fluorination is performed at 720 K, the C60F18
fluorofullerene is the main volatile product of the reac-
tion. This finding agrees with experimental data on the
solid-phase fluorination of the C60 fullerene with potas-
sium hexafluoroplatinate K2PtF6.

4. DISTORTION OF THE CARBON CAGE 
OF A C60 FULLERENE DUE TO ATTACHMENT 

OF FUNCTIONAL GROUPS

The most interesting feature of fullerenes is a com-
bination of properties inherent in diene and aromatic
compounds. This is clearly seen from a comparison of
the carbon–carbon bond lengths in benzene (1.40 Å),
butadiene –C=C–C=C– (1.35 and 1.47 Å), and C60 in
which the interatomic distances in double and single
bonds are equal to 1.40 and 1.46 Å, respectively. It is
evident that the attachment of functional groups
through double bonds transforms the π-electron system
of the molecule. This is accompanied by the formation
of isolated aromatic rings, diene chains, and isolated
double bonds on the carbon cage and leads to a distor-
tion of the initial icosahedron composed of carbon
atoms.

The 19F NMR spectrum (376.14 MHz) of the C60F18
fluorofullerene was recorded for the first time in 1996
by Boltalina et al. [9]. This spectrum consists of four
lines with the intensity ratio 1 : 2 : 2 : 1. Among all the
possible structures consistent with this spectrum, the
fluorofullerene molecule of C3v symmetry, in which all
18 fluorine atoms are attached to the same hemicage,
has the most appropriate structure (Fig. 4).

In 2000, Boltalina et al. [11–13] succeeded in grow-
ing single crystals of the molecular complexes of C60F18
and C60F18O with toluene and C60F18 with m-xylene and
p-xylene. These authors performed complete x-ray dif-
fraction analysis of these complexes and obtained the
first crystallographic data for fluorinated fullerenes.

X-ray diffraction analysis of the C60F18 molecular
complexes completely confirmed the NMR data on the
arrangement of 18 fluorine atoms on the same half of
the carbon cage. Moreover, it was shown that such a
grouping of fluorine atoms around a hexagonal ring
brings about a noticeable change in the C–C bond
lengths or, more specifically, equalization of the bond
lengths in this hexagonal fragment and its transforma-
tion into a purely aromatic (benzene-like) ring. The
structure of the fluorinated hemicage also undergoes
radical transformations. The radius of curvature of the
hemicage increases considerably; in other words, the
fluorinated hemicage becomes flattened, whereas the
second fluorine-free hemicage retains its sizes and
holds the shape of the initial fullerene molecule [11–
13].

According to Avent et al. [14], the 19F NMR spec-
trum of the C60F20 fluorofullerene contains only one
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
line at 138.8 ppm. The structure proposed by these
authors for the C60F20 compound is displayed in Fig. 4.
The characteristic feature of this structure is that all
20 fluorine atoms are arranged along the equator,
whereas the five-membered rings surrounded by five
six-membered aromatic rings are located at the poles.
This molecule received the name saturnene, and the
distorted carbon cage was termed squashed.

The C60F48 fullerene was investigated by x-ray dif-
fraction in 2001, and this molecule was referred to as
the indented fullerene (fullerene with indentations)
[15]. All three fullerene structures, namely, the flat-
tened, squashed, and indented fullerenes, and the initial
undistorted buckminsterfullerene molecule are shown
in Fig. 4.
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the Formation of Fullerenes in a Carbon Plasma1

G. N. Churilov*, P. V. Novikov**, V. A. Lopatin**, N. G. Vnukova**, N. V. Bulina*,
S. M. Bachilo***, D. Tsyboulski***, and R. B. Weisman***

* Kirensky Institute of Physics, Siberian Division, Russian Academy of Sciences, 
Akademgorodok, Krasnoyarsk, 660036 Russia

e-mail: churilov@iph.krasn.ru
** Krasnoyarsk State Technical University, Krasnoyarsk, 660074 Russia

*** Rice University, Houston, TX 77005 USA

Abstract—Thermodynamic estimates are presented for the formation of spheroidal and flat carbon clusters
from reactant species of different charges. Charge is shown to strongly influence the geometry and stability of
flat clusters. Changes in the charge of flat clusters can promote both their folding to spheroidal structures and
their dissociation. It is concluded that the fluctuations of electron concentration in carbon plasmas can result
in the accumulation of fullerene clusters and the dissociation of flat clusters. © 2002 MAIK “Nauka/Interperi-
odica”.
1 The carbon–helium plasma at a pressure of 100 Torr
is the optimal environment for synthesizing fullerenes,
as was first demonstrated using Krätschmer’s method
[1]. Different modifications of this method now exist
[2]. Usually, at such pressures and, especially, in a rare-
gas atmosphere, ionization waves can be observed [3].

The method used in our laboratory can be consid-
ered to be a modification of Krätschmer’s method [2, 4,
5]. We designed and successfully used a plasma-chem-
ical reactor based on thermal graphite evaporation with
the formation of a carbon plasma jet combined with
helium flow at atmospheric pressure in a water-cooled
chamber. A transformer matched the amplifier imped-
ance with that of the plasmatron. A distinctive feature
of our setup is that the synthesis is conducted at atmo-
spheric pressure in a stream of carbon–helium plasma.
The arc was fed by an alternating current at a frequency
of 66 or 44 kHz.

Carbon evaporated from the central electrode acted
as a plasma-forming gas. The temperature of this car-
bon plasma jet was measured both by the relative inten-
sity technique and by a pyrometer and was found to
vary from 5000 K close to the outer electrode to 2000 K
in the tail part.

Our latest measurements have shown that the
fullerene mixture synthesized in our setup contains
approximately 60% C60, 25% C70, and 15% higher
fullerenes (Fig. 1). The total yield of fullerene from our
setup is within the same range as obtained with other
generally used methods. However, we are not aware of
other reports of effective fullerene synthesis at atmo-

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20419
spheric pressure; therefore, in this respect, our experi-
mental setup is unique.

We carried out investigations of a discharge in an
argon stream between a water-cooled coil of copper
tubing and a water-cooled copper electrode containing
an axial hole for introducing argon. The frequency of
the current discharge was 44 kHz, and the current was
10 to 15 Å. It was found that the discharge at atmo-
spheric pressure is stratified [6]. It has been known that
such strata are the visual result of ionization waves
(ionization instability). Until recently, however, strata
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Fig. 1. Typical HPLC chromatogram obtained from the con-
centrated extract of a fullerene mixture by using toluene
eluent and a Cosmosil Buckyprep column.
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Fig. 2. The principal scheme of the discharge in an argon flow at atmospheric pressure, and a photoregistration of the irradiation
intensity of the plasma discharge revealing forced running ionization waves. The current of the discharge arc is 7 Å, the frequency
is 44 kHz, and the linear rate of argon flow is 42 m/s. The hole in the central electrode is about 2.0 mm in diameter.
were normally observed only at low pressures in
regions restricted by glass tube walls.

Figure 2 shows a scheme of discharge in an argon
stream and a high-speed photograph of this discharge.
Here, the presence of running ionization waves is easily
visible. Thus, we observe that the discharges at atmo-
spheric pressure can also be stratified. Ionization waves
arise when the discharge is driven by the alternating
current.

In [7], the equilibrium states of rare gas plasmas
were calculated using the method of level kinetics.
According to those results, more than one value of the
electron concentration can exist for definite values of
the gas density and electron temperature. This effect of
ionization instability is usually observed in experi-
ments on the generation and study of ionization waves
in rare gases at pressures ranging from fractions of
one Torr to 200 Torr. In the well-known and popular
experimental setup of Krätschmer, fullerene synthesis
is usually carried out at pressures between 100 and
200 Torr. At these pressures, the local electron concen-
tration in a carbon–helium plasma can vary over a wide
range because of the presence of spontaneous ioniza-
tion waves.

The above considerations suggest that electron con-
centration pulsations are also present in our atmo-
spheric-pressure carbon–helium plasma arc. The com-
mon feature of effective fullerene synthesis in the
experimental setups at low and atmospheric pressures
is plasma instability related to electron concentration
fluctuations. As a result, it is possible to deduce that the
electron concentration (and, especially, variations in
electron concentration) may be a major parameter that
influences the production of carbon clusters in the form
of fullerene molecules.

Many publications have now appeared concerning
the local redistribution of electrons in plasmas caused
by the injection of dust particles. As the electrons are
condensed on the particles of dust [8], they will also be
condensed on carbon clusters during their formation.
Thus, in reviewing the formation of fullerene molecules
from carbon clusters, it is necessary to take into account
the charge of these clusters.
P

1. CALCULATIONS

We carried out computer simulations of the
fullerene C60 formation from carbon clusters with dif-
ferent charges. The simulations were carried out using
the HyperChem-5 program to calculate the optimal
geometry of molecules and their molecular dynamics at
different temperatures. All of the calculations were per-
formed using the PM3 semiempirical quantum chemi-
cal method.

Estimations of the formation energies of different
carbon clusters were made at a temperature of 1000 K,
because the fullerene formation occurred at about 1000
to 2000 K. The influence of the charge of clusters on the
process of their formation was investigated. We consid-
ered the formation of flat clusters consisting of hexa-
gons alone, as well as of nonplanar clusters containing
at least one pentagon. After calculating the total energy
of different clusters, the energy of formation was esti-
mated using the relation

Cn + Cm  Cn + m,

∆E = Et(Cn + m) – Et(Cn) – Et(Cm),

where ∆E is the energy of reaction and Et(Ci) is the cal-
culated total energy of cluster Ci.

Our estimations showed that the spheroidal-cluster
formation at 1000 K is more favorable than the forma-
tion of flat clusters with the same number of atoms
(Figs. 3a, 3b, Table 1). This result can be explained by
the increased number of carbon atoms with nonsat-
urated bonds in the flat clusters.

The energy of the reaction Cn + Cm  Cn + m for the
formation of a cluster Cn + m depends on the charges of
the reacting clusters. Table 2 shows the calculated ener-
gies of formation of fullerene C60 from the clusters C20
and C40 with different charges, as well as the energies
of formation of the flat cluster C60 from the flat clusters
C20 and C40.

The most favorable are the neutral–ion and the
anion–cation reactions. The least favorable are reac-
tions between ions with the same charge. Reactions
between neutral clusters are intermediate in energy.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Fig. 3. Formation reactions of (a) spheroidal and (b) flat carbon clusters (the calculated reaction energies are presented in Table 1),
and (c) energy minimization of a large flat cluster C60 with different charges. 
Formation reactions for small-sized clusters follow the
same pattern as that described above for fullerene C60.

The most interesting results were obtained when
analyzing the influence of charge on the geometry and
stability of the clusters. In Table 2, missing data indi-
cate that the final cluster does not exist. The charge of a
cluster influences its geometry and stability signifi-
cantly (Fig. 2c). Although the spherically symmetric
fullerene molecule C60 keeps its structure regardless of
its charge, the flat cluster C60 behaves differently,
depending on charge. The neutral cluster C60 and singly

charged anion  are folded into a portion of a spher-
ical surface and remain stable at 1000 K. The folding
happens in the places where two hexagons are divided
by an incomplete hexagon having four bonds. In this
place, the fifth bond appears and the cluster becomes
curved due to the appearance of the pentagon. In our

calculations, the flat singly charged cation  and the

C60
–

C60
+
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doubly charged ions  and  dissociate in the pro-
cess of geometry optimization.

The problem of pentagon formation in flat clusters
is very important. Using the example of cluster C18
(Fig. 3a) with one incomplete pentagon, it is possible to
observe that the changes in its geometry depend on its
charge. A pentagon forms during the geometry optimi-

C60
2– C60

2+

Table 1.  Reaction energy for forming flat and spheroidal
carbon clusters

Number
in Fig. 3 Reaction

Spheroidal
clusters, 

∆E, kJ/mol

Flat clusters,
∆E, kJ/mol

I C14 + C4  C18 –1484 –886

II C18 + C2  C20 –1237 –853

III C20 + C20  C40 –2337 –1379

IV C20 + C40  C60 –3290 –1873
2
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Table 2.  Dependence of the reaction energy on the charges of reacting clusters

Type of reaction Reaction n = 40, m = 20 Fullerene C60, ∆E, kJ/mol Flat cluster C60, ∆E, kJ/mol

Neutral-ion Cn +   –3440 *

Cn +   –3423 –2709

Anion–cation  +   Cn + m –3302 –949

Neutral–neutral Cn + Cm  Cn + m –3290 –1873

Anion–anion  +   –2851 *

Cation–cation  +   –2784 *

* Cluster is unstable.

Cm
+ Cn m+

+

Cm
– Cn m+

–

Cn
– Cm

+

Cn
– Cm

– Cn m+
2–

Cn
+ Cm

+ Cn m+
2+
zation of the singly charged ions  and  and the

doubly charged cation . The ab length (Fig. 3a)
decreases to a typical C–C bond length of about 1.4 Å.
With geometry optimization of the neutral cluster and

doubly charged anion , the ab length between the
outer hexagons increases. This example clearly sug-
gests that a lower electron concentration in the plasma
is necessary for the formation of spheroidal clusters
containing pentagons.

2. CONCLUSIONS

In the phase of an ionization wave with a low elec-
tron concentration, the formation of clusters containing
pentagons is favored. A further decrease in the electron
concentration to a minimum reduces the efficiency of
cluster formation because of the higher energy of cat-
ion–cation reactions.

As the electron concentration increases in the oppo-
site phase to the ionization wave, the large flat clusters
acquire negative charge and dissociate into smaller
clusters or separate atoms. Because the time of elemen-
tary reactions is about 10–12 s, while the period of the
electron concentration wave in the plasma is 10–3–10–5 s,
the cluster distributions can stay near equilibrium as the
electron concentration varies. Therefore, small-sized
clusters, including spheroidal ones, have time to be
generated from separate atoms. With increasing elec-
tron concentration, the efficiency of the formation of
these clusters decreases due to the higher energy of the
anion–anion reactions. Because the electron concentra-
tion does not have such a strong effect on the stability
of small spheroidal clusters and fullerene shells, the
clusters and fullerene molecules already generated are
not destroyed.

The large flat clusters tend to dissociate into smaller
clusters during oscillations of the electron concentra-
tion. As the energies of formation of small clusters with
and without pentagons are similar, there are always a

C18
– C18

+

C18
2+

C18
2–
P

number of clusters suitable for forming fullerenes in the
plasma. These clusters remain stable once they have
been formed.

Thus, the ionization wave executes two functions
during the synthesis of fullerenes. At low electron con-
centrations, it favors the formation of clusters, espe-
cially spheroidal ones, whereas at high electron con-
centrations, it tends to preferentially destroy the flat
clusters.

We note that the proposed mechanism does not con-
sider statistical processes; it considers only the driving
role of electron concentration variations. Recognition
of the importance of electron concentration variations
may provide an essential step to the controlled synthe-
sis of fullerenes and, possibly, fullerene derivatives.
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Abstract—The reaction of C60, under ultrasonication, with various oxidants, such as 3-chloroperoxy benzoic
acid (Fluka 99%), 4-methyl morpholine N-oxide (Aldrich 97%), chromium (VI) oxide (Aldrich 99.9%), and
the oxone® monopersulfate compound, causes the oxidation of fullerenes at room temperature. The FAB-MS
spectra and HPLC profile confirmed that the products of fullerene oxidation were [C60(O)n] (n = 1 ~ 3 or n = 1).
C70 also reacted, under ultrasonication, with various oxidants, but the reaction rate of C70 was lower than that
of C60. © 2002 MAIK “Nauka/Interperiodica”.
1 The [C60(O)n] (n = 1 ~ 3) has been obtained by a
number of oxidation processes in solution. These
include the photooxygenation of C60 [1, 2], the electro-
chemical oxidation of C60, the addition of dimethyl-
dioxirane to C60 [3], the ozonolysis of C60 [4, 5], and the
ultrasound-induced oxidation of C60 [9]. The fullerene
monooxide C60O has been shown to have an epoxide
structure in which the oxygen atom is positioned over a
6 : 6 ring junction [2, 6, 7].

Ultrasonic waves in liquids are known to cause
chemical reactions either in homogeneous or in hetero-
geneous systems [7, 8]. The chemical reactions are pro-
moted by cavitation of liquids caused by ultrasonic
waves traveling in the liquid.

Here, cavitation implies the formation of microbub-
bles in a liquid subjected to sonication, which implode
and generate high pressures and temperatures in their
surroundings [8, 9]. We report that the reactions of C60

and C70 under ultrasonication with various oxidants,
such as 3-chloroperoxy benzoic acid, 4-methyl mor-
pholine N-oxide, chromium (VI) oxide, and the
oxone® monopersulfate compound, give rise to the
oxidation of fullerenes at room temperature with the
formation of [C60(O)n] (n = 1 ~ 3 or n = 1) and [C70(O)n]
(n = 1 ~ 2 or n = 1).

1. EXPERIMENTAL

The fullerenes (C60, C70) used in this work were of
Golden grade from Hoechest and the Southern Chemi-
cal Group Inc. All solvents and chemical reagents were
from Aldrich and Fluka.

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20424
1.1. The Reaction of Fullerenes (C60, C70) 
under Ultrasonication with 3-Chloroperoxy 

Benzoic Acid

Solutions of C60 (20 mg, 0.028 mmol) and C70
(20 mg, 0.024 mmol) dissolved in 60 ml of benzene
reacted under ultrasonication with 3-chloroperoxy ben-
zoic acid (96 mg, 0.56 mmol in the case of C60 and
82.8 mg, 0.48 mmol in the case of C70) in air at room
temperature for 5 h. Each resulting solution was evapo-
rated; then, the remaining solid material was washed
with methanol to remove excess 3-chloroperoxy ben-
zoic acid and dried in a vacuum oven.

1.2. The Reaction of Fullerenes (C60, C70) 
under Ultrasonication with 4-Methyl 

Morpholine N-Oxide

Solutions of C60 (20 mg, 0.028 mmol) and C70
(20 mg, 0.024 mmol) dissolved in 50 ml of benzene
reacted under ultrasonication with 4-methyl morpho-
line N-oxide (32.5 mg, 0.280 mmol in the case of C60
and 28.1 mg, 0.240 mmol in the case of C70) dissolved
in 10 ml of benzene in air at room temperature for 5 h.
Each resulting solution was evaporated, so that the
remaining solid material was a mixture of fullerene oxi-
dation products.

1.3. The Reaction of Fullerenes (C60, C70) 
under Ultrasonication with Chromium (VI) Oxide

Solutions of C60 (20 mg, 0.028 mmol) and C70
(20 mg, 0.023 mmol) dissolved in 60 ml of carbon dis-
ulfide reacted under ultrasonication with chromium
(VI) oxide (28.0 mg, 0.280 mmol in the case of C60 and
23.0 mg, 0.230 mmol in the case of C70) dissolved in
10 ml of acetone in air at room temperature for 5 h.
002 MAIK “Nauka/Interperiodica”
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The FAB-MS and HPLC analysis of C60(O)n (n = 1 ~ 3 or n = 1) and [C70(O)n] (n = 1 ~ 2 or n = 1) produced in the reaction
with various oxidants under ultrasonication for 5 h

Oxidants Fullerenes
Formation

of C60(O)n (n = 1 ~ 3 or n = 1)
and C70(O)n (n = 1 ~ 2 or n = 1)

Molecular mass 
(m/z)

Retention
times, min

3-Chloroperoxy benzoic acid C60 C60O3 769 6.67

C60 C60O2 753 9.00

C60 C60O1 737 12.72

C60 C60 721 17.11

C70 C70O2 873 14.23

C70 C70O1 857 20.57

C70 C70 841 28.07

4-Methyl morpholine N-oxide C60 C60O3 769 6.68

C60 C60O2 753 9.01

C60 C60O1 737 12.73

C60 C60 721 17.14

C70 C70O2 873 14.18

C70 C70O1 857 20.06

C70 C70 841 28.14

Chromium (VI) oxide C60 C60O1 737 12.70

C60 C60 721 17.17

C70 C70O1 857 20.09

C70 C70 841 28.14

Oxone® monopersulfate C60 C60O1 737 12.67

C60 C60 721 17.08

C70 C70O1 857 20.57

C70 C70 841 28.07

Note: FAB-MS analysis conditions: the acceleration voltage was 10 kV, FAB source was CSI ionized in 20 kV, and the matrix was
nitrobenzyl alcohol. HPLC analysis conditions: model number: Hewlett packard 1100; column: ZorbaxSB C18; detector: 340 nm;
flow rate: 1.0 ml/min; mobile phase: acetonitrile/toluene 50 : 50 (v/v); injection volume: 10.00 ml; pump pressure: 1.000 psi. 
Each resulting solution was evaporated, so that the
remaining solid material was a mixture of fullerene oxi-
dation products.

1.4. The Reaction of Fullerenes (C60 , C70) 
under Ultrasonication with Oxone® Monopersulfate 

Compound

Solutions of C60 (20 mg, 0.028 mmol) and C70

(20 mg, 0.023 mmol) dissolved in 60 ml of benzene
reacted under ultrasonication with the oxone® monop-
ersulfate compound (170.7 mg, 0.280 mmol in the case
of C60 and 146.0 mg, 0.238 mmol in the case of C70)
dissolved in 1 ml of H2O and 10 ml of methanol (99%).
Then 18-crown-6 (5 mg, 0.019 mmol) was added and
reacted in air with the solution at room temperature for
5 h. Each resulting solution was evaporated, so that the
remaining solid material was a mixture of fullerene oxi-
dation products.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
2. RESULTS AND DISCUSSION

The FAB-MS spectra and HPLC profile revealed
that the oxidation of fullerenes (C60, C70) subjected to
ultrasonication in the presence of various oxidants,
such as 3-chloroperoxy benzoic acid, 4-methyl mor-
pholine N-oxide, chromium (VI) oxide, and the
oxone® monopersulfate compound, resulted in the for-
mation of [C60(O)n] (n = 1 ~ 3 or n = 1) and [C70(O)n]
(n = 1 ~ 2 or n = 1). 4-Methyl morpholine N-oxide is
not as well known as other powerful oxidants for their
reactivity under mild conditions. The differences
between various oxidation with and without ultrasoni-
cation are as follows. First, the reaction time is short-
ened due to the high pressure and temperature produced
by ultrasonication. Second, in the reactions of C60 and
C70 with 4-methyl morpholine N-oxide, [C60(O)n] (n =
1 ~ 3) and [C70(O)n] (n = 1 ~ 2) are produced by ultra-
sonication rather than through a thermal reaction.

Epoxidation with various oxidants mediated by
ultrasonication is efficient for both electron-rich olefins
2
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and fullerenes. The results of FAB-MS and HPLC anal-
ysis presented in the table show the formation of
[C60(O)n] (n = 1 ~ 3 or n = 1) and [C70(O)n] (n = 1 ~ 2
or n = 1).

The reactivity of C70 with various oxidants under
ultrasonication is lower than that of C60 under the same
conditions. This reactivity difference probably results
from the difference in the symmetry of their structures.
The oxidation of fullerenes (C60, C70) by ultrasonica-
tion may proceed through a nucleophilic attack of oxi-
dants to a 6–6 bond, followed by heterolytic breakage
of the O–O bond. The common mechanism for
fullerene oxidation by ultrasonication with various oxi-
dants involves oxygen atom transfer to fullerenes (C60,
C70).

It is suggested that the fullerene epoxides [C60(O)n]
(n = 1 ~ 3 or n = 1) and [C70(O)n] (n = 1 ~ 2 or n = 1)
may be used as oxygen-transferring materials. Further-
more, the fullerene epoxides [C60(O)n] (n = 1 ~ 3 or n =
1) and [C70(O)n] (n = 1 ~ 2 or n = 1) are interesting start-
ing materials for the formation of other fullerene-based
entities.

In conclusion, using the HPLC profile and FAB-MS
spectra, we identified the [C60(O)n] (n = 1 ~ 3 or n = 1)
and [C70(O)n] (n = 1 ~ 2 or n = 1) formed in the reaction
of C60 and C70 under ultrasonication with 3-chloroper-
oxy benzoic acid, 4-methyl morpholine N-oxide, chro-
mium (VI) oxide, and the oxone® monopersulfate
compound at room temperature. We observed that the
reaction rate of C70 was slower than that of C60, which
may be due to the lower symmetry of the C70 structure.
P

The epoxidation of olefin by the multiepoxide of
fullerene, [C60(O)n] (n = 1 ~ 3 or n = 1) and [C70(O)n]
(n = 1 ~ 2 or n = 1), is presently under investigation.
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Abstract—The reactivity of negatively charged (MoS2)x– layers in aqueous single-layer dispersions resembles
that of molecular Mo–S cluster compounds. These layers form covalent bonds with metal (M) cations (M = Cu,
Ag, Pb, Cd, Hg, Pd), giving rise to ternary metal sulfides MzMoS2 whose Mo network contains direct Mo–Mo
bonds. © 2002 MAIK “Nauka/Interperiodica”.
1 Lithiation of MoS2 is known to result in a solid ionic
compound Li+(MoS2)– containing negatively charged
(MoS2)– layers [1]. These layers can be considered to be
extended quasi-two-dimensional anionic [S–Mo–S]n–

clusters whose electronic and chemical nature
(valence-electron concentration per Mo atom and the
presence of outer-shell sulfur atoms) allow one to
expect a behavior resembling that of molecular Mo–S
clusters (Mo6S8, for instance). The characteristic struc-
tural feature of the latter clusters (associated with their
electronic structure) is the existence of Mo–Mo bonds
in the cluster framework. Regarding chemical reactiv-
ity, their sulfur ligands easily coordinate with extra-
metal cations [2].

The exfoliaton of solid LiMoS2 in an aqueous
medium has already been shown to produce a dispersed
system containing negatively charged extended
(MoS2)x– cluster species separated by water molecules,
with their sulfur atoms being accessible for coordina-
tion [3, 4]:

The approach presented here consists in the use of
these clusterlike species as precursors to the chemical
reactions.

RESULTS AND DISCUSSION

We found recently [5] that the restacking of exfoli-
ated MoS2 layers in the presence of some M cations

1  This article was submitted by the authors in English.

LiMoS2 Li+ MoS2( )x– 1 x–( )OH–+ +[ ] aq

+
1 x–

2
-----------H2.

H2O
1063-7834/02/4403- $22.00 © 0427
yields powdered ternary metal sulfides of the general
composition MzMoS2 (M = Cu, Ag, Cd, Pb, Hg, Pd):

(MoS2)x– + Mn+  MzMoS2.

As follows from EXAFS data obtained at the M K
(M = Cu, Ag, Pd, Cd) and M LIII (M = Hg, Pb) absorp-
tion edges, the closest atomic environment of the M
atoms in MzMoS2 is composed exclusively of S atoms.
This confirms the incorporation, between neighboring
S–Mo–S sandwiches, of metal cations forming cova-
lent bonds with S atoms of the matrix and agrees with
XRD results on the lattice expansion observed for
MzMoS2 (see table). There are two types of vacant sites,
octahedral and tetrahedral, in the MoS2 interlayer
space. Analysis of the guest-metal coordination envi-
ronment indicates that this environment is strongly dis-
ordered (particularly, for Ag and Hg; see their reduced
coordination numbers) and that incorporated metal cat-
ions tend to approach a coordination typical of the
given metal in the sulfur surrounding (see table).

The formation of the ternary compounds is evi-
dently accompanied by electron transfer from the neg-
atively charged (MoS2)x– layers to some metal cations
involved [Ag(I), Pd(II), Hg(II), Cu(II)]. This results in
reduction of part of these cations in the course of the
reaction and, in the case of Pd, Ag, and Hg, leads to the
formation of additional phases (metalic Pd, Ag, or
Hg(I) compounds) along with the phase of ternary sul-
fide, as indicated by XRD and EXAFS data. It is inter-
esting that, in the case of Cu(II) involved in the reac-
tion, the resulting Cu(I) cations occupy guest positions
in the structure of ternary sulfide, so that all the interca-
lated Cu ions are Cu(I), as follows from XPS data [6].

Despite the decrease in the negative charge on S–
Mo–S layers due to the redox process, a part of the
charge does remain on these layers in ternary com-
2002 MAIK “Nauka/Interperiodica”
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Interlayer spacing expansions with respect to parent MoS2(∆c) and parameters of the closest environment around guest M
atoms in MzMoS2

MzMoS2 ∆c, Å NM–S RM–S, Å Presumable coordination

Pb0.18MoS2 1.0 5.7 2.87 Octahedral

Cd0.20MoS2 0.4 4.0 2.55 Tetrahedral

Cu0.35MoS2 0.1 3.1 2.29 Tetrahedral

Ag0.86 0.8 1.0 (+0.5 Ag–Ag at 2.87 Å) 2.40 Strongly distorted tetrahedral

Pd0.45 0.05 1.5 (+5.1 Pd–Pd at 2.73 Å) 2.33 Tetrahedral

Hg0.20MoS2 0.2 1.1 2.37 Strongly distorted octahedral

* (95% Ag0.82MoS2 + 5% Ag), ** (60% Pd0.25MoS2 + 40% Pd).

MoS2*

MoS2**
pounds, being balanced by covalently bonded guest M
cations. This means that part of the electrons trans-
ferred to MoS2 layers upon lithiation should remain on
d orbitals of the Mo atoms and can stabilize the distor-
tions of the Mo network in the compounds obtained.
Indeed, EXAFS measurements at the Mo K edge indi-

Mo–S
Mo–Mo2.42 Å

2.75 Å
3.16 Å

3.80 Å Pb

Cd

Ag

Hg

Pd

2H-MoS2
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ni

tu
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ts

0 2 4 6 8
R, Å

Fourier transforms (FTs) of Mo K-edge spectra for MzMoS2
and 2H-MoS2.
P

cated that there are drastic changes in the host structure
in MzMoS2 compared to the parent 2H-MoS2. Instead of
a unique Mo…Mo contact at 3.16 Å in the parent
MoS2, three Mo–Mo distances appear in the ternary
compounds (see figure). The shorter distance (appro-
ximately 2.75 Å) corresponds to direct Mo–Mo bonds
in the layers.

It appears from the present study that (MoS2)x– lay-
ers in single-layer dispersions are effectively capable of
coordinating with metal cations by sulfur atoms and of
producing ternary metal sulfides. The host structure of
these ternary compounds exhibits strong distortions
due to periodic in-layer displacements of the Mo atoms
forming direct Mo–Mo bonds.
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Abstract—This paper reports on the determination of the temperature dependences of the complete set of the
elastic moduli of solid C60 from sound-velocity measurements made along different crystallographic directions
in single-crystal samples within the 100- to 300-K range. Substantial differences in their behavior were
revealed, which are accounted for by different relative contributions from relaxation processes to various elastic
moduli. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Elastic constants are among the fundamental char-
acteristics of solids. While the elastic constants of solid
C60 at room temperature may be considered to be estab-
lished [1, 2], information on their temperature depen-
dence is incomplete and partially contradictory [3–8].
These observations, as well as the reasons for the above
discrepancies, call for reliable determination of the
temperature dependences for the complete set of the
elastic constants of solid C60.

2. EXPERIMENTAL TECHNIQUE 
AND RESULTS

The studies were performed on single-crystal sam-
ples of solid C60 measuring typically 6 × 8 × (1–3) mm.
The growth technique used to obtain single crystals and
the procedure employed in sample preparation were
similar to those described earlier in [1, 2]. The elastic
moduli were determined using the acoustic method.
The measurements were carried out at a frequency of
~4 MHz in the 100- to 300-K temperature range using
the high-frequency resonance technique [9]. We mea-
sured the damping and velocities of longitudinal sound
waves in the 〈100〉  and 〈111〉  crystallographic direc-
tions and those of transverse sound waves along the
〈111〉  direction [10]. The temperature dependences of
damping exhibited two internal-friction peaks, at T ≈
212 K and in the region of Tc = 260 K [phase transition
from the fcc to sc (simple cubic) structure]. The former
peak could be identified with the steps in the tempera-
ture dependence of the velocity (which were less pro-
nounced for transverse waves). The phase transition
was signaled by various types of anomalies (a decrease
or an upward jump) in the behavior of the velocity for
different sonic modes.
1063-7834/02/4403- $22.00 © 200429
Using the well-known relations between the elastic
moduli and sound velocity in cubic crystals, the exper-
imental data obtained were converted into temperature
dependences of the elastic moduli C11, C12, and C44 (see
figure). The temperature dependences of these moduli
are seen to differ noticeably. This relates both to the
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magnitude of the step in the region of 212 K and to the
behavior of the moduli at Tc (an upward jump for C11
and a dip for C12 and C44).

3. DISCUSSION

The features in the behavior of the effective elastic
moduli of solid C60 can be understood if we consider all
the processes contributing to their temperature depen-
dence within the temperature range under study. One of
these processes is the linear growth of the moduli with
decreasing temperature, which results from the change
in the lattice parameter connected with the crystal
anharmonicity. According to [11], d(lnC)/dT is ~7 ×
10−4 K–1 for this process. Superposed on this process in
the sc phase is the variation of the moduli due to the
concentration of excited orientational states decreasing
with decreasing temperature. As follows from rough
estimates, for temperatures above 120–130 K, the tem-
perature dependence of the elastic modulus in the sc
phase should remain very close to linear.

Another process is the fcc–sc phase transition and
the associated jump in the elastic moduli at Tc [5, 12].

The temperature dependence of the elastic moduli is
also affected by the relaxation processes, which result
in a decrease in their effective values by R/(1 + ω2τ2),
where the temperature-dependent values R and τ are the
amount of relaxation and the effective relaxation time,
respectively, and ω is the circular frequency. The best
known of these processes is the orientational relaxation
of C60 molecules in the strain field of a sound wave; this
process is due to the molecules partially retaining their
orientational mobility in the sc phase. An analysis of
this process within a phenomenological model of two-
level orientational states [13] yields the following
expressions for τ and R [10, 14, 15]:

where τ0 is a characteristic time (~10–13–10–14 s), E0 is
the activation energy (≈0.3 eV), n0 is the relative
excited-state density at the given temperature, v 0 is the
effective volume per excited state (~10–27 m3), and V∆ is
the difference between the deformation potentials of
the ground and excited orientational states. Accepting
these values of the activation parameters τ0 and E0, the
step in the temperature dependence of the moduli at a
frequency of ≈4 MHz is found to lie in the 200- to
230-K interval. It was assumed earlier [14] that V∆ is
nonzero only for elastic waves of the longitudinal type
accompanied by crystal dilatation; however, if the spe-
cific features of the fullerite sc-phase structure (four
molecules per unit cell with different rotation-axis
directions) are taken into account, the expression for

τ τ 0 n0 1 n0–( )[ ] 1/2 E0/kT( ),exp=

R n0 1 n0–( ) V∆( )2/ v 0kT( ),=
PH
Rijkl (the relaxation of the elastic modulus Cijkl)
assumes the form [15]

(1)

which shows that a relaxation term of this type also
exists for the shear moduli.

Near Tc, the moduli in the sc phase are also affected
by one more process [5, 10] associated with relaxation
of the order parameter η, because the free energy has a
contribution proportional to η2ε [12] (ε is the elastic
strain). We believe that, because the states of molecules
with differently directed rotation vectors Sα (α = 1–4)
become inequivalent in the presence of an external
shear strain, the free energy should contain not only the

term ~η2εii but also terms of the type ~(ηα)2 εij,
which are also dependent on the shear strain. The order-
parameter relaxation should bring about a softening of
the elastic moduli near the fcc–sc transition tempera-
ture Tc [5, 10].

One more contribution to the free energy (~η2ε2) [5,
12] originates from the above-mentioned jump of the
moduli at the phase transition. This contribution should
contain the term ~η2εiiεjj and, in addition, terms of the

type ~η2 εikεjk; in other words, all elastic moduli
should undergo jumps, but of different magnitude.

Thus, our consideration shows that the character of
the temperature dependence of an effective elastic mod-
ulus of solid C60 should be governed, including the
region near Tc, by the relation between the modulus and
the contributions due to the two relaxation processes
discussed above and to the jump of the modulus occur-
ring at the phase transition. Because these relations
may differ noticeably for different elastic moduli, this
factor is capable of accounting for the broad spectrum
of the temperature dependences of the elastic moduli
obtained in experiments on solid C60.
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Abstract—The fullerite photopolymerization in air in the wavelength range 350–900 nm was investigated
using microhardness and dislocation mobility methods. The photoinduced effects of the hardening and reduc-
tion of a dislocation mobility were found to increase linearly with increasing photon energy. The existence of
two phototransformed states is supposed from the kinetics data on photoinduced hardening. © 2002 MAIK
“Nauka/Interperiodica”.
1 In recent years, the polymeric phases of fullerite C60
have attracted much attention. The photoinduced poly-
merization of C60 is of special interest, suggesting pos-
sible photolithographic and other applications of fuller-
ite. Because C60 absorbs light very strongly, the photo-
polymerization occurs in a thin surface layer; thus, the
limited sample volumes available make full character-
ization of phototransformed C60 rather difficult.
According to light absorption data, the thickness of a
phototransformed layer depends on the wavelength.
The formation of covalently bonded fullerene dimers or
chains in the molecular lattice through a photochemical
2 + 2 cycloaddition reaction is considered to be the
main mechanism of photopolymerization [1]. Gener-
ally, an increase in the efficiency of photopolymeriza-
tion with decreasing wavelength can be expected. How-
ever, investigations have shown contradictory results.
In [2], the photoinduced effect was found to appear
under green-light irradiation, but little or no effect was
observed with red light, while in [3], the effect was
observed to be maximum with red light. In the present
study, the wavelength dependence and kinetics of ful-
lerite photopolymerization in air was investigated using
microhardness and dislocation mobility methods.

1. EXPERIMENTAL

C60 single-crystals were grown from the vapor phase
in a temperature gradient through sublimation of a
twice sublimed C60 powder (99.9% C60). The density of
grown-in dislocations was 103–104 cm–2. The typical
size of the samples selected for the experiments was
approximately 0.5 × 2 × 7 mm. Investigations were per-
formed on the (111) face of as-grown crystals in the
wavelength range 350–900 nm at a power density from

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20432
2 to 140 mW/cm2 and illumination time of 1 to 5 × 103 s.
The Vickers microhardness was measured at loads of
3.2–5.5 mN small enough for the indentation depth to
be lower or comparable with the thickness of the pho-
totransformed surface layer. A microhardness tester
with a vibration-insensitive loading system was used
[4]. The scatter of the hardness measurements was typ-
ically about 12%, but it increased up to 22% for the
smallest impressions. The dislocation structure around
indents was detected by selectively etching the crystals
in toluene. The parameters l/d or ∆l/l0 (l0 and l are the
dislocation arm lengths before and after illumination,
respectively; ∆l is the difference between them) were
mainly used as the characteristics of phototransforma-
tion.

2. RESULTS AND DISCUSSION

An increase in microhardness and decrease in the
dislocation arm length in fullerite crystals under illumi-
nation was observed, thus confirming the results
obtained earlier [3, 5–8]. The effects increased with
decreasing wavelength. A two-stage wavelength depen-
dence of the photoinduced change in the dislocation
mobility was observed. For each stage, the magnitude
of the effect increased linearly with increasing photon
energy. A steeper slope was observed for photon ener-
gies of 1.55 to 1.8 eV, which are lower than the band
gap and correspond to energies of exciton photogener-
ation in fullerite. Obviously, for incident photon ener-
gies above the bandgap (about 1.8–2 eV), the efficiency
of exciton generation is lowered due to photogeneration
of distant electron–hole pairs and their trapping at dif-
ferent lattice sites. The rate of phototransformation
depends on the incident power density and the duration
of illumination. The figure shows the kinetics of the
photoinduced change in the hardness and dislocation
002 MAIK “Nauka/Interperiodica”
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mobility. The dislocation mobility gradually decreases
with increasing duration of light exposure. It is sup-
posed that the photoinduced formation of fullerene
dimers or chains is the main reason for the reduction of
the dislocation mobility. Some contribution is also
observed from physically absorbed oxygen. A measur-
able change in hardness was detected when the thick-
ness of the phototransformed surface layer exceeded
approximately 0.1–0.2 µm. The illumination-time
dependence of photoinduced hardening showed a step-
wise behavior. The saturation stage of hardening is
ascribed to the formation of the well-known fullerite
photopolymer phase with a definite concentration and
spatial distribution of the dimers and chains. This phase
possesses a constant hardness (450–470 MPa) and
reverts to the pristine fullerite on heating above 470 K
in air [5, 6]. No photoinduced hardening was observed
above 400 K [3]. An additional mechanism of harden-
ing was found to be involved at the saturation stage of
phototransformation, during which the hardness of a
surface layer ~0.5 µm thick increased up to 0.6–1 GPa
(figure). This phototransformed state was thermally
less stable. A photochemical transformation with the
participation of absorbed oxygen and creation of C–O–
C bonds [2] or a higher extent of photopolymerization
with the formation of branched polymeric chains [9]
could be responsible for the additional hardening.
Moreover, the photopolymerization at the saturation
stage could be affected by stresses due to the difference
in the lattice constants of the pristine and photopoly-
merized fullerite. In addition we observed the relax-
ation of stresses through the generation of dislocations,
stacking faults, displacement domains, and cracks,
which leads to the formation of a substructure and hard-
ening.

In conclusion, our results confirm that there is an
increase in the efficiency of photopolymerization with
decreasing wavelength. The existence of two pho-
totransformed states is suggested by the kinetics of
photoinduced hardening. The results show that the dis-
location mobility method is useful for characterization
of the initial stage, while the microindentation tech-
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
nique is applicable for investigation of the developed
stage of phototransformation.
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Abstract—This paper discusses the results of calorimetric studies of the 1D C60 (orthorhombic) and 2D C60
(tetragonal and rhombohedral) fullerites, as well as of the graphite-like polyfullerite, which are produced from
a starting C60 fullerite subjected to a pressure of 1–8 GPa at temperatures ranging from 300 to 1270 K.

The analysis is made primarily of the  heat capacity measurements performed in adiabatic calorimeters in
the 5- to 350-K range. © 2002 MAIK “Nauka/Interperiodica”.

Cp
0

The purpose of this paper is to discuss the results of
calorimetric studies of the C60 polyfullerites available
in the literature (Table 1).

The temperature dependences of the heat capacity
of 1D C60 and 2D C60 (irrespective of their crystal struc-
ture) do not exhibit any features, and their heat capaci-
ties increase smoothly with temperature. The depen-
dence of the heat capacity of graphite-like C60 fullerite
1063-7834/02/4403- $22.00 © 20434
 on T has a small anomaly in the 49- to 66-K interval
consisting in a positive deviation of the heat capacity
from its normal course (see figure, curve 4). This anom-
aly was suggested as being caused by a relaxation tran-
sition of the order–disorder type [4]. For T > 100 K, the
heat capacities of the 1D and 2D polymers are almost
equal, the difference between their numerical values

not exceeding 0.7%. The values of  for the graphite-
like fullerite in the 70- to 180-K interval are larger, and

Cp
0

Cp
0

Table 1.  Main information on the C60 polyfullerites studied, including the results of calorimetric measurements

Polyfullerites

Temperature 
interval of heat 

capacity study, K
δ, %

Representation
of measurements
and calculations

of –T*, TTF**

Refe-
rences notation

conditions
of preparation 
and treatment

of starting C60: 
p, GPa; T, K

structure

1D C60 5; 550 Orthorhombic 5–340 0.2 –T, TTF [1]

1.1; 500 " 4–350 1 –T, {S0(T) – S0(0)}–T [2]

1–1.2; 550–585 " 200–650 – –T [3]

2D C60 3.5; 960 Tetragonal 5–340 0.2 –T, TTF [1]

8; 920 Rhombohedral 5–320 0.2 –T, TTF [4]

2; 830 Rhombohedral and 
tetragonal 4–350 1 –T, {S0(T) – S0(0)}–T [2]

2; 800 "
7–340

250–600
1–1.5

– –T [5]

Graphite-like 
C60

8; 1270

Layered structure 
composed of frag-
ments of broken 
C60 molecules

5–320 0.2 –T, TTF [4]

  * –T is a plot of the temperature dependence of heat capacity, and {S0(T) – S0(0)}–T is a plot of the temperature dependence of entropy.

** TTF is a table of thermodynamic functions.
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0
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0

Cp
0

Cp
0

Cp
0

Cp
0

Cp
0

Cp
0

Cp
0
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for T > 180 K, smaller, than those of the 1D C60 and 2D
C60 fullerites. However, the differences between these
heat capacities are small and at 300 K, for instance, do
not exceed 1%. The pattern observed in the low-tem-
perature domain is different (see figure). The polyful-

lerites studied differ not only in the magnitude of 
but also in the character of its temperature dependence.
This is clearly associated with the difference in hetero-
dynamics among the polymers studied. According to
Tarasov’s theory of heat capacity of solids [6], which,
similar to that of Debye, is a particular case of the frac-

tal theory of heat capacity, the (T) at low tempera-
tures is proportional to T for chain-structure solids, to

Cp
0

Cp
0
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T2 for a layered structure, and to T3 for a three-dimen-
sional structure. In the fractal theory of heat capacity,
the exponent of T in the heat-capacity function, denoted
by D, is called the fractal dimension. According to [7,
8], D can be estimated from experimental data on the
temperature dependence of the heat capacity plotted as
lnCv vs. lnT, on making the reasonable assumption that,

for T < 50–60 K,  = Cv . The values of D derived

from experimental data on  in the 20- to 55-K inter-
val are 1 for the 1D C60 (orthorhombic), 1.5 for the 2D
C60 (rhombohedral), 2 for the 2D C60 (tetragonal), and
2.2 for the graphite-like fullerite. It turns out that the
fractal dimensions thus found are indicative of the

Cp
0

Cp
0

Table 2.  Thermodynamic functions of the polyfullerites studied and of the starting C60 fullerite per 1 mole of C60 (M =
720.66 mol–1) calculated for 298.15 K and standard pressure

Polyfullerites ,

J K–1 mol–1

H0(T) – H0(0),
kJ mol–1

S0(T),
J K–1 mol–1

–[G0(T) – H0(0)], 
kJ mol–1 References

Starting C60 fullerite (fcc) 524.8 72.44 426.5 54.72 [9]

1D C60 (orthorhombic) 517.2 60.63 334.6 39.12 [1]

1D C60 – – 365.7 – [2]

2D C60 (tetragonal) 514.5 60.11 321.5 35.74 [1]

2D C60 (rhombohedral) 514.8 57.51 304.7 33.30 [4]

2D C60 (tetragonal + rhombohedral) – – 334.1 – [2]

Graphite-like C60 fullerite 495.5 62.49 382.0 51.40 [4]

Cp
0 T( )
2
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chain structure of the 1D C60 fullerite and the layered
structure of the tetragonal 2D C60; as for the rhombohe-
dral 2D C60 fullerite, it appears that it has a chain-lay-
ered structure, and the graphite-like fullerite has an
intermediate structure between layered and three-
dimensional. At low temperatures, the dependence of

 on T is practically linear for 1D C60, parabolic for
2D C60, and close-to-cubic for the graphite-like fullerite
(see figure). For comparison, the figure shows the tem-
perature dependence of the heat capacity of the starting
C60 fullerite (curve 5). For T < 70 K, the heat capacities
of the C60 fullerite and of the polyfullerites obtained
from it are seen to differ strongly. As the temperature is
lowered to 5–6 K, the heat capacities of all the subjects
considered here become similar and the fractal dimen-

sions grow, so that, for T < 10 K, the variations of 
of the 1D and 2D C60 fullerite are well fitted by the
Debye heat capacity function, which corresponds to the
limiting T3 law. For the graphite-like polyfullerite, the

temperature dependence of  becomes cubic at still
lower temperatures.

The data on (T) were used to calculate the ther-
modynamic functions; their values for 298.15 K are
given in Table 2. The values of these functions, includ-
ing the absolute values of the Gibbs functions, are seen
to decrease as one goes from C60 to 1D C60 and 2D C60
(tetragonal and rhombohedral). The values of the func-
tions for the graphite-like fullerite are smaller than
those for the starting fullerite but are larger than those

for the polyfullerites studied (except  at 298.15 K).
The entropies of the compounds were calculated with-
out inclusion of the zero-temperature entropies S0(0),
which apparently have small nonzero values for all the
subjects discussed.

As expected, the decrease in the entropy associated
with the transformation of the C60 fullerite to the poly-
fullerites considered can be arranged in the following

Cp
0

Cp
0

Cp
0

Cp
0

Cp
0

P

series: ∆S0 (C60  graphite-like C60) < ∆S0 (C60 
1D C60) < ∆S0 (C60  2D C60, tetra) < ∆S0 (C60  2D
C60, rhomb).
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Abstract—The charge-transfer salt tetrabis(dimethylamino)ethylene-fullerene (C60), or TDAE*C60, is a rare
exception among pure organic crystalline systems, because it shows a transition to a ferromagnetic (FM) state
with fully saturated s = 1/2 molecular spins at a respectable Tc = 16 K. In spite of extensive experimental and
theoretical work over the past ten years, the origin of the ferromagnetism in TDAE*C60 has remained a mystery.
To resolve this problem, we performed a comparative structural study of two different magnetic forms of
TDAE*C60 crystals, one of which is magnetic and the other is nonmagnetic at low temperatures, and fully cor-
related their structural properties (particularly, the intermolecular orientations) with their magnetic properties.
We identified the relative orientation of C60 molecules along the c axis as the primary variable that controls the
ferromagnetic order parameter and showed that both FM and low-temperature spin-glass-like ordering are pos-
sible in this material, depending on the orientational state of the C60 molecules. Thus, we resolved the apparent
contradictions intrinsic to different macroscopic measurements and opened a path to a microscopic understand-
ing of p-electron FM exchange interactions. © 2002 MAIK “Nauka/Interperiodica”.
1 Much effort has been made by many research
groups to investigate the low-temperature state of crys-
tals of the purely organic molecular ferromagnet
TDAE*C60. However, until recently, despite numerous
studies having been made on its physical properties, the
structural features of the TDAE*C60 compound have
not been characterized by single-crystal diffraction
methods at low temperatures. The room-temperature
structure of TDAE*C60 has been determined from sin-
gle-crystal x-ray diffraction data. It was shown that the
space group of symmetry is C2/c with the c parameter
19.992 Å and with four formula units per unit cell [1].
The low lattice symmetry suggests anisotropic interac-
tions between the constituent molecules, which might
be subject to a variety of instabilities leading to solid-
state phase transitions. On the other hand, 13C NMR
studies have shown that, in TDAE*C60 crystals, the C60

molecules rotate rapidly at room temperature [2]. As
the temperature is lowered, rotation of the C60 mole-
cules gradually slows down, but, although NMR data
suggest that the rotational motion freezes out below
approximately 150 K [2], the onset of the ferromag-
netic (FM) state occurs at a significantly lower temper-
ature, suggesting that stationary C60 molecules may be
a necessary but not sufficient condition for the realiza-
tion of an FM state.

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20437
It has been well established that TDAE*C60 exists in
two modifications, one being ferromagnetic and the
other paramagnetic (PM). Fresh single crystals show no
FM behavior and are PM down to 2 K. On annealing at
a high temperature, they transform into the FM phase
[3]. We performed comparative diffraction and struc-
tural studies of the two different forms of TDAE*C60
crystals and showed that both FM and low-temperature
spin-glass-like ordering are possible in this material,
depending on the orientational state of the C60 mole-
cules.

1. EXPERIMENTAL

The diffusion method was used to grow crystals.
The measurements were performed on a selected sam-
ple in the PM phase without annealing, and the results
were compared with data obtained on the same sample
after its transformation to the FM phase by annealing at
70°C for 6 h.

Single-crystal x-ray diffraction studies were carried
out using an Imaging Plate (IP) system (DIP 320S,
MAC Science Co., Inc., monochromatized MoKα radi-
ation, λ = 0.7107 Å) equipped with a liquid-helium
cooling device. The standard oscillation and Weissen-
berg-type diffraction patterns were used to control the
crystal structures of both samples (unannealed PM and
annealed FM) at different temperatures. The crystal
structure of TDAE*C60 was determined by the direct
002 MAIK “Nauka/Interperiodica”
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method from the data obtained on the unannealed crys-
tal at 7 K and refined by the least-squares method using
the C2/c space group. The averaged structure of the
annealed sample at 7 K was first refined by using the
model structure of the unannealed crystal and was then
refined further by taking into account the presence of
two orientations in which the C60 molecules are found
with equal probability.

2. RESULTS AND DISCUSSION

All diffraction spots observed on x-ray oscillation
patterns are indexed in the C2/c space group. The dif-
fraction patterns did not reveal any essential changes in
the structure in the temperature range 250–70 K, except
that some redistribution of reflection intensities
occurred and the total number of reflections on the dif-
fraction images decreased with decreasing temperature.
Remarkable changes in the diffraction patterns are
observed for both samples below 50 K. Figure 1 pre-
sents the temperature dependences of the lattice con-
stants, which testify to the presence of noticeable
changes in the b and c parameters of both crystals
around 50 K. At this temperature, the reflection intensi-
ties become higher, which results in an essential
increase in the total number of observed reflections.
Characteristic for both crystals are the appearance of
additional diffuse scatterings on the x-ray oscillation

16.0

15.9

15.8

13.1

13.0

12.9

12.8

20.1

20.0

19.9

19.8

19.7
0 50 100 150 200 250 300

T, K

c,
 Å

b,
 Å

a,
 Å

Fig. 1. Temperature dependence of the lattice constants for
an unannealed TDAE*C60 crystal (open symbols) and after
the first cycle of its annealing (filled symbols).
P

patterns located between structural reflections and their
transformation over a period of a few hours. Diffuse
scatterings from the unannealed sample disappear as
the sample is kept at a low temperature for 3–4 h. A dis-
tinctive feature of the annealed sample is that the dif-
fuse lines on the diffraction patterns are transformed
into additional diffraction spots whose positions coin-
cide with those for a primitive lattice, which indicates a
violation of the C centricity of the lattice. These obser-
vations testify to the existence of some structural
changes in both unannealed and annealed TDAE*C60
crystals around 50 K and of the crystal-lattice tendency
to transform from a C-centered lattice to a primitive one
in the case of annealed samples. It should be noted that
these changes are reversible; i.e., on heating the sam-
ples from a low temperature, the diffraction patterns of
the high-temperature state are restored above 50 K.

The x-ray structure analysis of the PM sample
revealed the presence of some degree of molecular ori-
entational disorder of the C60 molecules (due to their
rotations) along the threefold molecular axis. In the FM
phase, the positions of the additional diffraction spots
coincide with those of a primitive unit cell, which sug-
gests that the crystal transforms from the C-centered
structure to a primitive one. Our attempts to determine
the structure in terms of a primitive unit cell failed and
resulted in high values of the R factor (~0.16) and in a
large divergence of the temperature factors of individ-
ual atoms. Refinement of the structure with a C-cen-
tered unit cell also resulted in high R factors (~0.20) but
gave reasonable thermal-displacement ellipsoids of
individual atoms of C60, which testifies to the presence
of a high degree of orientational disorder of the C60
molecules. Further analysis of the obtained C60 molec-
ular structure showed that, in the FM sample, the mol-
ecules are statistically distributed in two orientations
related to each other by a 60° rotation about their three-
fold axis. The model in which two differently oriented
molecules occupy the same positions with equal proba-
bility allowed us to essentially improve the R factor in
the refinement procedure, and its final value was found
to be 0.066. Thus, in the FM phase, in addition to the
conventional 120° rotations found in other C60-based
crystal structures, we find evidence of additional posi-
tions in which C60 molecules are rotated by ±60° about
their threefold molecular axes. Figure 2 shows the
mechanism of crystal transformation from a C-centered
(PM) lattice to a primitive-type (FM) lattice. This leads
to a set of new inter-fullerene contact configurations,
which are shown in Fig. 3. In the PM sample, the rela-
tive C60 orientations are similar to those encountered in
other C60 solids, namely, the 6–6 double bond is nearly
in the center of the hexagon of the neighboring mole-
cule (Fig. 3a), thereby minimizing the electronic over-
lap [4]. In the FM samples, on the other hand, a new ori-
entation (II) appears, which leads to three different pos-
sible relative orientations of the C60 molecules, as
shown in Figs. 3b–3d. In the first configuration, two C60
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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molecules of orientation I face each other, with the mol-
ecules slightly rotated about the c axis, as shown in
Fig. 3b. In the second possible configuration, two C60

molecules with type II orientations are in contact, as
shown in Fig. 3c. This orientation corresponds essen-
tially to a slightly displaced PM configuration (Fig. 3a),
with the double bond displaced to one side. The third

(a) (b)

Fig. 2. Schematic diagram of the C60 molecular orientations
in the ab plane for (a) the unannealed sample (PM phase)
and (b) the annealed sample (FM phase). Corresponding
C-centered and primitive unit cells are shown.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
configuration involves two C60 with orientations I and
II. In this case, the double bond on one molecule
approximately faces the center of the pentagon of the
neighboring molecule (Fig. 3d). The II–II configuration
can be eliminated from further consideration of the pos-
sible low-temperature equilibrium positions, since the
occurrence of two 6–6 double bonds in close proximity
to each other is, clearly, energetically very unfavorable.
Therefore, we can conclude with reasonable confidence
that only one of these configurations is compatible with
the near 50% occupancy of configurations I and II and
with the primitive unit cell determined in the structural
refinement (Fig. 3d).

We note that the observed arrangement associated
with the FM state is in excellent agreement with calcu-
lations of the angular dependence of the effective FM
exchange coupling strength Jeff [5], which also shows a
minimum corresponding to the I–II configuration
(Fig. 3d) for which the c-axis Euler angle is γ ≈ 30°.
Our consideration of the magnetic behavior of the sys-
tem in terms of the Hamiltonian for a noninteracting
two-level system in which there is a coupling between
the configurational and magnetic degrees of freedom
(b)(a)

(c) (d)

Fig. 3. Projections of two neighboring C60 molecules of TDAE*C60 along the [001] direction for (a) the unannealed crystal (PM
phase), (b) the I–I configuration of C60 molecules (annealed sample, FM phase), (c) the II–II configuration in the FM phase, and
(d) the mixed I–II configuration in the FM phase. 
2
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shows [6] that both ferromagnetism and spin-glass-like
ordering are possible in TDAE*C60 crystals, depending
on the orientational state of the C60 molecules.

In summary, low-temperature x-ray diffraction stud-
ies of TDAE*C60 single crystals show that some molec-
ular reorientations and ordering take place in the struc-
ture below 50 K. We determined low-temperature crys-
tal structures for both unannealed and annealed
samples and identified the relative orientation of C60
molecules in these structures along the c axis of the
crystals as the primary variable that controls the ferro-
magnetic order parameter. Analysis of the relative ori-
entations shows that both FM and low-temperature
spin-glass-like ordering are possible in the TDAE*C60
compound, depending on the orientational state of the
C60 molecules.
P
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5 Graduate School of Science and Technology, Kobe University, Rokkodai, Nada, Kobe, 657-8501 Japan
6 Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia

Abstract—Magnetization study of the C60 · TMTSF · 2CS2 molecular complex in magnetic fields up to 47 T
for the temperature range 1.8–300 K and ESR spectroscopy of the molecular complex (ET)2C60 at T = 1.8 K
for the frequency range 60–90 GHz in magnetic fields up to 32 T provide experimental evidence that paramag-
netic centers with reduced g-factor values g < 1 control the magnetic properties of these solids. A model is sug-
gested in which the renormalization of the g factor is due to the dynamic Jahn–Teller effect involving negative
C60 ions that appear as defects in the crystalline structure with a weak charge transfer. © 2002 MAIK
“Nauka/Interperiodica”.
1 1. Since the discovery of fullerenes, it was believed
that for weakly magnetic C60-based compounds with a
small charge transfer, the magnetization can be repre-
sented as the sum of two terms [1, 2]:

(1)

where the negative diamagnetic term χdia is connected
with the completely filled electron orbitals of C60 and
other molecules in the complex, while χpara(T) ~ 1/T is
a Curie term originating from oxygen impurity.

Unfortunately, Eq. (1) fails to provide a description
of the field dependence of the low-temperature magne-
tization M(B) for the complex (ET)2C60, where ET =
bis(ethylenedithio)tetrathiafulvalene, as well as for
pure C60 [3, 4], and the observed discrepancy rules out
any model of magnetic impurity with a g factor g ≈ 2 [3,
4]. Experimental data suggest that Eq. (1) may be used
assuming a renormalized value |g | ~ 0.14 [3, 4], which

may be characteristic for the negative ion , where a
strong reduction of the g factor may originate from the
dynamic Jahn–Teller effect [5].

It is of interest to check the possible presence of
these exotic centers in other fullerene-based molecular
complexes. The aim of the present work was to investi-

1 This article was submitted by the authors in English.

M B T,( ) Mpara B T,( ) Mdia B( )+=

=  3χpara T( )kBT / J 1+( )gµB[ ] BJ gµBJB/kBT( ) χdiaB,+

C60
–

1063-7834/02/4403- $22.00 © 20441
gate the magnetic properties of the molecular complex
C60 · TMTSF · 2CS2 and to look for unusual paramag-
netic centers in (ET)2C60 by means of magnetooptical
spectroscopy.

2. The synthesis and structure of the C60 · TMTSF ·
2CS2 (where TMTSF = tetramethyl-tetra-seleneful-
valene) molecular complex are described in [6, 7]. Sim-
ilar to (ET)2C60, the charge transfer in C60 · TMTSF ·
2CS2 is small. However, application of an external pres-
sure of about 5 GPa moves one electron from TMTSF
to the C60 molecule, thus forming a complex based on
the C60-ion [8]. Therefore, C60 · TMTSF · 2CS2 seems
to be a good candidate for checking the models sug-
gested in [3, 4].

The temperature dependence of magnetization for
the field B = 8 T is shown in Fig. 1a. The M(T) curve
demonstrates the onset of a “paramagnetic” contribu-
tion below 40 K superimposed on the diamagnetic
background Mdia. However, the use of Eq. (1) for C60 ·
TMTSF · 2CS2 gives a poor description of M(T) [com-
pare the experimental data (curve 1 in Fig. 1a) with the
best fit (curve 2 in Fig. 1a) obtained using Eq. (1)].

The field dependence of M(B) at T = 4.2 K for C60 ·
TMTSF · 2CS2 deviates from that reported previously
[3, 4]. The linear section of the M(B) lasts up to a value
of 20 T, which is about 10 T less than that for (ET)2C60
[3, 4]. Above 20 T, the experimental curve first deviates
002 MAIK “Nauka/Interperiodica”
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downwards from a straight line (Fig. 1b), which indi-
cates the possible presence of paramagnetic centers
with a reduced value of the g factor [3]. Taking Eq. (1)
as a first approximation and following [3], we calcu-
lated the field dependence of the magnetization from
Fig. 1 assuming that g = 2 and J = 1/2. The result is pre-
sented in Fig. 1b, and it is obvious that a straightfor-
ward model of the “oxygen-like” impurity is inconsis-
tent with the M(B) data. Assuming that a reduction of
the g factor plays a key role [3] and restricting further
analysis to the interval B < 35 T, we find a renormalized
(reduced) g-factor value g ~ 0.3 (curve 2 in Fig. 1b).

Nevertheless, the small g factor (which makes the
M(B) data for B < 8 T “linear”) does not improve the
calculated temperature dependence of magnetization
(curve 2 in Fig. 1a). A good approximation to M(T) can
be provided by the empirical expression

(2)

which corresponds to the Curie–Weiss law in weak
magnetic fields and describes the saturation of the mag-
netic moment in strong magnetic fields. Approximating
both M(T) and M(B) data in Fig. 1 by Eq. (2), we find
g = 1, Mdia(B = 8 T) = –0.0373 emu/g, and θ = 13.2 K
(see also the inset to Fig. 1a). The calculated M(T) and
M(B) are represented by curves 3 in Figs. 1a and 1b,
respectively. It is clear that Eq. (2) provides an adequate
and consistent description of the field and temperature
dependences of magnetization for B < 35 T; however,
the g-factor value found is considerably higher than that
in the model given by Eq. (1).

The analysis of the M(B, T) data for C60 · TMTSF ·
2CS2 and (ET)2C60 leads to the following conclusions.
First, the validity of Eq. (2) suggests the presence of
interaction between magnetic moments in C60 · TMTSF ·
2CS2. At the present time, the possible interaction
mechanism is entirely unknown and further theoretical
investigation is required to reveal the origin of the unex-
pected M(T) dependence (Fig. 1a).

Second, the analysis of the magnetization data in
fullerene-based complexes gives a very rough estimate
of the effective g factor, which depends on the type of
the solid and on the model used and may vary in a wide
range of g ~ 0.14–1. In this situation, determination of
this parameter by direct spectroscopic methods is
required.

3. A magnetooptical study of a mosaic sample pre-
pared from (ET)2C60 single crystals was carried out in
pulsed magnetic fields up to 32 T in the frequency range
ν = 60–90 GHz at T = 1.8 K. The obtained transmission
curves show three broad absorption lines correspond-
ing to g1 = 0.43 ± 0.03, g2 = 0.27 ± 0.02, and g3 = 0.19 ±
0.01 (see Fig. 2, where the experimental data are pre-

M B T,( ) Mpara B T,( ) Mdia B( )+=

=  χdiaB M0 gµBB/2kB T θ+( )[ ] ,tanh+
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sented as a function of reduced field B/ν). At the same
time, no ESR absorption in the sample was found
around g = 2 (see Fig. 2, where the narrow vertical line
for g = 2 corresponds to the reference DPPH powder).

The obtained result qualitatively confirms the pre-
dictions of [3, 4], as well as the results of the previous
section. Moreover, the model of the g-factor renormal-
ization caused by the dynamic Jahn–Teller effect [5]
can explain the presence of several ESR absorption
lines. If the origin of the g-factor reduction is the cou-
pling to a phonon mode [5], the existence of different
strong modes in the vibronic spectrum of a weakly
magnetic complex can give rise to several different
g-factor values being experimentally observed (Fig. 2).

4. To summarize, we provide experimental evidence
that the paramagnetic centers with renormalized g-fac-
tor values g < 1 are (i) characteristic for weakly mag-
netic C60-based molecular solids and (ii) responsible for
the magnetism of these compounds. These centers may
be identified with the negative C60 ions which appear as
defects in the crystalline structure with a weak charge
transfer. In this model, the reduction of the g-factor
value is due to the dynamic Jahn–Teller effect [3] and
the presence of several ESR absorption lines may be
due to the coupling to several phonon modes.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Abstract—A parameter representing the intensity ratio of the two features in the characteristic electron energy
loss spectrum that are most sensitive to electron irradiation is proposed for use in characterizing the extent of
electron-stimulated modification of fullerite. By normalizing this parameter, we succeeded in obtaining a uni-
versal scale for the extent of modification that can be unambiguously related to the π-electron density. The dose
dependence of this parameter is shown to be described by one exponential, thus permitting one to conclude that
both the polymerization and amorphization of the fullerite are dominated by one mechanism, namely, the for-
mation of intermolecular chemical bonds, which is stimulated by valence-electron excitation. The rate of the
electron-stimulated modification, or the dose susceptibility of the material, is defined through the derivative of
this parameter. The dependence of this rate on the incident electron energy is obtained. It is shown that structural
changes are mainly due to a swarm of numerous secondary and decelerated electrons rather than to the primary
electron. © 2002 MAIK “Nauka/Interperiodica”.
Photo- and electron-stimulated polymerization of
fullerites has become a subject of intense study in
recent years [1–5]. The polymer phases produced by
UV and electron irradiation turned out to be, in contrast
to the starting fullerite, weakly soluble in organic sol-
vents. Regardless of the incompleteness of the poly-
merization studies, this property permits one, even at
the present time, to use the fullerite as a resist in photo-
and electron lithography [5–8]. The irradiation dose is
chosen experimentally for each concrete set of such
parameters of the process as the energy of photons or
electrons and their incidence angle and flux density.
The choice is made from the rich variety of such sets.
To optimize the lithographic processes and prepare
more sensitive fulleride resists, one has to develop uni-
versal criteria for quantitative evaluation of the extent
and rate of polymerization. Quantitative characteriza-
tion of the extent and rate of the fullerite and fulleride
modification is also needed to establish the mecha-
nisms governing these processes. In addition to the
above-mentioned polymerization, one should place
among these processes the recently revealed electron-
stimulated amorphization of fullerite [9], which can
follow polymerization as a result of the formation of
additional intermolecular bonds or proceed simulta-
neously with the polymerization due to fullerene frag-
mentation. The present paper proposes a method for
quantitative determination of the degree and rate of
electron-stimulated fullerite modification, which is
based on characteristic electron energy loss spectros-
copy (EELS). This method is made attractive by the
1063-7834/02/4403- $22.00 © 0444
possibility of employing an electron probe for this pur-
pose, making this technique a controllable technology.
The method was used to study the mechanisms under-
lying electron-stimulated fullerite modification.

The proposed approach is based on a study of
numerous EELS spectra obtained on in situ grown C60

fullerite films subjected to irradiation by electrons of
various energies (E0 = 150–1500 eV) with increasing
doses Q. Figure 1 displays such a spectrum. The energy
losses of inelastically scattered electrons ∆E are reck-
oned from the center of the electron elastic-scattering
peak (∆E = 0). The peak at ∆E ~ 6.2 eV corresponds to
the excitation of collective π-electron vibrations of the
fullerite (π plasmons). As established earlier, the inten-
sity of this peak I1 decreases with increasing electron
irradiation dose because of the π electrons being
involved in the formation of intermolecular chemical
bonds [9–11]. Conversely, the intensity I2 of the low-
energy part of the spectrum (∆E ~ 1–2 eV) grows under
electron irradiation as a result of the increasing density
of occupied and empty states near the Fermi level,
which is accompanied by an increase in the conductiv-
ity of the material. Therefore, the ratio P = I2/I1 of the
intensities of these parts of the spectrum, which vary in
opposite directions, turns out to be very sensitive to
irradiation. It is this parameter that is proposed for use
in characterizing the extent of fullerite transformation,
as a result of which the density of the π electrons
decreases and the density of states near the Fermi level
increases.
2002 MAIK “Nauka/Interperiodica”
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Figure 2 plots the normalized parameter P(Q)/Pmax
as a function of electron irradiation dose for a number
of incident electron energies E0. The normalization was
made against the maximum value of the parameter P
reached under irradiation to an infinite dose. This per-
mits one to reduce the experimental data obtained
under different technological conditions (energy, angle
of incidence) to a common scale of the state of the
material structure. This scale can be related unambigu-
ously to the π-electron concentration or the degree of
sp2–sp3 valence-electron hybridization [9]. Each curve
in Fig. 2 reflects a monotonically rising function tend-
ing to saturation. In the low-dose domain, the curves
characterize the polymerization process, while the
high-dose region corresponds to the fullerite transform-
ing to amorphous carbon. It appears significant that
each dependence can be fitted by one exponential,
P(Q) ~ Pmax[1 – exp(–αQ)]. Given the function
describing the state of the modified material, one can
readily determine the rate of its modification (the dose
susceptibility to irradiation) from the derivative of this
function: P'(Q) ~ α exp(–αQ). This is a monoton-
ically falling-off function, which implies a high rate of
structural changes in the initial polymerization stage,
slowing down of this process, and slow changes in the
material in the stage close to the amorphous carbon
phase.

The P(Q) and P'(Q) dependences thus obtained per-
mit a certain conclusion to be made as to the part played
by the hypothetical mechanism of fullerene fragmenta-
tion, which is associated with the formation of a core
hole and its Auger decay. The Auger decay leaves pos-
itively charged carbon atoms close to one another in the
molecule (1.44–7.3 Å). The energy of their Coulomb
interaction may be comparable to the energy required
to detach a C2 fragment. In any case, Coulomb repul-
sion should enhance the efficiency of all other fragmen-
tation mechanisms associated, for instance, with excita-
tion of the electronic system or local heating of the mol-
ecule. However, the fact that the dependences discussed
above have no feature close to and beyond the forma-
tion threshold of a carbon 1s hole (Ei = 287 eV) shows
that the mechanism of Coulomb explosion of the
fullerene in the fullerene condensate plays an insignifi-
cant role. The possibility of approximating both the
P(Q) and P'(Q) relations by one exponential and the
absence of breaks, peaks, and other features attest to
there being one dominant mechanism of fullerite mod-
ification in all its stages. This mechanism, similar to the
decrease in charge on the plates of a discharging capac-
itor, is characterized by an exponential decrease in the
density of the π electrons (the decrease in intensity of
the π-plasmon peak), which are involved in chemical
bond formation between molecules or their fragments,
up to complete destruction of the fullerite [9]. It should
be pointed out that this result is at odds with the conclu-
sion (reached in a study of photostimulated polymer-
ization of fullerite) that structural changes come to an

Pmax*
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
end after the formation of six pairs of chemical bonds
per molecule (in accordance with the number of nearest
neighbors) [8].

The data displayed in Fig. 2 contain information on
the effect of incident electron energy E0 on the rate of
fullerite transformation, which is important for under-
standing the mechanism of the modification. The char-
acteristic modification rate (the exponent α), which is
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Fig. 1. Characteristic electron-energy loss spectra of the C60
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electron irradiation dose.
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the polymerization rate in the earliest stage [P'(Q 
0)], is plotted in an explicit form in Fig. 3. This is a
monotonically rising power-law function α(E0), whose
value increases by more than an order of magnitude
within the incident-electron energy range studied.
These results come, at first glance, as a surprise. The
fact is that the low electron-beam densities used by us
exclude the operation of thermally induced polymeriza-
tion mechanisms. Obviously enough, intermolecular
chemical bonds form after the valence-electron excita-
tion, whose threshold is typically a few electronvolts.
Therefore, one would expect the polymerization rate to
reach a maximum in the region of maximum electron-
excitation cross section (3–5 threshold energies), i.e., at
a few tens of electronvolts. Thus, the polymerization
rate should be a decreasing rather than a rising function
throughout the energy range studied. This discrepancy
between the experimental and the expected relations is
removed if we assume that the valence electrons are
excited primarily by a swarm of truly secondary elec-
trons and of electrons slowed down in multiple scatter-
ing, rather than by the primary particles. Indeed, the
calculated energy dependence of the number of second-
ary electrons (δtot) created by one primary electron in
beryllium, an element close in atomic number to car-
bon, which is reproduced from [12] and presented in
Fig. 3, agrees qualitatively with the experimental α(E0)
relation. The flux density of the retarded electrons (δret)
escaping from the sample also increases with energy.
This flux density was derived as the ratio of the area
under the spectral curve in the region adjoining the
peak of elastically scattered electrons (0.9E0 < Ee < E0)
to the area of this peak. The cross sections of elastic
backscattering are similar for both groups of electrons;
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Fig. 3. Characteristic rate of electron-stimulated modifica-
tion of the C60 fullerite plotted vs. incident electron energy.
PH
therefore, the normalization to the peak of elastically
scattered electrons permits one to exclude the depen-
dence of these cross sections on the energy E0 from
consideration. The flux density of retarded electrons
increases with energy E0 because of the increasing
number of inelastic collisions with the electron system
of the material, each of which is accompanied by a
change in the momentum and in the direction of motion
of the retarding electron. As seen from Fig. 3, a broad-
ening of the range within which the retarded electrons
are integrated (0.7E0 < Ee < E0) does not affect this
dependence substantially, despite the noticeable differ-
ence between the elastic scattering cross sections at the
limits of the range. Thus, our analysis supports the
assumption that fullerite modification is due to a swarm
of secondary electrons rather than to primary ones.
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Abstract—The influence of dimerization of a C60 fullerite subjected to thermobaric treatment on the change in
linear dimensions upon the orientational phase transition is investigated. It is demonstrated that the effects asso-
ciated with the dimerization of fullerites substantially affect the thermal expansion coefficient only for samples
synthesized under the conditions Psyn ≥ 8 GPa and Tsyn ≥ 70°C (where Psyn and Tsyn are the pressure and tem-
perature of the synthesis, respectively). These effects bring about a smearing of the phase transition, a shift of
the transition toward low temperatures, and a decrease in the volume jump. © 2002 MAIK “Nauka/Interperi-
odica”.
1. INTRODUCTION

Fullerite C60 is an allotropic carbon modification
that consists of C60 fullerene molecules bound through
van der Waals forces. Under a standard pressure, the
C60 fullerite can crystallize in two types of crystal lat-
tices, namely, in a face-centered cubic lattice at high
temperatures and in a simple cubic lattice at low tem-
peratures with the phase transition temperature in the
range 230–260 K [1]. The structural change is due to
orientational ordering of fullerite molecules at low tem-
peratures. However, thermobaric treatment makes it
1063-7834/02/4403- $22.00 © 20447
possible to obtain polymerized phases of C60, specifi-
cally, (C60)2 dimers, which are metastable under stan-
dard conditions [2]. The degree of polymerization can
be controlled through appropriate choice of the synthe-
sis conditions (temperature and pressure). In the
present work, we analyze the behavior of thermal
expansion of weakly polymerized fullerite samples in
the vicinity of the orientational phase transition. This
investigation is aimed at gaining information on the
influence of the synthesis conditions on the degree of
polymerization of the fullerite samples and, thus, pro-
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Synthesis pressure and temperature, phase transition parameters [δ(∆d/d) is the change in the elongation per unit length upon
the phase transition], and lattice constants for the fullerite samples under investigation

Sample no. Synthesis
pressure, GPa

Synthesis
temperature, °C Tc, °C δ(∆d/d) Lattice

parameter, Å

1 3 20 –21 0.0029 14.2

2 5 20 –14 0.0026 14.2

3 7 20 –10 0.0025 –

4 8 20 –30 0.0018 13.6

5 5 70 –30 0.0018 13.5

Note: Numbering in the first column corresponds to the numbers of the curves shown in the figure.
vides a way of synthesizing fullerite samples with spec-
ified physical properties.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

A fullerite powder prepared at the Russian Research
Center Kurchatov Institute was used as the initial mate-
rial. Polymerized samples were synthesized at pres-
sures of 3–8 GPa in a Toroid-type chamber. X-ray dif-
fraction analysis of the samples synthesized was carried
out on a DRON-4 diffractometer (CuKα radiation). The
thermal expansion was measured using a capacitance
dilatometer. The basic design of this dilatometer is sim-
ilar to that described in [3]. The elongation per unit
length of the sample was calculated from the tempera-
ture dependence of the measuring capacitance C(T)
according to the formula

Here, αCu(T) is the thermal expansion coefficient of the
material of the measuring cell (in our case, copper), d is
the length of the sample, ∆d is the elongation of the
sample, and r is the radius of the measuring capacitor
plates. Test measurements for the aluminum (99.999)
sample demonstrated that the result of the calculation
performed with this formula using the αCu(T) parameter
taken from [4] coincides with the data available in the
literature [4] to a reasonable accuracy (5%). The tem-
perature variation was accomplished by cooling the
measuring cell in liquid-nitrogen vapors, followed by
controlled heating at a rate of 0.007 K/s.

3. RESULTS AND DISCUSSION

The results of measurements of the relative expan-
sion of fullerites are shown in the figure. It can be seen
that monotonic dependences of the volume jump and the
phase transition temperature on the synthesis pressure

∆d
d

-------
πε0r2 1 αCu T( )+( )2

d
-----------------------------------------------=

× 1
C T( )
------------ 1

C T0 273 K=( )
-------------------------------------– dαCu T( )+ 

  .
P

are observed for the samples synthesized under a pres-
sure in the range 3–7 GPa without heating (curves 1–3).
Note that the change in linear dimensions upon the
phase transition coincides with that obtained earlier [1]
using x-ray diffraction methods. The shift of the phase
transition onset toward higher temperatures with an
increase in the synthesis pressure can be associated
with residual strains in the crystal lattice and the influ-
ence of dimerization on the orientational phase transi-
tion. This tendency (an increase in the critical tempera-
ture with an increase in the pressure) was revealed by
Lundin and Sundquist [5]. A substantial variation in the
behavior of the volume jump due to the phase transition
is observed for the samples synthesized at a pressure of
8 GPa (curve 4) and a temperature of 70°C (curve 5).
Specifically, the volume jump decreases, the phase
transition becomes smeared, and the midpoint of the
transition range shifts to lower temperatures. It seems
likely that the fullerite samples synthesized at these
temperatures and pressures contain a considerable
amount of dimerized molecules (C60)2 and, possibly,
other coupled clusters, such as (C60)3, (C60)4, etc. These
clusters can bring about a disordering of the crystal lat-
tice, which causes a smoothing of the phase transition.
This assumption is confirmed by the results of x-ray
diffraction. In particular, Davydov et al. [2, 6] proved
that the formation of additional covalent bonds in poly-
merized fullerites leads to a decrease in the lattice con-
stant. We also observed this effect for samples 4 and 5
(see table), unlike the samples synthesized at lower
temperatures and pressures, for which the lattice
parameter remains virtually constant.

4. CONCLUSION

The results obtained in this work demonstrated that
changes in the synthesis pressure for fullerites in the
range 3–7 GPa lead to a shift in the temperature of the
orientational phase transition. Moreover, the effects
associated with the dimerization of fullerites consider-
ably affect the behavior of the thermal expansion coef-
ficient for the samples synthesized under the conditions
Psyn ≥ 8 GPa and Tsyn ≥ 70°C.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Abstract—The optical properties of spherical and polyhedral carbon onions were studied in relation to the
strong hump centered at 217.5 nm (4.6 µm–1) in the interstellar-dust extinction curve. The ultraviolet–visible
absorption spectra of onions prepared by thermal annealing of diamond nanoparticles were measured. Theoret-
ical calculations for the spherical and polyhedral carbon onions were also carried out to explain the experimen-
tal spectra. © 2002 MAIK “Nauka/Interperiodica”.
1 The carbon onion is a novel carbon nanoparticle
consisting of concentric curved graphene sheets. The
physical properties of this new member of fullerene-
related materials are very attractive. In particular, the
optical properties of carbon onions are of great interest,
because they are possible components of interstellar
dust: they could contribute to a strong extinction maxi-
mum centered at 217.5 nm (4.6 µm–1) in the ultraviolet–
visible (UV–Vis.) region.

Several theoretical analyses have been reported [1,
2] regarding the UV–Vis. absorption properties of the
onions. Nevertheless, owing mainly to the small quan-
tity of material available for macroscopic experiments,
absorption properties derived from laboratory experi-
ments remain poorly understood [3].

In 1994, Kuznetsov et al. [4] succeeded in preparing
carbon onions in large quantities by annealing diamond
nanoparticles about 5 nm in diameter. Such diamond
nanoparticles would also be synthesized in the external
atmosphere of a star by chemical vapor deposition of
light hydrocarbon molecules; carbon onions are very
likely generated in interstellar space by the transforma-
tion of diamond nanoparticles under an appropriate
heating process [5]. As related to this astrophysical con-
text, laboratory data on the UV–Vis. absorption for car-
bon onions prepared from diamond nanoparticles is
highly desired.

Recently, we prepared spherical and polyhedral car-
bon onions by annealing diamond nanoparticles in vac-
uum and studied them using transmission electron
microscopy (TEM), electron energy-loss spectroscopy,
Raman spectroscopy, and electron spin resonance
(ESR) [6, 7]. In the present communication, we report
the UV–Vis. absorption spectra of these onions. Theo-
retical calculations for spherical and polyhedral carbon

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20450
onions are also carried out to explain the experimental
spectra.

1. EXPERIMENTAL RESULTS

A detailed description of the sample preparation
procedure can be found in [7]. In brief, we prepared
carbon onions by annealing diamond nanoparticles
5 nm in diameter in vacuum. As the annealing temper-
ature increases, the transformation of a diamond nano-
particle into a spherical carbon onion proceeds from the
surface to the center [4]. Our previous TEM examina-
tion [6] revealed that spherical onions 5 nm in diameter
are formed at about 1700°C. At temperatures above
1900°C, further graphitization leads to the formation of
polyhedral carbon onions with facets [7]. In the present
study, diamond nanoparticles were annealed at temper-
atures ranging from 900 to 2100°C. The samples were
ultrasonically dispersed in distilled water (about
0.2 mg/cc) and then put into a synthesized-quartz cell.
UV–Vis. transmission spectra in the wavelength (λ)
range from 0.5 to 0.2 µm were recorded with a double-
beam spectrometer. The transmittance (T) was con-
verted into the extinction (E) using the equation E =
− .

Figure 1 shows UV–Vis. extinction spectra for all
samples. The abscissa is the wavenumber 1/λ. The
extinction is normalized using the expression (E(λ) –
E(λ = 0.55 µm))/(E(λ = 0.44 µm) – E(λ = 0.55 µm)), where E(λ) is the
extinction at the wavelength λ. The extinction for dia-
mond nanoparticles denoted by “nc-D” increases
monotonically as we go to the ultraviolet region. The
increasing magnitude of the extinction continuum can-
not be due to the intrinsic absorption of isolated dia-
mond nanoparticles but is likely caused by the aggrega-
tion of diamond nanoparticles. Further discussion on
the spectrum for initial diamonds is beyond the scope of
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this communication and will be published in a later
paper.

As the annealing temperature increases, the extinc-
tion at higher wavenumbers decreases. In addition, the
sample annealed at 1100°C shows a broad peak at about
3.7 µm–1. At 1700°C, the broad peak is more pro-
nounced and slightly shifted to a higher wavenumber.
Note here that spherical onions were observed by TEM
at this temperature. With a further increase in the
annealing temperature, an additional peak at about
4.6 µm–1 emerges; the spectrum at 2100°C shows two
peaks. The appearance of double peaks is believed to be
due to the formation of polyhedral onions.

2. THEORETICAL CONSIDERATIONS
2.1. Spherical Onions

The broad extinction maximum at 3.8 µm–1

observed for the spectra in the annealing-temperature
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
range from 1100 to 1700°C is due to spherical carbon
onions with a diamond or hollow core. The absorption
spectra for such onions have already been calculated by
Henrard et al. [2]. In their model, the dielectric tensor of
the graphitic multishell (in a spherical coordinate sys-

tem with unit vectors , , and ) can be expressed as

(1)

where εpp(ω) and εpl(ω) are the in-plane and out-of-
plane dielectric functions of graphite, respectively. The
radii of the external graphitic shell and inner core are
denoted by R and r, respectively (see inset to Fig. 2).
The diamond or vacuum core is described by an isotro-
pic dielectric function ε1. For an onion immersed in a
homogeneous medium with a dielectric function εm, the
multipolar polarizability of order l is expressed as

θ φ ρ

ε ω( ) εpp ω( ) θθ φφ+( ) εpl ω( )ρρ,+=
(2)α ω( ) 4πε0R2l 1+ εm εplu– ε1l–( ) εplu+ εml–( ) ρl εplu+ ε1l–( ) εplu– εml–( )–[ ]
lε1 εplu+–( ) εplu– εm l 1+( )+[ ]ρ l lε1 εplu––( ) εplu+ εm l 1+( )+[ ]–

----------------------------------------------------------------------------------------------------------------------------------------------------------------,=
where ρl = (r/  and u± = –0.5 ±
. In the non-retarded limit, the

electric field of an electromagnetic plane wave with fre-
quency ω only induces an electric dipole (l = 1), which
absorbs energy from the wave with the cross section

(3)

Our previous ESR studies for spherical onions [7]
revealed that graphite shells contain a number of
defects, such as dangling bonds. The dielectric function
of such defective graphite shells should be different
from that of bulk graphite. In order to take the effects of
defects into consideration, the dielectric function of
defective graphite shells was assumed to be a combina-
tion of those of bulk graphite (εpp or εpl) and amorphous
carbon (εac). The in-plane ( ) and out-of-plane ( )
dielectric functions of a defective graphite shell are
assumed to be

(4)

where c is the concentration of the graphite component
in the shell. We can calculate the absorption cross sec-
tion of a defective spherical onion from Eq. (2), in
which εpp and εpl  are replaced by  and , respec-
tively. In our calculations, we used the dielectric data
tabulated by Draine and Lee [8] for graphite, by Philipp
and Taft [9] for diamond, and by Michel et al. [10] for
amorphous carbon.

R )
u+ u––

0.25 l l 1+( )εpp/εpl+

σ ω( ) 4πω
c

-----------Im α1 ω( )[ ] .=

εpp' εpl'

εpp' cεpp 1 c–( )εac, εpl' cεpl 1 c–( )εac,+=+=

εpp' εpl'
2

Figure 2 shows the absorption cross section per par-
ticle volume (R3) for several isolated onions. The outer
radius R is 2.5 nm and the inner radius r is 2 (curve a),
1 (b), 0.5 (c), and 0.35 nm (d). The inner core is of dia-
mond for curves a–c and vacuum for curve d. The sur-
rounding medium was assumed to be water (εm =
1.777). The absorption peak due to surface plasmons in
the spherical onion can be seen at about 3.7 µm–1. With
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increasing c and decreasing r, i.e., as the transformation
from a diamond nanoparticle into a defective spherical
onion proceeds, the peak shifts to higher wavenumbers.
This shift qualitatively agrees with the experimental
results. However, the peak of the calculated spectra is
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cores are of diamond for curves a–c and of vacuum for
curve d. The graphite concentration in the shell c is equal to
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PH
located at a higher wavenumber than that of the exper-
imental spectrum. A defective spherical onion without
a diamond core (curve d) shows a peak at 4.3 µm–1,
while the corresponding peak in the experimental spec-
trum (1700°C) is at 3.9 µm–1. The wavenumber misfit
between the calculated and experimental spectra is
thought to be caused by the aggregation effect [1]. The
aggregation of onions by van der Waals forces is likely
to subsist in a water suspension, because the applied
ultrasonic dispersion seems to be insufficient to break
the adhesion between the particles. A detailed theoreti-
cal consideration of aggregated onions is presently
being undertaken by our group.

We also simulated the absorption spectrum of a
defective spherical onion in vacuum (εm = 1). The cal-
culated spectrum (not shown here) shows a peak at
about 4.6 µm–1 and just fits the interstellar-dust extinc-
tion spectrum. This strongly suggests that defective
spherical onions are likely a component of interstellar
dust, which shows an extinction maximum centered at
4.6 µm–1.

2.2. Polyhedral Onions

The appearance of two absorption peaks above
1900°C is apparently attributed to the formation of
polyhedral carbon onions with facets. We assume that a
polyhedral onion is composed of planar graphite
nanocrystals and that a nanocrystal can be treated as an
anisotropic graphite ellipsoid. Polyhedral onions dis-
persed in water are thus modeled as a system consisting
of anisotropic graphite ellipsoids randomly oriented in
water. We discuss the optical properties of the system in
the framework of the average dielectric function of
anisotropic ellipsoids calculated by Hayashi et al. [11].
For an ellipsoidal particle, the ξ, η, and ζ axes are set as
shown in the inset to Fig. 3. The dielectric functions
along these axes are denoted by εξ, εη, and εζ, respec-
tively. By introducing the depolarization factor Lj ( j =
ξ, η, ζ) along the j axis and the filling factor f, the aver-
age dielectric function can be written as

(5)

where

(6)

(7)

(8)

Here, the absorption coefficient is directly given by

(9)

εav 1
3 1 f–( ) εm 1–( ) f ε̃ξ ε̃η ε̃ζ+ +( )+
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ε̂ j 1 L j

ε j

εm

----- 1– 
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, j ξ η ζ ,, ,= =

L j
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α 2ω
c
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In the present study, the ξ axis of the ellipsoid is set
parallel to the graphite c axis. Therefore, εξ corresponds
to εpl, while εη and εζ correspond to εpp. For the depo-
larization factors of an ellipsoid of revolution, we have
Lξ = Lη and 2Lξ + Lζ = 1. Figure 3 shows the calculated
absorption coefficient for a graphite ellipsoid in water.
Lζ is 0.1, Lη and Lξ are 0.45, and f  is 0.3. The graphite
ellipsoids that we consider here successfully reproduce
an absorption spectrum with two peaks. These two
absorption peaks at approximately 4.0 and 4.6 µm–1 are
associated with surface plasmons along the η and ζ
axes of the ellipsoid.

We have studied the optical properties of spherical
and polyhedral carbon onions in relation to interstellar
dust particles. The laboratory absorption spectroscopy
indicated that spherical onions in water show a broad
extinction peak at approximately 3.8 µm–1. The theoret-
ical calculation suggested that the peak is due to surface
plasmons in defective spherical onions. Furthermore,
the calculated spectrum for the defective onion in vac-
uum can reproduce the interstellar-dust extinction spec-
trum. This suggests that the defective spherical onion is
a strong candidate for interstellar dust, which shows an
extinction maximum centered at 4.6 µm–1. Experimen-
tal spectra for polyhedral onions showed two extinction
peaks at 3.9 and 4.6 µm–1. By approximating a facet of
the polyhedral onion as a graphite ellipsoid and using
the average dielectric function, we succeeded in repro-
ducing the absorption spectrum with double peaks.
Both peaks originate from surface plasmons in the facet
part of the polyhedral onion.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
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Abstract—Fullerene compounds have phonon frequencies up to ωmax = 0.2 eV and a Fermi energy of the order
EF = 0.3 eV. It is, therefore, expected that the adiabatic parameter λωph/EF (where λ is the electron–phonon cou-
pling constant and ωph is a typical phonon frequency) is not a priori negligible and the conventional theory of
phonon-mediated superconductivity is inapplicable in this case. Here, we discuss how the conventional theory
is inconsistent with a number of experimental data and provide a generalization of the theory in order to include
nonadiabatic electron–phonon effects. We show that the inclusion of nonadiabatic channels in the electron–
phonon interaction is a key element for the high values of Tc in these materials. We make several predictions
regarding the superconducting and normal-state properties of fullerene compounds that can be tested experi-
mentally. © 2002 MAIK “Nauka/Interperiodica”.
1 It is certainly due to their apparently ordinary phe-
nomenology that the superconductivity in C60 materials
has often been assumed to be consistently described by
the conventional Migdal–Eliashberg (ME) theory of
phonon-mediated superconductivity [1, 2]. In favor of
this point of view, we can enlist several features, such
as the Fermi liquidlike normal-state properties, order
parameter of s-wave symmetry, sizeable carbon isotope
effect, etc. [3]. However, despite these reassuring prop-
erties, fullerene-based superconductors also display
less ordinary features, making the ME picture problem-
atic. In fact, like the high-Tc copper oxides, C60 com-
pounds have extremely low charge carrier density [4],
have a significant electron correlation, and are close to
a metal–insulator transition, showing a strong depen-
dence of Tc upon doping and disorder [3, 5]. Within the
framework of the ordinary ME theory, all these features
tend to degrade superconductivity.

The recent discovery of superconductivity at Tc = 52 K
in hole-doped C60 [6] raises even more doubts as to the
validity of the ME picture. In fact, Tc = 52 K is the high-
est critical temperature among non-cuprate supercon-
ductors (it also exceeds Tc = 39 K of the recently dis-
covered MgB2 superconductivity [7]) and it is difficult
to understand why C60 should represent the best opti-
mized ME material and, at the same time, display prop-
erties which degrade ME superconductivity.

In addition to the above conceptual difficulties, there
are actually several hints opposing the ME scenario;
this is disseminated in both experimental and theoreti-
cal published works on fullerides. Let us consider, for
example, what is known on the relevant energy scales
involved in the electron–phonon interaction. The C60

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20454
molecule has a rather wide range of phonon modes of
energy extending from ωmin = 400 K to ωmax = 2300 K.
The relevant bandwidth for both electron- and hole-
doped materials is W = 0.5 eV = 5800 K; therefore, for
the A3C60 half-filled compounds, the Fermi energy is
EF = 0.25 eV = 2900 K [3]. The value of EF for the opti-
mum hole doping (Tc = 52 K) is even lower. Note that
these are very small values compared to those of con-
ventional superconductors, for which EF is of several
electronvolts. A great effort has been devoted in the past
to the calculation of the electron–phonon interaction in
C60 materials. In Fig. 1, we summarize several pub-
lished results on A3C60 compounds obtained using dif-

ferent calculation schemes [8]. In the figure, V = 

is the total interaction arising from the coupling of the
eight Hg C60 phonons to the t1u electrons and ωph =

, where ωi is the frequency associated with

the ith phonon mode. Figure 1 is quite illuminating
since, although the discrepancies in the value of V
among the different calculations are rather important,
all these calculations agree in estimating the ratio
ωph/EF to be larger than 0.4. This result is in contradic-
tion with the adiabatic hypothesis on which the entire
ME framework rests. The ME equations of supercon-
ductivity are, in fact, defined only in the adiabatic limit
ωph/EF  0, in which all the additional nonadiabatic
vertex corrections can be neglected in virtue of
Migdal’s theorem [1].

The analysis of the energy scales and the data of
Fig. 1 represent the first evidence of the inadequacy of
the ME theory of superconductivity in fullerides.
Another important indication stems from an analysis of
the experimental data of Rb3C60 (Tc = 30 K), for which
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a very accurate measurement of the carbon isotope
coefficient αC = –dln(Tc)/dln(M), where M is the isoto-
pic carbon mass, became available only recently [9]. In
fact, the measured value αC = 0.21 ± 0.012 is suffi-
ciently accurate to permit one to test the consistency of
the ME theory by estimating the values of the electron–
phonon coupling λ, of the phonon frequency ωph, and of
the Coulomb pseudopotential µ* that correspond to the
experimental values of Tc and αC for Rb3C60. To this
end, we considered different models for the electron–
phonon spectral function α2F(ω) and numerically
solved the ME equations by inserting the values of λ,
ωph, and µ* that reproduce the experimental data Tc =
30 K and αC = 0.21. In Fig. 2, we show the results (filled
squares) obtained by employing an Einstein phonon
spectrum α2F(ω) = (λωph/2)δ(ω – ωph). The main point
of Fig. 2 is that the calculated ωph (lower panel)
depends strongly on the electron–phonon coupling con-
stant λ. Large values of λ, Tc = 30 K, and αC = 0.21 are
reproduced only for quite small phonon frequencies,
while decreasing λ quickly enhances ωph. The C60
phonon spectrum is, however, limited by a maximum
phonon frequency of ~2300 K [3, 8], so that λ cannot
be less than about 1.25. By using different shapes of the
function α2F(ω) and of the frequency cutoff in µ*, we
can lower the minimum allowed value of λ to about
λmin ≈ 1.0. Note that the obtained values of the Cou-
lomb pseudopotential µ* (Fig. 2, upper panel, filled
squares) are always quite large compared to the stan-
dard value µ* ≈ 0.1 [10].

According to the ME analysis, Rb3C60 is, therefore,
an intermediate- or strong-coupling superconductor.
Let us now address the question of whether this conclu-
sion is consistent or not with the ME framework [1, 2,
10]. As pointed out before, the assumption at the basis
of the ME framework is Migdal’s theorem, which states
that, as long as the phonons have a much slower dynam-
ics than that of the electrons, the nonadiabatic interfer-
ence effects (vertex corrections) can be neglected [1].
We can test whether the data of Fig. 2 are consistent
with Migdal’s theorem by making an order-of-mag-
nitude estimate of the first nonadiabatic electron–
phonon vertex correction P. According to Migdal [1],
P is given by

(1)

Conventional superconductors, such as Pb and Al,
have Fermi energies of the order of EF ~ 5 to 10 eV,
phonon frequencies usually not exceeding ~50 meV,
and λ less than about 1–1.5 [10]. Hence, for conven-
tional materials, P ! 1, the vertex corrections are neg-
ligibly small and the ME framework is well founded.
To estimate the value of P in Rb3C60, we insert the value
of λ and ωph resulting from our solution of the ME
equations into Eq. (1). We obtain that, for any couple of
values of λ and ωph from Fig. 2 (lower panel, filled

P λ
ωph

EF

--------.=
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squares), the Migdal parameter P is always larger than
~0.4. This result is remarkably robust, and different
shapes of the function α2F(ω) that eventually include
contributions from the lowest intermolecular phonon
modes always lead to P > ~0.4. We conclude, therefore,
that the conventional phonon-mediated superconduc-
tivity is not a self-consistent picture of Rb3C60 since the
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Fig. 1. Adiabatic parameter ωph/EF versus electron–phonon
pairing interaction V as extracted from various calculations
of the intramolecular electron–phonon pairing in fullerides
[8]. V is related to the electron–phonon coupling constant λ
via V = λ/N0, where N0 is the density of states at the Fermi
level. The Fermi energy is set equal to EF = 0.25 ± 0.05 eV
[13].
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values of λ and ωph needed to fit Tc = 30 K and αC = 0.21
strongly violate Migdal’s theorem [11].

The results of Figs. 1 and 2 imply that the descrip-
tion of superconductivity in C60 materials should be for-
mulated beyond the ME theory. In particular, the low
value of EF suggests that the adiabatic hypothesis and
Migdal’s theorem should be abandoned from the start
and that a consistent theory should be formulated by
allowing ωph/EF to have large values. In this perspec-
tive, in the past years, we constructed a theory of nona-
diabatic superconductivity by explicitly including the
vertex and other diagrammatic terms arising in the non-
adiabatic regime [12, 13]. A primary role is played by
the vertex diagrams, which have been shown to
strongly depend on the exchanged phonon momentum
and frequency q and ω, respectively [13]. The momen-
tum and frequency dependences of the vertex diagrams
are quite complex, and it is hard, in principle, to deter-
mine in which way these nonadiabatic terms affect the
superconducting properties, in particular, if they favor
or disfavor the onset of superconductivity. In this
regard, the microscopic characteristics of real materials
are important. In particular, the strong degree of elec-
tronic correlation in fullerenes has been shown to have
an important and positive effect in the nonadiabatic
regime by favoring small q scattering [14], the case
where vertex corrections mainly enhance the supercon-
ducting pairing [12, 13]. In this context, the electron–
phonon coupling λ no longer characterizes the strength
of superconducting pairing, whereas the opening of
new nonadiabatic channels of pairing appears to be the
driving element of large critical temperatures. In simple
words, this means that a moderate coupling λ, which, in
P

the context of the conventional adiabatic ME theory, is
expected to yield no or low-temperature superconduc-
tivity, can actually account for large values of Tc in the
new framework based on the nonadiabatic theory of
superconductivity.

To illustrate this point, let us reconsider Rb3C60 in
the broader framework of nonadiabatic superconduc-
tivity. The open triangles in Fig. 2 are λ and µ* values
generated by numerical solutions of the nonadiabatic
equations constrained to fit the experimental values
Tc = 30 K and αC = 0.21 [11]. In order to model the
strong correlation, we used an upper cutoff qc = 0.2kF

for the momentum transfer of the electron–phonon
scattering (kF is the Fermi momentum). The first
remarkable difference between the ME theory (filled
squares) and the nonadiabatic solutions (open triangles)
is that much lower (and more realistic) values of λ are
now needed to reproduce the experimental data. In non-
adiabatic superconductivity, high values of the critical
temperature arise from conventional values of λ (λ < 1)
embedded in the new theory, rather than from
extremely large values of λ (λ > 1) predicted by the
conventional theory. It is also certainly worth stressing
that the nonadiabatic solutions of Fig. 2 lead to values
of P that are always less than ~0.25 [11]. This is per-
fectly compatible with the perturbative approach used,
which disregards all nonadiabatic irreducible vertex
diagrams of order P2 and higher order terms.

At this point, it is significant to make a comparison
between fullerides and intercalated graphite com-
pounds (GICs), for which quite low values of Tc are
observed (for example, Tc = 0.2 K for K8C). Supercon-
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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ductivity in GICs is explained by the weak-to-moderate
(~0.3) coupling to carbon-phonon modes of energies
close to those in C60. Within the ME framework, some
current theories claim that the enhancement of Tc as one
goes from GICs to fullerides arises from an amplifica-
tion of λ (from ~0.3 to ~1 or more) due to the finite cur-
vature of the C60 molecule [15]. In the nonadiabatic
model, instead, the most important difference between
GICs and fullerides is the value of EF. In the former
compounds, in fact, EF is of several electronvolts and
Migdal’s theorem holds true. Hence, in these terms, the
increase in Tc as one goes from GICs to fullerides stems
mainly from the opening of electron–phonon nonadia-
batic channels rather than from a ~300% enhancement
of λ.

The interpretation of superconductivity in C60-based
materials in terms of the nonadiabatic scenario can be
sustained by the observation of clear additional finger-
prints of such a nonadiabatic regime. In order to gain
robustness, such fingerprints should be sought among
those physical quantities for which some well-estab-
lished properties in the ME regime are qualitatively
modified in the nonadiabatic one. Let us consider, for
example, the charge carrier mass m* renormalized by
electron–phonon interaction. In the ME regime, we
have m* = (1 + λ)m, where m is the bare mass. A strong
prediction of the ME theory is that, since λ is indepen-
dent of the ion mass M, no isotope effect is expected for
m*. Within the nonadiabatic model, the situation is
completely different. Now, the electron self-energy is
modified by the nonadiabatic vertex correction, so that
m* acquires an additional ωph/EF ∝  1/M1/2 dependence,
leading to a nonzero isotope effect on m*. We found
that, in general, the m* isotope coefficient, αm* =
−dln(m*)/dln(M), is negative and that, for example,
αm* ~ –0.2 for ωph/EF = 0.4 and λ = 1 [16]. The experi-
mental observation of nonzero values of αm* in ful-
lerides would certainly imply a breakdown of the ME
theory and strongly support the nonadiabatic picture.

Another measurable quantity which could unveil
signatures of nonadiabaticity is the normal-state Pauli
susceptibility χ. As pointed out by Fay and Appel [17],
the lowest order electron–phonon correction to χ is a
vertex diagram; thereby, the renormalization of the
Pauli susceptibility is of the order P = λωph/EF. In the
adiabatic regime, therefore, χ is expected to be unaf-
fected by the electron–phonon interaction. Conversely,
when P is no longer negligible, χ becomes dependent
on λ and ωph, which can be detected using suitable
experiments. We calculated the nonadiabatic effects on
the Pauli susceptibility for different stages of perturba-
tion theory in P; the results are shown in Fig. 3 [18]. In
the figure, the dashed lines refer to a simple ladder ver-
tex correction, while the solid lines are results obtained
including the second-order nonadiabatic terms for dif-
ferent values of the momentum cutoff Qc = qc/2kF. For
P  0, both approximation schemes lead to the ME
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
result χ = χ0 = 2 , where µB is the Bohr magneton
and N0 is the density of states at the Fermi level. The
first main result (Fig. 3a) is that, in the nonadiabatic
regime (P ≠ 0), χ is significantly reduced with respect
to the adiabatic limit χ0. Hence, χ is no longer simply
proportional to N0. This means that disregarding the
electron–phonon coupling would lead to a substantial
underestimation of the bare density of states as deter-
mined from spin susceptibility measurements as long
as the system is in the nonadiabatic regime. A more
striking consequence of the nonadiabatic effects on χ is
that the Pauli susceptibility now becomes ion-mass
dependent, which is reflected in its nonzero (negative)
isotope coefficient αχ = −dln(χ)/dln(M) (Fig. 3b). The
observation of such an isotope effect, absent in the ME
regime, represents a stringent test of the nonadiabatic
hypothesis.

A further interesting qualitative difference between
the ME and the nonadiabatic regimes is in the response
of the superconducting state to disorder and nonmag-
netic impurities. Within the adiabatic regime, isotropic
s-wave superconductors are stable to the presence of
weak disorder. In particular, Tc is nearly independent of
the extent of disorder. This situation changes when we
consider nonadiabatic superconductors [19]. In fact, the
vertex corrections are quite sensitive to the extent of
disorder, with the consequence that the effective non-
adiabatic pairing is reduced. Therefore, for an s-wave
superconductor in the nonadiabatic regime, disorder
would reduce Tc, contrary to the expectations of the ME
theory [19]. It is remarkable that a Tc reduction under
ion irradiation has been recently reported for K3C60 [5].

In summary, we have shown how the breakdown of
Migdal’s theorem and the opening of nonadiabatic
channels identify the fulleride superconductors as non-
conventional materials. The physics of such systems is
largely governed by nonadiabatic interference effects,
which are reflected in the anomalous behavior of
observable quantities such as m*, χ, and Tc. We believe
that experiments in this direction are of great impor-
tance.

As a concluding remark, we think it interesting to
add some considerations of the newly discovered
superconductivity at Tc = 39 K in MgB2 [7]. This mate-
rial has a structure similar to that of GICs, with the
boron atoms forming layers of two-dimensional honey-
comb lattices. However, contrary to the GICs, the
Fermi level crosses the in-plane σ bands, leading to a
markedly two-dimensional character of the electronic
properties. Moreover, the charge transfer of the interca-
lated Mg atoms is such that the σ bands are slightly
doped with holes and the distance of the Fermi level
crossing from the top of the band is only about 0.5 eV
[20]. This feature, together with the high phonon fre-
quency ωph of the boron atoms (up to 0.1 eV), indicates
that MgB2 could be in the nonadiabatic regime of the
electron–phonon interaction. An additional interesting

µB
2 N0
2
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point is that MgB2 is far away from half-filling; in this
case, it has been shown that the vertex corrections are,
for the most part, positive, leading to enhanced pairing
even in the absence of strong electron correlations [21].
Further analysis of the relevance of this hypothesis is
currently under development.
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Abstract—A two-band electron–phonon model for superconductivity in graphite intercalation compounds is
developed. A new mechanism for the relaxation times due to interband scattering of intraband pairs is proposed
for a superconductor with a two-component order parameter. Two distinct relaxation times τ1 and τ2 of the order
parameters are predicted for C6K and C8K. © 2002 MAIK “Nauka/Interperiodica”.
1 Intercalation under high pressure, up to 50 kbar, has
been used to synthesize alkali-metal graphite intercala-
tion compounds (GICs), such as C6K, C3K, C4Na,
C3Na, C2Na, and C2Li, with a relatively high metal con-
centration. It has been established that Tc increases with
the metal concentration and reaches 5 K for C2Na. In
order to explain the superconductivity in alkali-metal
GICs, it is important to take into account the nature of
the electronic bands in these compounds. An alkali
metal in GICs acts as a donor; hence there is a charge
transfer from the intercalate layer to the host carbon
layers, resulting in partially filled overlapping interca-
late s band and graphite π bands. The fractional part of
this electron transfer per intercalant atom, f, plays an
important role in the electronic properties of GICs.

A few years ago, Jishi [1] proposed a two-band
model for superconductivity in C8K to explain the
experimental data available at that time. It was shown
that superconductivity is caused by electron–phonon
interaction between the s band and π band. In this
report, we further develop the interband electron–
phonon model of superconductivity [2, 3]. The super-
conducting transition temperature is 

(1)

where ρs and ρπ are the densities of states at the Fermi
surface for the s band and π band, respectively, ωD is the
Debye frequency, and W is the effective interband elec-
tron–phonon interaction. In the case where the values
of f  for C4Na, C3Na, and C2Na are equal to 0.615, 0.60,

and 0.54, respectively (in C8K, f ≈ 0.6), ρ =  will
have the values 1.067G and 1.16G for C3Na and C2Na,
respectively (G is the effective density of states at EF for
C4Na). Choosing the Debye temperature ΘD ≈ 300 K

1 This article was submitted by the authors in English.
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and using the experimental value of Tc = 2.8 K for
C4Na, we obtain |W |G ≈ 0.208. Supposing that the val-
ues of |W | are the same for CxNa (x = 2, 3, 4), the tran-
sition temperature Tc is found to be 5.4 K for C2Na and
3.7 K for C3Na, which is in good agreement with the
experimental values of 5, 3.5, and 2.8 K found for
C2Na, C3Na, and C4Na.

We also derived time-dependent Ginzburg–Landau
(GL) equations and calculated the relaxation times τ1
and τ2 for the order parameters (gaps):

(2)

(3)

(4)
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rs, π and Rs, π are the linearization coefficients of the GL
equations in the two-band model [2], the quantities lσ
(σ = s, π) are the electron mean free paths, vσF and pσF
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Temperature dependences of the relaxation times: τ1, C8K,

k = 0 (solid line); τ1, C8K, k = 1 × 10–10 m–1 (dashed line);
τ2, C8K, k = 0 (dashed–dotted line); τ2, C8K, k = 1 ×
10−10 m–1 (dotted line); τ1 × 10–2, C6K, k = 0 (open circles);

τ1, C6K, k = 1 × 10–10 m–1 (solid triangles); τ2, C6K, k = 0

(solid squares); and τ2 × 10–1, C6K, k = 1 × 10–10 m–1 (solid
circles).
P

are the Fermi velocities and momenta, k is the wave
vector in the spatially inhomogeneous case (involved in
the gradient term of the GL equation), and ζ(3) = 1.202.
The quantity χσ0 takes into account the intraband impu-
rity s-wave scattering of electrons. We obtain the fol-
lowing values of parameters for C8K: Tc = 0.134 K, ls =
400 Å, lπ = 5030 Å, ξs0 = 4.6 × 104 Å, ξπ0 = 8 × 104 Å,
ms = 1.615m0, and mπ = 0.25m0. For C6K, we obtain Tc =
1.5 K, ls = 340 Å, lπ = 560 Å, ξs0 = 4000 Å, ξπ0 = 7000 Å,
ms = m0, and mπ = 0.25m0. The calculated relaxation
times τ1 and τ2 for C8K and C6K are given in the figure.
As can be seen from the figure, the relaxation time τ2 as
a function of the temperature t = T/Tc does not show a
critical behavior, just as is the case for cuprates (for
K3C60 and Rb3C60, see [4]).
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Abstract—The fundamentals of the method for estimating the fullerene-binding power of polymer macromol-
ecules and supramolecular formations are developed for fullerene C60. Polymers with covalently attached
anthracene groups (one group per macromolecule) whose luminescence decreases in the presence of fullerene
in solution in direct proportion to the stability of the fullerene–polymer complex are used. The effect of the
anthracene mark on the fullerene-binding power of a luminescent-marked polymer is taken into account or dis-
carded on the basis of an analysis of the interaction between fullerene and low-molecular models of luminescent
marks. © 2002 MAIK “Nauka/Interperiodica”.
1. The interaction of fullerene with a polymer and
the duration of fullerene–polymer intermolecular con-
tacts may play a significant role in the modification of
properties of polymer systems through the addition of
fullerene C60. The conditions determining the duration
of fullerene–polymer contacts were studied using poly-
mers with covalently attached emitting oscillators that
can transfer electron excitation energy to the fullerene.
The electron excitation energy transfer takes place for a
certain mutual arrangement of interacting molecules,
which is achieved when the duration of contact between
molecules is sufficient for matching. For an oscillator
covalently attached to a polymer, the duration of its
contact with fullerene is determined by the interaction
of the carrier polymer with fullerene. For example,
information on the interaction between fullerene and
the carrier polymer can be obtained from the change in
the luminescence intensity of an emitting covalently
attached oscillator in the presence of fullerene.

The solution of the problem formulated above
required the development of methods for synthesizing
polymers and polymer systems with a covalently
attached emitting oscillator of the same chemical struc-
ture. For this purpose, oscillators of anthracene groups
in anthracene-containing polymers (one mark per 700–
1000 links) and in low-molecular anthracene-contain-
ing models of luminescent marks were used as emitting
oscillators [1].

2. We studied the ability of fullerene to quench the
luminescence of anthracene-containing molecules
(low-molecular models or marked polymers) in solu-
tion. The luminescence intensity of the solution under
investigation was measured on an LS-100 lumines-
cence spectrophotometer (PTI, Canada) at a wave-
length of 440 nm with an excitation wavelength of
365 nm. The fullerene concentration cful was varied
from 0 to 0.02 mg/ml and the concentration of the
marked polymer was 1 mg/ml. As the fullerene concen-
1063-7834/02/4403- $22.00 © 20461
tration in the solution increased, the intensity of excit-
ing light (365 nm) decreased due to its absorption by
fullerene, which was determined from the change in the
optical density of the solution.

We analyzed the dependence of I red/I0 on the
fullerene concentration cful in the solution (I0 is the
luminescence intensity of the solution in the absence of
fullerene and I red is the luminescence intensity of the
solution in the presence of fullerene, which was deter-
mined taking into account the effect of fullerene on the
optical density of the solution) for all the studied solu-
tions of low-molecular luminescent models of marks
and marked polymers. We determined the lumines-
cence quenching parameters χlm = (1 – I red/I0)lm × 100
for low-molecular models of marks and χpol = (1 –

0
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Dependence of I red/I0 on cful in a DMFA solution contain-
ing the following polymers: (1) PMMA, (2) PMMA in a ste-
reopolycomplex, (3) poly(N-vinylpyrrolidone), and (4)
poly(N-vinyl caprolactam).
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I red/I0)pol × 100 for marked polymers with cful =
0.02 mg/ml, as well as the polymer contribution ∆χpol =
χpol – χlm. The value of ∆χpol characterizes the increase
in quenching efficiency associated with the interaction
of the fullerene and the anthracene group of the poly-
mer carrier chain.

We used solvents such as toluene, dimethylforma-
mide (DMFA), and toluene–octane and toluene–meth-
anol mixtures.

3. The dependences of I red/I0 on the fullerene con-
centration cful in a solution for luminescent-marked
polymers (curves 1, 3, 4) and a stereopolycomplex
(curve 2) are presented in the figure. These curves are
used for determining the parameter ∆χpol characterizing
the interaction of C60 with the polymer carrier chain of
the anthracene group for all polymers and polymer sys-
tems under investigation.

An analysis of the values of ∆χpol presented in the
table for poly(methyl methacrylate) (PMMA) shows an

Parameter ∆χpol characterizing the interaction of C60 with
PMMA in various solvents and with polymers having a varying
chemical structure in DMFA for cful = 0.02 mg/ml

Polymer ∆χpol Solvent

Poly(methyl methacrylate) 4 Toluene

37 Toluene–octane (17%)

4 DMFA

Poly(methyl methacrylate)
(78% syndiotriad)

8 DMFA

Poly(methyl methacrylate)
(97% isotriad)

2 DMFA

Poly(styrene) 20 DMFA

Poly(N-methacryloyl-
orthoaminobenzoic acid)

19 DMFA

Poly(n-phenoxyphenyl 
methacrylamide)

49 DMFA

Poly(N-vinylpyrrolidone) 15 DMFA

Poly(N-vinyl caprolactam) 33 DMFA
P

increase in the value of ∆χpol upon a transition from tol-
uene (thermodynamically good solvent) to a mixture of
toluene with 17% octane (thermodynamically poor sol-
vent).

It follows from the data contained in the table that
polymers with aromatic rings [such as poly(n-phenox-
yphenyl methacrylamide), poly(styrene), and poly(N-
methacryloyl-aminobenzoic acid)] bind C60 better than
polymers without aromatic groups (PMMA). The
results obtained for poly(N-vinyl amide) in DMFA
indicate a higher fullerene-binding power for poly(N-
vinyl caprolactam) as compared to poly(N-vinylpyr-
rolidone).

The results obtained for the fullerene-binding power
of polymer chains in interpolymer complexes and ste-
reopolycomplexes proved interesting. It turned out that,
for all polymers included in a supramolecular com-
pound, the values of ∆χpol increase for every component
constituting a polycomplex. The component of the
polycomplex under investigation was singled out by a
luminescent mark. For example, the value of ∆χpol for
poly(methacrylic acid) included in the interpolymer
complex in DMFA increases from 14 to 24, while the
value of ∆χpol for isotactic PMMA included into the ste-
reopolycomplex with syndiotactic PMMA changes
from 4 to 42. The increase in the value of ∆χpol in poly-
complexes indicates the role played by double-stranded
formations in the increase in the number of contacts
between polymer chains and fullerene.

Thus, new data indicating methods and ways of
increasing the fullerene-binding power of polymers
have been obtained on the basis of the method proposed
in this communication.
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Abstract—The detailed inclusion crystallography of a one-dimensional valentinite Sb2O3 crystal incorporated
within a helical (21, –8) single-walled carbon nanotube (SWNT) was identified from a phase image that was
recovered via a modified object wave restoration scheme. A detailed analysis of asymmetric fringe contrast in
the tube walls provided strong evidence for the chiral sense of the tube itself. Due to the good agreement of the
observed wall periodicity with the determined absolute focus values and power spectra obtained from single-
pixel line traces along both tube walls, we were able to determine the chiral sense of the SWNT and the tilt
angle of the Sb2O3/SWNT composite relative to the electron beam. The angle between the optimum 〈10 〉  view-

ing direction of the crystal fraction and the tube axis, which is aligned with the 〈4 2〉  direction of the Sb2O3
crystal, is 78.3°. Since small deviations from this viewing direction make an insignificant difference to the
observed contrast, a tube inclination of 15° is plausible for both the Sb2O3 crystal and the assigned (21, –8)
SWNT, which is the mirror image of a (13, 8) SWNT. © 2002 MAIK “Nauka/Interperiodica”.

1

1

1 A modified object wave restoration scheme was
used to recover the phase image of an Sb2O3 valentinite
nanocrystal encapsulated within a single-walled carbon
nanotube (SWNT) [1]. Within the nanocrystal, the
atomic thickness in the projection of individual anti-
mony columns was determined and a substantial lattice
contraction of the crystal along the tube axis was
observed. For the first time, a detailed analysis of asym-
metric fringe contrast in tube walls has provided strong
evidence for the chiral conformation of the nanotube
itself.

SWNTs were produced using a metal catalyzed arc
synthesis similar to the method previously reported in
[2] and filled using Puratonic Sb2O3 (ALFA, 99.999%)
according to the capillary technique described in [3].
The product mixture was ground, dispersed in Analar
pentane, placed onto a holey carbon support film, and
examined at 300 kV in a JEOL JEM-300F field emis-
sion gun transmission electron microscope (FEGTEM).
The chemical identity of the filling material was con-
firmed using an energy dispersive x-ray microanalysis
system (LINK “ISIS”). High-resolution transition elec-
tron microscopy simulations, giving the complex wave
function of the previously modeled objects, were per-
formed using a standard multislice algorithm [4, 5] uti-
lizing a code provided by Kirkland [6]. Atomic coordi-
nates for (n, m) nanotubes were generated by mapping

1 This article was submitted by the authors in English.
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the strip {r |0 ≤ r · Ch < |Ch |2} of a planar hexagonal
graphene lattice (with a carbon–carbon distance dC–C =
1.44 nm and lattice vectors a1, a2) onto a cylinder sur-
face (Fig. 1). The integers (n, m) with n > 0 and –n/2 <
m ≤ n [7] uniquely define the structure of the nanotube
via the chiral vector Ch = na1 + ma2 [8]. The special
cases (n, 0) and (n, m) represent the nonchiral zigzag
and armchair configurations, respectively, while all
other (n, m) nanotubes are chiral, with (n + m, –m)
being the mirror image of (n, m).

The coordinates for the encapsulated Sb2O3 crystal
were initially determined from a crystal fragment gen-
erated from the published valentinite structure of Sb2O3
[9].

Figure 1 illustrates the relationship between the
observed wall periodicity, nanotube conformation, and
tilt angle β for structure models and corresponding sim-
ulations of SWNTs with diameters close to that of the
imaged SWNT 1.45 nm in diameter, i.e., for a (10, 10)
armchair SWNT (Fig. 1a), an (18, 0) zigzag SWNT
(Fig. 1b), and a chiral (21, –8) SWNT (Fig. 1c).

The illustration shows that the center-to-center
spacings will not be resolvable in the armchair case, as
the carbon separation is only 0.125 nm in projection
and this distance will be reduced further as the tubule is
tilted with respect to the image plane, causing the car-
bon atoms to stagger in projection. In the case of an
untilted zigzag tubule (Fig. 1b), both carbon walls are
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Schematic illustration of the observable resolution of SWNT walls, depending on the their classification and the tilt angle β.
The visible appearance of carbon–carbon spacings in the walls of a (10, 10) armchair, an (18, 0) zigzag, and a (21, –8) chiral tube
are explained, respectively. The middle column shows the unrolled honeycomb lattice of a nanotube, illustrating the chiral vector
Ch and the translation vector T, which define the rolling of the graphene sheet to give a nanotube of a specific classification and
diameter (T[(10, 10)] = (1, –1), T[(18, 0)] = (1, –2), T[(21, –8)] = (5, –34)). a1 and a2 are the unit vectors. The rectangle bounded
by the thin dashed lines and the chiral vector marks the unit cell (note: the unit cell of the (21, –8) SWNT is only partially displayed).
The columns adjacent to the illustrated graphene sheet display modeled fractions of the SWNTs parallel to the image plane (i.e., tilt
angle β = 0°; left column) and tilted by β = 15° out of the image plane (right column). The two outer columns show simulated phase
images of the displayed models.

T

clearly visible as they have a separation of 0.216 nm in
projection (Fig. 1b, left panel). As the tubule is tilted,
the simulated wall spacings smear as the carbon zig-
zags start to stagger in projection. For both nonchiral
tubules, the contrast will still be equal on both walls as
the tube is tilted. A chiral tube (e.g., Fig. 1c), however,
will display a resolvable contrast on one tube wall if the
difference δ = |α ± β| is small, where α = ∠ (Ch, a1) =

arctan( m/(2n + m)) is the chiral angle and the angle
β is the tilt angle between the tube axis and the image
plane. β is defined as positive if the top end of the tube
is above the plane, as for this specimen.

Figure 2a shows the restored phase image of a
1.45-nm-diameter SWNT containing an encapsulated
single crystal of Sb2O3, for each of which an individual
absolute defocus level was determined independently.
Recombination of the absolute defocus levels along the
tube revealed that the imaged composite is inclined by
a tilt angle of β = 17° ± 5° with respect to the image
plane, with the top end of the tube being higher in the
beam path.

3

PH
The phase image in Fig. 2a displays a periodic lat-
tice spacing of 0.224 ± 0.04 nm along the right wall of
the SWNT, whereas the contrast variations on the left
wall are effectively random. The observed periodic
spacing on the right wall corresponds to the center-to-
center spacing (1.5dC–C = 0.216 nm) between neighbor-
ing zigzag rows of carbon atoms in the SWNT wall lat-
tice when viewed in projection. This indicates that the
imaged tube is chiral with a negative chiral angle α and,
hence, a negative integer m. As the number of atoms in
projection on the tube wall is small, a strong contrast
will be visible for values of δ of up to 10° and the
observed spacing will be given by 1.5dC–Ccosβ/cosα,
as we can see for the modeled (21, –8) SWNT in
Fig. 1c.

The phase image and corresponding line profiles in

Fig. 2a can best be matched to an approximate 〈10 〉
projection through a fragment of Sb2O3 derived from
the orthorhombic polymorph valentinite form, which
consists of infinite double chains of SbO3 units, as

1
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Fig. 2. Composite diagram showing (a) the experimental restored phase image, (b) the simulated phase image, and the structural
model (c) in the observed orientation and (d) in end-on view. The white lines mark single-pixel line profiles through the experimen-
tal phase image (e–g) and through the simulated phase image (h–j). 
opposed to the cubic senarmontite form consisting of
molecular units of Sb4O6 [10]. The proposed structure
model is shown in Fig. 2c, and an end-on view of the
Sb2O3/SWNT composite is shown in Fig. 2d. A corre-
sponding simulated phase image is given in Fig. 2b.

The white spots in the reconstructed phase corre-
spond to projection through atomic columns of anti-
mony only. The oxygen sublattice could not be resolved
due to the weak scattering properties of oxygen atoms,
their staggered positions in projection, and the limited
resolution (ca. 0.16 nm) present in the restoration.
Comparison of multislice simulations of the restored
phase of Sb2O3 lattice fractions of appropriate thickness
with equivalent simulated antimony sublattice fractions
confirmed that the phase contrast due to the oxygen
sublattice is negligible compared to that due to the anti-
mony sublattice.

In the bulk valentinite structure, the Sb2O3 double
chains run parallel to 〈0 0 1〉 , with each antimony atom
being coordinated by three oxygen atoms and each Sb
of the infinite SbO3 chains being bridged by a shared
oxygen [9]. In the case of the encapsulated crystal, the

〈4 2〉  direction of the Sb2O3 crystal is aligned along the
tube axis, which has a tilt angle of 78.3° with respect to

1
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the optimum 〈10 〉  viewing direction. Small deviations
from this viewing direction make an insignificant dif-
ference to the observed contrast; as a result, a tube incli-
nation of 15° was used for the simulated object (Fig.
2b) in order to account for the observed contrast within
the tube wall. The same inclination angle was applied
to the model shown in Fig. 2c.

The repeating structural motif of the imaged encap-
sulated Sb2O3 crystal can be described as a repeating
sequence of a layer (type 1 layer) containing three col-
umns of antimony atoms followed by a layer (type 2
layer) containing two columns of antimony atoms
arranged perpendicular to the tube axis. In the structure
model, we assume the coordination appropriate for the
bulk valentinite structure. Within each type 1 or type 2
layer, the intensities of the peaks corresponding to indi-
vidual Sb columns vary in a complex fashion. The line
profile across a type 1 layer shows a stacking pattern of
3–2–3 Sb atoms in projection (Fig. 2e). By contrast, the
line profile across a type 2 layer gives two peaks of
equal intensity (Fig. 2f), approximately equivalent to
the higher peak within the type 1 layer, indicating Sb
columns three atoms in thickness. These observations
lead to a modeled Sb2O3 crystal fragment that has

1
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sequences of 3–2–3 and 3–3 layers with a fourfold

repeat period along the 〈4 2〉  direction (Fig. 2c).
Comparison with the equivalent line profiles

through the simulated image supports the interpretation
of the observed Sb2O3/SWNT composite.

Since the oxygen sublattice could not be resolved,
the oxygen coordination is predicted from the bulk val-
entinite structure. In order to fit the modeled Sb2O3
crystal into the 1.45-nm-diameter SWNT, some oxygen
atoms on the surface of the crystal were omitted. This
can be justified in terms of the reduction in coordination
expected at the Sb2O3/SWNT interface (cf. 2 × 2 and
3 × 3 KI crystals formed within SWNT [11, 12]).

The multislice simulation in Fig. 2b also shows a
weak contrast close to the tube walls, indicating the
presence of single-atom columns at the edge of the
encapsulated valentinite crystal fragment, as is visible
in Fig. 2c. The corresponding experimental phase
image also shows evidence for there being additional
weak peaks at some of these sites, possibly caused by
individual Sb atoms. However, the intensities of these
peaks are sufficiently close to the background noise lev-
els; as a result, it is impossible to definitely assign these
contrasts to such single atoms without a more accurate
analysis of the phase shift.

Significant lattice distortions were observed in the
Sb2O3 crystal encapsulated within the (21, –8) SWNT.
In comparison with the bulk structure of valentinite, the
encapsulated crystal shows a longitudinal contraction

of 13% along the 〈4 2〉  axis. This contraction occurs in
a similar fashion but is relatively larger than that which
we reported for the SWNT-encapsulated Kl 3 × 3 crys-
tal [11]. Direct lattice measurements from line traces
show an average spacing of ~0.552 nm between two
type 1 layers or two type 2 layers, respectively, whereas
in the simulated phase image (based on the Sb positions
in bulk valentinite), equivalent layers are spaced at
average intervals of ~0.638 nm. The observed lattice
contraction may be caused by an interaction between
the Sb2O3 crystal and the SWNT walls and may be par-
tially caused by the reduction in coordination at the
Sb2O3/SWNT interface.

1
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Abstract—Dispersion laws for carbon nanotubes in a uniform magnetic field are obtained in an explicit form
in a zero-range-potential model. The band structure of the spectrum is studied, and the density of states is cal-
culated numerically. © 2002 MAIK “Nauka/Interperiodica”.
The band structure of the energy spectrum of a car-
bon nanotube in a magnetic field was studied in [1, 2]
in the tight-binding approximation. On the other hand,
the theory of condensed matter also makes use of a
zero-range-potential model [3]; in particular, this
model is successfully employed in studies of the trans-
port properties of quasi-one-dimensional systems [4].
The present paper uses this model to study the one-
electron energy spectrum of carbon nanotubes in a uni-
form magnetic field B and investigates their density of
states numerically. We consider the same field range as
in [1, 2].

The Hamiltonian of the system can be written as

(1)

where A = B × r/2 is the vector potential of the field B =
Bez, Γ is the atomic chain of the nanotube, Vγ is the
atom confinement potential, and α is the coupling con-
stant determined by the scattering length ls, namely, α =

2π"2 ls. In the gauge chosen, we have

where Φ = 2π"c/|e | is the magnetic flux quantum and
rγ = r – g. The Green’s function for H can be found
explicitly [5]:

(2)

H
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Here, G0(r, r'; E) is the Green’s function for a free elec-
tron in the magnetic field (see [5]) and Q(E) is an infi-
nite matrix, whose elements are defined as

(3)

Here, ζ(x; s) is the generalized Riemann ζ function, lB

is the magnetic length, and ωc is the cyclotron fre-
quency. Let Λ and Ω denote the Bravais lattice and the
unit cell for Γ respectively; obviously enough, Λ con-
sists of sites of the type ma, with m ∈  Z.

The state of a free electron in a uniform magnetic
field is fully described by three quantum numbers,
namely, n (the Landau level number), y0 (the ordinate of
the cyclotron orbit center), and pz (the momentum pro-
jection on the field direction); in the gauge chosen here,

we have y0 = –cPx/eB, where  = is the
gauge-invariant generalized momentum. To describe
the electron states in the nanotube, one has to impose
Bloch magnetic constraints on the wave function while
taking into account, that in the free-electron case, a
translation by a vector parallel to a leaves only the lin-
ear combination axPx + azpz unchanged. One may now
conveniently introduce a dimensionless parameter p =
(2π")–1(axPx + azpz) and denote s = (2π")–1|ex |Px for
B || a and s = (2π")–1|ez |Px otherwise. Clearly enough,
in describing a free electron, one may use p and s in
place of the pair of numbers y0 and pz. In the nanotube
potential, a translation by a vector ma characterizing
the Bravais lattice Λ preserves p to within an integer.
For this reason, we define the magnetic Brillouin zone
ZB as a closed interval [–1/2, 1/2]. In this case, in
describing the electron state in a nanotube, we shall
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Fig. 1. Dispersion relations and the density-of-states function of the (6, 0) zigzag structure constructed for the cases of (a) zero and
(b) nonzero external magnetic fields (for the same field range as in [1]).

(a)

(b)
have to use, in place of p, the quasi-momentum q from
ZB and an integer j, which is the number of the magnetic
Bloch band.

The electronic spectrum in a nanotube for a fixed
quasi-momentum depends essentially on the direction
of field B. Indeed, if the field is parallel to the tube, the
field completely quantizes the electron motion in the
plane perpendicular to the tube, so that the free-electron
spectrum for a fixed quasi-momentum q is purely point-
like and consists of infinity-fold degenerate levels
P

Enj(q) = "ωc(n + 1/2) + 2π"2(q + j)2/mea2 (s plays here
the part of the degeneracy parameter). If the field and
the tube are not parallel to each other, the projection of
the free-motion momentum along the z axis on the
plane perpendicular to the tube axis is nonzero. There-
fore, the free-electron spectrum for a fixed q is contin-

uous, En(s) = "ωc(n + 1/2) + 2π"2s2/me , does not

depend on q, and is degenerate in j. In the presence of
the nanotube potential, the levels are broadened into

ez
2
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magnetic Bloch bands, which can be determined from
the dispersion relation

(4)

where  is a finite matrix whose elements are
indexed by sites κ and κ' of Ω:

(5)

As follows from Eq. (4), the number of bands which
can split off from each level (in the B || a case) or, oth-
erwise, from the continuum cannot be more than N,
where N is the number of sites in Ω . Because the free-
electron spectrum for a fixed quasi-momentum is infin-
ity-fold degenerate, the spectrum of the perturbed oper-
ator H consists of a ray ["ωc/2, ∞] and of a finite num-
ber of bands lying below "ωc/2; these bands can over-
lap with one another and with the above-mentioned ray.
Thus, the number of gaps in the spectrum does not
exceed N.

For the (6, 0) zigzag structure, Fig. 1 shows the
lower branches of the dispersion relations, which were
constructed by numerically solving Eq. (4), as well as
the density of states for the same energy range. A com-
parison with the zero-field case reveals branch splitting,
which accounts for the formation of magnetic sub-
bands. This gives rise to additional van Hove-type sin-

det Q̃ q; E( ) α 1–+[ ] 0,=

Q̃ q; E( )

Q̃κκ ' q; E( ) πiemB κ a×( )/"c[ ]exp
m ∞–=

∞

∑=

× Qma κ+ κ ', E( )e imq– .
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gularities arising in the density-of-states function. Note
that the density-of-states functions and the dispersion
relations are in good agreement with the results [1, 2]
obtained in the tight-binding approximation.
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Abstract—Using empirical-potential and tight-binding models, we study the structure and stability of irradia-
tion-induced atomic-scale defects in the walls of carbon nanotubes. We model the temporal evolution of such
defects and calculate their lifetimes at various temperatures. We also simulate scanning-tunneling microscopy
(STM) images of irradiated nanotubes with such defects. Our simulations indicate that, at low temperatures, the
defects live long enough to be detected by STM and that different defects manifest themselves in STM images
in different ways, which allows one to distinguish the defects experimentally. © 2002 MAIK “Nauka/Interpe-
riodica”.
1 Recently, numerous experimental and theoretical
studies on carbon nanotubes (NTs) have demonstrated
the possibilities of developing carbon-based electronics
[1, 2]. However, implementation of even the simplest
electronic devices demands a thorough understanding
of the structural and electronic properties not only of
perfect NTs but also of NTs with various defects. More-
over, recent experiments [3] indicate that defects in
NTs can be used to fabricate an intratube quantum-dot
device. Thus, the methodological development of such
electronic NT-based devices requires that one knows
what defects are involved and how they can be pro-
duced.

Inasmuch as irradiation of NTs potentially makes it
possible to create defects in a controllable way, the
effects of electron [4, 5] and ion [6–8] irradiation on the
structural and electronic properties of NTs are of partic-
ular interest. However, the behavior of irradiation-
induced defects, as well as their experimental detection,
is still an open question.

In this paper, we study the stability and temporal
evolution of irradiation-induced defects in single-
walled NTs and simulate scanning-tunneling micros-
copy (STM) images of irradiated NTs with such
defects.

1. THE SIMULATION METHOD

The method used in this study has been described in
detail in other publications [7, 9–11]; therefore, only a
brief description is given here.

We considered individual (10, 10) armchair NTs.
Using molecular dynamics [12], we simulated impact
events of Ar ions with energies of 50 to 3000 eV on

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20470
NTs. The Brenner potential [13] without bond-conjuga-
tion terms was used for modeling the carbon atom inter-
action. To examine the stability of the irradiation-
induced defects, we simulated the time evolution of a
100-Å-long NT with defects over time scales of up to
ten nanoseconds at temperatures of 1000 to 3000 K. For
every temperature considered, we carried out at least
40 independent runs and averaged the results.

Having calculated the geometry of the defects
within the framework of the classical model by mini-
mizing the total energy of the carbon network after
defect creation, we computed the STM images of the
irradiated NTs near the defects within the framework of
the tight-binding approximation [14].

2. RESULTS AND DISCUSSION

As follows from our simulations, the most common
defects produced under ion irradiation are vacancies,
which are metastable long-lived defects at low temper-
atures. At high temperatures, the vacancies (which have
three dangling bonds, see Fig. 1b) can transform into
two other defects. These are a single-pentagon and one
dangling-bond atomic configuration and a fourfold
coordinated atom shared by two pentagons and two
hexagons (cf. Figs. 1c, 1d). For brevity, we label the
former defect “5–1 db” and the latter “5–6.” Observa-
tions of such defects forming under high-dose electron
irradiation have also been reported [5].

The 5–1-db defect has the lowest energy [5, 7].
Therefore, although defects of all three types can
appear as a result of ion impact, the long quenching of
the NT should eventually lead to the transformation of
single vacancies and defects 5–6 into 5–1 db defects.
However, since single vacancies and 5–6 defects are
metastable (i.e., there is an energy barrier separating
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Ball-and-stick representation of the carbon network of a pristine (10, 10) single-walled nanotube and of a nanotube with
defects and their STM images. (a) Pristine nanotube and the nanotube with an irradiation-induced (b) vacancy, (c) 5–1-db defect,
and (d) 5–6 defect. Only the front walls of the nanotubes are sketched. Atoms with unusual numbers of bonds are encircled. The
defects are at the centers of the STM images. 
these two configurations from the configuration with a
minimum energy), such defects may survive at low
temperatures for finite times, which may be long
enough to detect the defects experimentally.

We estimated the lifetimes of the metastable defects
as described in the previous section. For single vacan-
cies, simulations were carried out in the temperature
range 1500–2200 K and it was found that the average
vacancy lifetime can be well described in terms of a sin-
gle activation energy, i.e., by the formula τvac =
aexp(b/kBT), where τvac is the time required for a
vacancy to transform into a 5–1 db defect, kB is Boltz-
mann’s constant, T is the temperature, and a and b are
fitting constants. With the constants determined at high
temperatures, we estimated the lifetime at room tem-
perature, which proved to be as long as at least a hun-
dred hours. Thus, the vacancies could be experimen-
tally detected by, e.g., STM.

We also carried out similar simulations for defects
5–6 in the temperature range 1200–1800 K. The life-
time of defects 5–6 was found to be about five hours at
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
room temperature. Thus, defects 5–6 can also survive
long enough to be detected.

To facilitate experimental identification of defects,
Fig. 1 presents gray-scale STM images of NTs with
defects calculated for positive Vbias = 0.2 V. Defects are
always at the origin. To establish a correspondence with
the already published results, a gray-scale STM image
of a perfect NT is also shown.

The main feature of the STM image with a vacancy
is a dramatic protrusion above the defect. Depending on
the sign of Vbias, the height of the hillock is ≈0.7–0.8 Å,
while its linear size is independent of Vbias and equal to
≈5 Å. The enhancement in the tunneling current is due
to vacancy-induced states near the Fermi energy, which
may be interpreted as “dangling bonds;” these states are
spatially localized on the atoms surrounding the vacan-
cies. Since it is specifically these states that STM
probes at small bias voltages, a vacancy is imaged as a
protrusion.
2
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Figure 1c shows an STM image of the NT with a
5−1-db defect. Again, similar to the case of a vacancy,
a hillocklike feature above the defect is evident, which
is also of electronic origin. However, the shape of the
feature is quite different from that in the case of the sin-
gle vacancy.

The 5–6 defect, if it exists long enough to be mea-
sured by STM, also gives rise to a small bump in the
STM image of the NT (see Fig. 1d). The shape of the
hillock reflects the symmetry of the underlying atomic
structure of the defect (cf. Fig. 1d, top panel). Addi-
tional information may also be obtained from the cur-
rent–voltage characteristics, which are different for
defects of different types.

Thus, it is possible to experimentally detect and dis-
tinguish irradiation-induced defects in NTs. It is also
noteworthy that experiments on irradiating NTs with
inert-gas ions and subsequent STM probing may enable
one to observe the temporal evolution of irradiation-
induced defects at various temperatures and to compare
experimental lifetimes to those predicted theoretically.
Such experiments may not only contribute to the under-
standing of the mechanisms of defect formation but
also serve as a test for the validity of tight-binding and
empirical-potential molecular-dynamics models.

In summary, the behavior of atomic-scale defects
produced by low-dose irradiation of nanotubes with Ar
ions was studied and their lifetimes at various tempera-
tures were computed. We demonstrated that, at low
temperatures, the defects are likely to be stable on mac-
roscopically long time scales and appear as hillocklike
features in STM images due to the growth in the local
electron density of states on atoms surrounding the
defects. Since the hillocks are different in shape for dif-
ferent defects, the defects could be experimentally dis-
tinguished using STM.
P
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Abstract—Catalytic nickel particles at the tips of carbon nanotubes grown under different physicochemical
conditions are experimentally studied by high-energy electron diffraction. The spacings of the crystal lattice are
determined. It is demonstrated that the nanoparticles consist of a supersaturated solid solution of carbon in
nickel with an abnormally high carbon content. © 2002 MAIK “Nauka/Interperiodica”.
This paper reports on the results of an electron dif-
fraction investigation of finely dispersed nickel–carbon
phases formed during the catalytic growth of carbon
nanotubes.

In order to elucidate how the experimental condi-
tions affect the catalytic growth of carbon nanotubes,
the nanotubes under investigation were prepared using
two methods, namely, pyrolysis of poly(ethylene) and
synthesis in a carbon vapor atmosphere [1, 2]. Sup-
ported nickel catalysts were produced according to two
procedures. In the first case, the procedure involved
vacuum deposition of nickel onto silica substrates and
subsequent heat treatment for the purpose of producing
nanoparticles. In the second case, the catalysts were
prepared by chemical vapor deposition with the use of
nickel dimethylglyoximate as an initial organometallic
compound. It was assumed that the deposition of nickel
in the presence of carbon-containing compounds
should favor the formation of nickel–carbon phases and
materials typical of the catalytic growth of nanotubes.
We examined a large number of electron diffraction
patterns and measured the interplanar distances in the
prepared films. It was found that the films under inves-
tigation contain the following phases: (1) amorphous
carbon at different degrees of graphitization, (2) dis-
perse metallic nickel, (3) nickel oxide NiO, and (4)
nickel carbide Ni3C in minor amounts. The results of
measurements of the interplanar distances and the cor-
responding lattice parameters are presented in the table.
The lattice spacings were also determined for catalytic
particles at the tips of carbon nanotubes of two types.
Nanotubes of the first type were synthesized from
poly(ethylene) with a vacuum-deposited catalyst at a
temperature of 700°C. An examination of the nano-
tubes through an electron microscope revealed that the
catalytic particles had a faceted form. This is character-
istic of solid particles during the growth of nanotubes.
Nanotubes of the second type were synthesized on
chemically deposited films in a carbon vapor atmo-
1063-7834/02/4403- $22.00 © 20473
sphere at a temperature of 950°C. In this case, the cata-
lytic particles had a prolate form and resembled drops
of a liquid that poorly wets the inner walls of nano-
tubes. In our recent work [2], we demonstrated that cat-
alytic particles are in the liquid state during the growth
of nanotubes from carbon vapor. The interplanar dis-
tances and lattice parameters determined for catalytic
nanoparticles at the tips of carbon nanotubes are also
given in the table. As can be seen, the lattice spacings
for particles in chemically deposited films and carbon
nanotubes prepared from poly(ethylene) are consider-
ably larger than those for pure nickel.

It should be noted that the increase in the lattice
spacing is observed independently of the presence of
other phases in the sample. Therefore, we can conclude
that the above increase is caused by the high content of
carbon dissolved in the nickel nanoparticles. According
to Ruhl and Cohen [3], the concentration dependence
of the lattice parameter for nickel in nickel–carbon
alloys is described by the relationship a = 3.524 +
0.008x (Å/at. %). Under the assumption that this rela-
tionship is valid over a sufficiently wide concentration
range, we found that the content of carbon dissolved in
nickel nanoparticles involved in chemically deposited
films is equal to 9–13 at. %. The lattice spacing
obtained for catalytic particles at the tips of nanotubes
produced from poly(ethylene) (700°C) corresponds to a
carbon content of ~15 at. %. The carbon content in liq-
uid particles during the growth of nanotubes from the
carbon vapor (950°C) does not exceed 6 at. %. At first
glance, this result seems unexpected, because the
growth of nanotubes from the carbon vapor occurs at
the higher temperature and the solubility of carbon in
liquid nickel is substantially larger. However, the con-
tent of carbon dissolved in catalytic particles at the tips
of carbon nanotubes can be adequately estimated only
by using sufficiently justified models of catalytic
growth of carbon nanotubes. For example, the surface
carbide model proposed by Alstrup [4] does not stipu-
002 MAIK “Nauka/Interperiodica”
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Interplanar distances for the studied phases in chemically deposited films and nanoparticles at the tips of carbon nanotubes

Phases in chemically deposited films Nanoparticles at the tips of carbon nanotubes

Ni3C NiO Ni tubes from poly(ethylene) tubes from carbon vapor

1 2 3 4 5

d hkl d hkl d hkl d hkl d hkl

2.15 0006 2.410 111 2.080 ± 0.01 111 2.100 ± 0.02 111 2.033 ± 0.02 111

2.08 11 3 2.085 200 1.808 ± 0.008 200 1.820 ± 0.016 200 1.774 ± 0.016 200

1.336 03 0 1.271 ± 0.004 220

1.221 11 9 1.089 ± 0.003 311 1.092 ± 0.006 311 1.070 ± 0.006 311

1.131 03 6

0.825 ± 0.004 331 0.811 ± 0.004 331

0.797 ± 0.004 420

0.716 ± 0.004 422

0.694 ± 0.004 333 0.682 ± 0.004 333

a = 3.61 ± 0.01 a = 3.64 ± 0.035 a = 3.54 ± 0.03

2

3

2

3

late the chemical composition for this carbide. Under
the assumption that the carbide composition is closely
similar to Ni3C and that the carbon content in a particle
at the boundary with a nanotube corresponds to an equi-
librium with graphite (~0.4 at. %), the mean content of
dissolved carbon can be as high as 10–12 at. %. This
value is close to the experimentally found content of
dissolved carbon (15 at. %). However, it should be
remembered that the estimates thus obtained depend on
the concentration distribution of carbon over the parti-
cle length. The diffusion rate of carbon in liquid cata-
lytic particles should be considerably higher than the
rate of solid-phase diffusion. Hence, it is unreasonable
to assume that the growth rate of carbon nanotubes is
controlled by the diffusion stage. The stationary growth
of nanotubes can occur at lower concentrations of car-
bon and at smaller concentration gradients. The mere
fact that the nanotube growth is provided by liquid cat-
alytic particles indicates the following: the basic princi-
ples of the surface carbide model are not universal and
have failed to explain the growth of carbon nanotubes
over a wide range of experimental conditions. Undeni-
ably, the crystallographic features of the deposition,
dissolution, and precipitation of carbon in solid cata-
lytic particles play a certain role. However, not only
these factors are responsible for the structural and
chemical states of the catalytic particles and their
shape. The thermodynamic aspects of carbon deposi-
tion are of crucial importance in processes of nanotube
growth. A growth model formulated in terms of the
thermodynamic activity of carbon was proposed by
Safvi et al. [5]. Within this model, the considerable dif-
ference in the contents of dissolved carbon in catalytic
P

particles at the tips of carbon nanotubes can be qualita-
tively explained by the different carbon activities in the
gas phases used in the two different syntheses of carbon
nanotubes and by the different diffusion rates of carbon
in the particle bulk. Unfortunately, we cannot make
quantitative estimates, because existing models are not
sufficiently developed and important parameters of the
process under investigation (such as the carbon activity
in the gas phase and the diffusion rate of carbon in liq-
uid nickel) are unavailable.
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Abstract—A comparative analysis of the purification methods for single-walled carbon nanotubes (SWNTs)
obtained by electric-arc-discharge synthesis is carried out. The purification methods include air oxidation of the
initial material at various temperatures, treatment and/or oxidation in solutions of inorganic acids, microfiltra-
tion of the suspension of the initial and/or oxidized materials, and various combinations of these methods. The
purity of the SWNTs obtained is determined with the help of Raman spectroscopy. It is shown that the best
results can be obtained using a purification method including the following consecutive stages: treatment and
oxidation of the initial material in nitric acid, microfiltration of the suspension of the oxidized material in aque-
ous solutions of surface-active substances through track membranes, drying, air oxidation, and vacuum anneal-
ing at various temperatures. The purity of the SWNTs obtained attains 70–80%. © 2002 MAIK “Nauka/Inter-
periodica”.
Modern methods developed for obtaining single-
walled carbon nanotubes (SWNTs) are based on the
evaporation of graphite through thermal sputtering in
an electric arc or laser evaporation, etc. [1–3]. The ini-
tial material obtained as a result of these processes con-
tains, in addition to SWNTs, amorphous carbon impu-
rities and nanoparticles of graphite and a metallic cata-
lyst. For this reason, an important stage in the SWNT
synthesis is the development of methods of SWNT
purification for obtaining nanotubes with a maximum
degree of purity. In addition to this, a simple and reli-
able express method for monitoring the purity of the
obtained SWNTs in the course of purification is
required. Raman spectroscopy, which is the basic
method for characterizing nanotubes, was used for
developing the quantitative express analysis of SWNTs
[4, 5].

In this paper, we present the results of a comparative
analysis of various methods for the purification of
SWNTs obtained by electric-arc-discharge synthesis.
The identification of SWNTs and the quantitative con-
trol of their purity were carried out using the Raman
technique.

The initial material (sample 1) containing SWNTs
was obtained through the thermal evaporation of
metal–graphite electrodes (C : Ni : Y2O3 = 2 : 1 : 1, in
weight proportion) in an electric arc according to the
procedure described earlier in [6]. The results of trans-
mission electron microscopy showed that the SWNT
1063-7834/02/4403- $22.00 © 20475
content in the initial material is 15–20 wt %. The char-
acteristics of the purification methods of the SWNT
samples under investigation are given in the table.

Raman spectra were recorded on a Jobin Yvon
S-3000 device with spectrum excitation by an Ar+ laser
(the pumping radiation wavelength was 514.5 nm). The
Raman spectra of SWNTs display characteristic peaks
in the low-frequency range 150–200 cm–1 (breathing
mode) and in the high-frequency range at 1567 and
1592 cm–1 (tangential mode). The absolute intensity of
the Raman peaks cannot serve as a measure of the
SWNT purity since it is difficult to create identical
experimental conditions for spectrum recording.
Recently, Terekhov and Obraztsova [4] developed a
quantitative method of SWNT identification on the
basis of the dependence of the shift of the 1592-cm–1

peak on the power density of the laser beam. This
dependence is linear, and the slope characterizes the
SWNT content in the sample [5]. Figure 1 shows the
dependences of the shift of the tangential mode peak in
the Raman spectra of SWNTs on the power density of
the laser beam for various samples. The straight line 1
corresponds to the initial material with 15 wt % of
nanotubes in the sample, whereas the straight line S
corresponds to the highest degree of the SWNT purity
(95 wt %).

All methods of the SWNT purification are based on
the removal of nanoparticles of carbon, amorphous car-
bon, and metallic catalyst particles. The purification
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Dependences of the shift of the tangential mode peak in the Raman spectrum of SWNTs on the laser beam power density
for samples with different SWNT contents.
method based on simple heating of the initial material
in air at T = 350°C over 1 h (sample 1T) leads to a par-
tial (15–20%) loss in the weight of the initial sample
due to graphite burning and to an increase in the SWNT
content from 15 wt % for the initial material to 25 wt %
for sample 1T (straight lines 1 and 1T in Fig. 1, respec-
tively). The treatment of oxidized samples with hydro-
chloric acid leads to further purification of SWNTs.
The degree of purity increases with the time of treat-
P

ment (straight lines 10 and 12). The SWNT purity is
equal to 30% for sample 10 and 35% for sample 12.

Figure 2 shows the Raman spectra for the SWNT
samples obtained by the treatment of the initial material
with nitric acid followed by air oxidation and high-tem-
perature vacuum annealing (samples 6–6T-1). The
Raman spectrum of sample 6 measured for a low-power
laser beam is the spectrum of disordered carbon (curve
1), with two bands D (1360 cm–1) and G (1602 cm–1)
Characteristics of SWNT purification methods

Sample Purification methods

1 Initial material was not subjected to any treatment and was kept in air

1T Oxidation of the initial material in air for 1 h at T = 350°C

6 Oxidation of the initial material in an HNO3 solution (2.5 M) at T = 103°C for 35 h. Filtration of the suspension of 
an oxidized material in an aqueous solution of the surface-active material (SAM) Triton X-100 through a track mem-
brane (pore diameter d = 0.4 µm), washing with water and methanol, and 5.5-h vacuum drying at T = 110–120°C

6T Oxidation of sample 6 in air for 30 min at T = 550°C

6T-1 Vacuum annealing of sample 6T in a quartz ampule for 1 h at T = 1200°C

10 Oxidation of the initial material in air for 15 min at T = 350°C. The treatment of the same material in 36% HCl during 
boiling (T = 102–109°C) for 35 min. The filtration of the obtained material suspended in an aqueous solution of the 
SAM sodium dodecyl sulfate (the SAM concentration was 1.2 of the critical concentration of the micelle formation) 
through a track membrane (d = 1 µm), washing with water and methanol, and 3-h vacuum drying at T = 160°C

12 Oxidation of the initial material in air for 2 h at T = 350°C. The treatment of the oxidized material in 36% HCl during 
boiling (T = 110°C) for 3 h. The filtration of the obtained material suspended in an aqueous solution of Triton X-100 
through a track membrane (d = 1 µm), washing with water and methanol, and 4-h vacuum drying at T = 140°C

S SWNT sample obtained in [1]
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Fig. 2. Raman spectra of SWNTs in samples 6 (surface disordered carbon), 6, 6T, and 6T-1.

~~
indicating the presence of a disordered carbon layer on
the SWNT surface. A twofold increase in the laser
beam power results in a spectrum (curve 2) typical of
SWNTs. This can be explained by the burning out of
surface disordered carbon whose burning temperature
is lower than that for nanotubes. For this reason, the
sample was subjected to air oxidation to remove the
surface disordered carbon layer. The spectrum of the
sample obtained in this way (sample 6T) has a shape
typical of SWNTs (curve 3) with clearly resolved peaks
at 1567 and 1591 cm–1. Vacuum annealing of SWNT
(sample 6T-1) leads to an insignificant increase in the
purity of nanotubes, their partial destruction (which is
manifested in the emergence of a band at 1360 cm–1

characterizing the presence of disordered carbon), and
a decrease in the resolution of the peaks at 1567 and
1591 cm–1 (curve 4). It can be seen from Fig. 1 (straight
lines 6, 6T, 6T-1) that the SWNT purity increases in the
course of the treatment of the initial material in accor-
dance with this method and amounts to 40% (sample
6), 75% (sample 6T), and 80% (sample 6T-1) depend-
ing on the purification stage.
OF THE SOLID STATE      Vol. 44      No. 3      200
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Abstract—A solution (stationary and linear in electric field) to the kinetic equation for a one-electron density
matrix in an arbitrary magnetic field is found for deformation-potential scattering in the approximation of a
small deviation of the electron gas from equilibrium. An expression for the nanotube conductivity is obtained
in the form of a sum over magnetic-quantization states. In the absence of a magnetic field, this expression coin-
cides with the corresponding classical relations. In weak magnetic fields, the magnetoresistance of a multilayer
nanotube is positive for high electron mobilities and negative for low mobilities. In intermediate fields, it
reverses sign with increasing field strength. The magnetoresistance of a one-layer nanotube is always positive.
© 2002 MAIK “Nauka/Interperiodica”.
 Negative magnetoresistance (NMR) cannot be
interpreted either in classical terms or within the
approach proposed in [1]. The explanation of NMR in
quantum wires [2] and nanotubes [3–6] rests on a weak
localization theory and interference corrections to the
conductivity [7–9]. This paper puts forward a kinetic
description of NMR. The kinetic equation for the one-
electron density matrix in a magnetic field is solved
assuming there to be a small deviation from equilib-
rium for the case of deformation-potential scattering,
and an expression for the nanotube conductivity is
derived.

Because of the limited space allotted for the report,
we consider electron transport only in a nanotube with
a large band gap and a parabolic dispersion law. We
assume the magnetic field B to be directed along the z
axis, perpendicular to the nanotube axis. The current
through a nanotube can be calculated from the expres-
sion

(1)

where Tr(…) denotes the trace of the operator, R is the
statistical operator, and J is the current-density operator
in a magnetic field. The properties of our system in the
one-electron approximation are described by the
Hamiltonian operator

(2)

where He is the Hamiltonian of an electron in a mag-
netic field, Hp is the phonon Hamiltonian in the second-
quantization representation, W is the electron–phonon
coupling operator, and U = –qExx is the potential-
energy operator in an electric field. In the Schrödinger

j Tr RJ( ),=

H H0 W U+ + He H p W U ,+ + += =
1063-7834/02/4403- $22.00 © 0478
representation, the statistical operator is described by a
Liouville equation,

(3)

To solve this equation, we consider the sum W + U to
be a perturbation. We choose the vector potential of the
magnetic field in the gauge A = (–By, 0, 0). In the case
where the nanotube radius is a ! λ, the approximate
wave functions of the operator H0 can be written as

(4)

where

k is the electron wave vector along the nanotube axis
(the x axis), χs is the spin wave function, and |N 〉  is the
phonon wave function in the occupation number repre-
sentation. For the sake of simplicity, the tube is
replaced by a parallelepiped of the same dimensions. In
this case, the electron energy is

(5)

i"
∂R
∂t
------ HR[ ] .=

Ψnl ikx( )1
a
--- k0lz( )sin f nχs N| 〉 ,exp=

λ2 "
qB
-------, gnr

4nr

πk0 n2 r2–( )2
------------------------------- 1 1–( )n r––[ ] ,= =

k0
π

2a
------,=

f n k0n y a+( )( )sin=

+
2k

k0
2λ2

----------
gnr

n2 r2–
--------------- k0r y a+( )( ),sin

r n≠
∑

E1
"

2k1
2

2m
----------

"
2k0

2

2m1
----------- n1

2 l1
2+( ) µBgsB,+ +=
2002 MAIK “Nauka/Interperiodica”



        

ELECTRON MAGNETOTRANSPORT IN CARBON NANOTUBES 479

                         
where µB is the Bohr magneton, g is the Landé factor,

and s = . Because the current and perturbation oper-

ators do not contain spin operators, their matrix ele-
ments are diagonal in the spin variables. We assume the
phonon system to be equilibrium and not quantized. For
a steady state, Eq. (3) yields, in the second order of per-
turbation theory,

(6)

where S12 is the collision integral, which depends on the
density matrix elements. The substantiation of the
method and the procedure used to obtain the approxi-
mate equation (6) are discussed in detail in [10]. We
present the density matrix in the form

(7)

where G12 = (k1). If the electric field does not
break the spatial uniformity of the electron system, then
F1 = F(E1) is usually assumed to be the Fermi–Dirac
distribution function, which depends on energy (5) and
the Fermi quasi-level. At high temperatures and/or in a
weak magnetic field, this approximation is quite satis-
factory. In the case of deformation-potential scattering,
assuming G12 to be a small correction, the solution to
Eqs. (6) and (7) is found to be

(8)

The matrix elements of the current and potential energy
are calculated in a straightforward way in terms of the
wave functions given by Eq. (4). Substituting these
matrix elements and Eq. (8) into Eq. (1), the conductiv-
ity is found to be

(9)
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The first term in Eq. (9) describes the conductivity
in a zero magnetic field. We readily see that an addi-
tional positive term proportional to B2 appears in the
presence of a magnetic field. The dependence on a
strong magnetic field will be different. For nanotubes
with a narrow band gap, spin–orbit coupling should be
taken into account, which results in a linear dispersion
relation. In this case, calculations are performed in a
similar manner, but they will be considerably more
complex. The magnetoresistance depends linearly on
the field, and its sign is determined by the parameters of
the spin–orbit coupling. Modern concepts associate
NMR with weak localization, which requires a disor-
dered distribution of the scattering centers. The results
obtained in this work show that transverse NMR can be
observed in an electron gas without a random potential.
This is a consequence of taking magnetic quantization
into account in a self-consistent way.
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Abstract—The crystalline phase of a graphitized carbon emitter is identified using the Zener effect as a crite-
rion for the occurrence of a crystallite on the emitting surface of the autocathode. The observed phenomena are
interpreted as a spontaneous and thermal-field-induced transformation of the emitting carbon nanocrystallite.
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1. INTRODUCTION

Investigations of graphitized carbon materials by
field-emission microscopy and spectroscopy are sub-
stantially complicated by the heterogeneous composi-
tion, because an emitter containing crystalline and
amorphous phases does not provide a regular image in
a field-emission microscope. For this reason, it is
impossible to evaluate the state of the emitting surface,
to determine the crystallographic orientation, and to
compare the obtained data with the phase composition
of the region being probed.

The updated program-driven instrumental complex
devised in our earlier work [1] permitted monitoring of
the emitting surface of the graphitized carbon emitter
within the probed region against the autoelectron
energy distribution and the current–voltage characteris-
tic of the probe current.

2. EXPERIMENTAL TECHNIQUE

The investigation of carbon crystallites was carried
out using a Rovilon carbon fiber with an annealing tem-
perature of 1173 K, which contains crystallites with
basal planes oriented along the fiber axis. The field
emitter was prepared from a fiber segment (~1 mm
long) attached to a tungsten bow through aquadag.
After drying in air, the sample was heated at a temper-
ature of 1023 K under vacuum.

The precipitation of crystallites on the emitting sur-
face of the emitter was accomplished through cathode
sputtering of amorphous carbon by ions of residual
gases under rough vacuum according to the procedure
described in [2]. The sample was purified by annealing
at a temperature of 1023 K under ultrahigh vacuum.
The autoelectron energy distribution was measured
using the procedure described in [1]. The current–volt-
age characteristics of the emission current of the crys-
tallite were constructed with the use of the anode poten-
1063-7834/02/4403- $22.00 © 20480
tial Ua and the electron current passing through the
energy analyzer.

3. RESULTS

Scanning of the dependence of the autoelectron
energy distribution on the anode potential revealed that
it shifts to the low-energy range with respect to the
Fermi level with a step proportional to the step of
increase in the anode potential; i.e., the Zener effect
takes place. This shift was taken as a criterion for the
occurrence of a crystallite on the emitting surface of the
autocathode.

For a series of samples, a further increase in the
anode potential to a limiting value leads to a sharp
decrease in the emission current of the crystallite by
almost one order of magnitude. In this case, the auto-
electron energy distribution exhibits an additional low-
energy maximum located at 0.45–0.5 eV below the
principal maximum. Upon annealing of the cathodes at
1023 K, the crystallite regains its initial state. The fig-
ure displays the current–voltage characteristics of the
probe current, which correspond to the states of the
emitting crystallite prior to (the current–voltage charac-
teristic I) and after (the current–voltage characteristic
II) a spontaneous decrease in the emission current.

The observed phenomenon of variations in the state
of the emitting carbon nanocrystallite was interpreted
by analogy with the behavior of current–voltage char-
acteristics during the transformation of metal and semi-
conductor autocathodes. This phenomenon is accompa-
nied by changes in the position and slope of the cur-
rent–voltage characteristic of the emission current and
can be treated as a spontaneous transformation of the
carbon crystallite due to Joule heating in a penetrating
electric field. Experimental verification of this assump-
tion was performed using the dependence of the auto-
002 MAIK “Nauka/Interperiodica”
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electron energy distribution on the thermal annealing of
the carbon crystallite in an electric field.

After annealing of the emitter at a temperature of
1023 K under ultrahigh vacuum, the autoelectron
energy distribution has a normal shape and the current–
voltage characteristic of the probe emission current of
the crystallite corresponds to curve I. Annealing of the
emitter at the same temperature in an electric field
brings about a decrease in the probe current by one
order of magnitude. Scanning of the dependence of the
autoelectron energy distribution on the anode potential
revealed an additional low-energy maximum located at
0.45–0.5 eV below the principal maximum. In this
case, the current–voltage characteristic of the probe
current corresponds to curve II. An increase in the

–14

3.2

lo
g

(I
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Current–voltage characteristics of the emission current of
the carbon crystallite prior to (I) and after (I) spontaneous
transformation for the normal autoelectron energy distribu-
tion (curve I) and the autoelectron energy distribution with
an additional low-energy maximum (curve II).
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anode potential leads to a shift in the autoelectron
energy distribution toward the low-energy range with a
step proportional to the step of change in the anode
potential. This confirms the crystalline structure of the
region under investigation. When the anode potential
reaches a limiting value, the emission current and the
autoelectron energy distribution abruptly regain their
initial values; i.e., the autoelectron energy distribution
and the current–voltage characteristic of the crystallite
change in the direction II  I.

4. CONCLUSIONS

Thus, the emission current of the carbon crystallites
of the graphitized carbon material annealed at 1173 K
has an upper limit determined by Joule heating of the
crystallite. Joule heating of the emitting carbon crystal-
lite causes its spontaneous transformation. This trans-
formation can be accompanied either by a decrease in
the emission current by one order of magnitude and the
appearance of an additional low-energy maximum in
the autoelectron energy distribution or, conversely, by
an increase in the emission current by one order of
magnitude and the restoration of the autoelectron
energy distribution to its normal shape. Annealing of
the carbon crystallite in an electric field leads to its ther-
mal-field-induced transformation. This is attended by a
decrease in the emission current of the crystallite by
one order of magnitude and the appearance of an addi-
tional low-energy maximum in the autoelectron energy
distribution.
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Abstract—This paper reports on the results of MNDO calculations of the atomic adsorption of oxygen and flu-
orine on the surface of armchair and zigzag single-walled carbon nanotubes with a cylindrical symmetry. The
calculations are carried out within the molecular cluster and ion-incorporated covalent-periodic cluster models
at the modern quantum-mechanical semiempirical MNDO level. The electronic and energy characteristics of
the oxidation and fluorination processes are analyzed, and the most energetically favorable oxide structure of
the (6, 6) nanotube is determined. It is found that narrow-gap tubulenes show a tendency to metallic behavior
as their surface is saturated with oxygen atoms. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, considerable attention has been
focused on investigating the electronic band structure
of single-walled carbon nanotubes modified by differ-
ent methods. In particular, it was revealed that the prop-
erties of tubulenes can change depending on the partic-
ular modifying or doping technique, the choice of
incorporated or adsorbed elements, and treatment con-
ditions. In this work, we studied the dynamic and
energy characteristics of the processes of oxidation and
fluorination of achiral carbon nanotubulenes that are
small in diameter. For this purpose, we performed the
MNDO simulation of the atomic adsorption of oxygen
and fluorine on the outer surface of carbon nanotubes.
The adsorption processes were investigated using suc-
cessive quantum-mechanical calculations within the
framework of the MNDO method [1] modified to the
cases of a periodic cluster (the so-called ion-incorpo-
rated covalent-periodic cluster model [2]) and a molec-
ular cluster.

2. OXYGEN ADSORPTION

A single-walled nanotube of the (6, 6) type was cho-
sen as the object of investigation. One or several oxy-
gen atoms were adsorbed on the outer surface of the
nanotube. The calculations were performed within the
ion-incorporated covalent-periodic cluster approach,
which was successfully used earlier to investigate the
electronic band structure of extended solid-state sys-
tems, including tubulenes. The position of an oxygen
adatom was chosen according to the results obtained in
our earlier work [3]. More specifically, this atom was
located above a carbon atom of a hexagon located on
the nanotube surface.
1063-7834/02/4403- $22.00 © 0482
The potential energy surface of the nanotube–oxy-
gen atom system was constructed by step-by-step
placement of the oxygen adatom closer to the tubulene
surface. It was found that the energy minimum is
located at the distance rC–O = 1.3 Å. This minimum cor-
responds to the formation of a chemical bond between
the oxygen adatom and the carbon atom on the tubulene
surface.

Analysis of the results obtained in optimizing the
geometry of the system revealed that the oxygen
adsorption on the nanotube surface leads to an increase
in the length of three C–C bonds (to 1.47 Å) involved
in the carbon hexagon adsorbing the oxygen atom.
Therefore, we can make the inference that the oxygen
adsorption brings about the distortion of the nanotube
surface, because the carbon atom adsorbing the oxygen
atom rises above the tubulene surface, whereas the
neighboring carbon atom sinks below the surface, thus
forming an active center inside the nanotube.

Table 1.  Band gaps and adsorption energies of oxygen
atoms on the (6, 6) carbon tubulene

Number
of O atoms ∆Eg , eV Ead per atom, eV

0 3.76 –

1 3.67 10.76

2 3.50 7.96

3 3.47 8.27

6 2.31 7.54

24 (layer 1) 0.87 –3.81

24 (layer 2) 0.04 28.70
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In addition, we carried out the MNDO calculations
for two variants of the attachment of oxygen atoms to
the nanotube surface. In the first variant, the oxygen
atoms are arranged above the carbon atoms of three
adjacent sheets of hexagons in such a way that rings of
the superlattice formed by adatoms are not shifted rela-
tive to each other. In the second variant, even rings con-
sisting of adatoms are displaced with respect to odd
rings by the C–C bond length. Analysis of the results
(Table 1) demonstrated that the second variant of the
oxide structure of the nanotube is more energetically
favorable.

Recently, there appeared a number of experimental
works concerned with the investigation of the elec-
tronic properties of semiconducting carbon nanotubu-
lenes treated with gaseous oxygen [4]. It was revealed
that, after interaction with oxygen, the narrow-gap
semiconducting tubulenes exhibit metallic behavior.
We investigated the electronic and energy properties of
tubulenes whose surface was saturated with oxygen
atoms. In particular, we analyzed how the saturation of
the nanotube surface with adsorbed oxygen atoms
affects the band gap ∆Eg (Table 1). As can be seen from
Table 1, the band gap decreases with an increase in the
number of oxygen atoms adsorbed on the nanotube sur-
face. This suggests a crossover of the conductivity from
one type to another in the material formed upon adsorp-
tion. It should be noted that, for the oxidized nanotube,
the O 2p atomic orbitals are located within the valence
band rather than at the valence band edge.

Thus, our theoretical results completely confirm the
experimental data on changes in the conducting proper-
ties of carbon nanotubes upon their oxidation.

3. FLUORINE ADSORPTION

The adsorption energies and the activation energies
for adsorption of atomic fluorine on the outer surface of
the (6, 6) carbon nanotube were calculated within the
MNDO formalism for a simple molecular cluster. The
attack of the carbon nanotube surface by fluorine was
simulated through step-by-step placement of a fluorine
atom closer to the carbon atom located on the surface.

As follows from the results of quantum-chemical
calculations (Table 2 and figure), the energy of interac-
tion between the nanotube and fluorine has two minima
at the distances RW = 2.5 Å and Rch = 1.8 Å. The former
minimum at the RW distance corresponds to the van der
Waals interaction between fluorine and the nanotube,
i.e., to the so-called physical adsorption. The latter min-
imum is associated with the chemical adsorption. In
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
order to occur at a point corresponding to the RW dis-
tance, the fluorine atom must overcome the potential
barrier EW ≈ 2.1 eV (activation energy). The energy
gain for this adsorption can be estimated as Ead ≈
1.8 eV. In this case, the energy is reckoned from the
energy of the system at RC–F = ∞.

The positive value of Ead implies that the physical
minimum at the RW coordinate corresponds to a meta-
stable state. By overcoming the potential barrier of the
height Ea – Ead = 0.2 eV, the fluorine atom can transfer
from the metastable state to a more stable state at the
Rch coordinate. The energy gain Ech for chemisorption
is equal to –1.4 eV. The negative value of the Ech energy
means that the system under investigation is in a stable
state. The C–F bond length Rch is approximately equal
to 1.7 Å. Apparently, the formation of fluorinated car-
bon nanotubes can occur through classical and tunnel-
ing mechanisms. In the quasi-classical approximation,
the number of atoms attached to the surface in a unit
time can be estimated from the standard formulas. The
reaction rate Vs is found to be equal in order of magni-
tude to ~6 × 10–5 ns–1. In the case when the barrier is
overcome through the tunneling mechanism, the pro-
cess proceeds only provided the energy α of particles
attacking the nanotube surface is higher than the Ead
energy. The probability of a particle tunneling through
this barrier is determined as wα ~ 10–3 s–1.

The fluorine adatom interacting with the surface of
the carbon nanotube attracts the surface carbon atom, as
is the case in the atomic oxygen adsorption described

1.6 Rch
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Dependence of the energy E on the reaction coordinate R.
Table 2.  Calculated physical and chemical adsorption energies, activation energies, and the relevant distances

Nanotube type EW, eV RW, Å Ech, eV Rch, Å Ea, eV Ead, eV

(6, 6) –2.1 2.5 –5.2 1.8 1.9 1.8

(6, 6)–F 1.8 – –2.4 1.8 – –
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above. This atom deviates from the nanotube surface so
that the bond length increases, on the average, by 4%.

Moreover, we investigated the adsorption of a fluo-
rine atom on the (6, 0) nanotube surface. It was revealed
that the attack of the (6, 0) nanotube surface by a fluo-
rine atom leads to barrier-free adsorption; i.e., each col-
lision of atoms results in the formation of an F–C chem-
ical bond. The surface of the (6, 0) carbon nanotube is
characterized by considerable dihedral angles between
the hexagon planes. The surface carbon atoms change
their electronic configuration and become sδp2 + δ-
hybridized. One of the sδp2 + δ-hybridized orbitals of the
carbon atom is unsaturated. Therefore, the nanotube
under investigation possesses a high reactivity and effi-
ciently adsorbs fluorine atoms.

4. CONCLUSION
Thus, the successive MNDO calculations of the pro-

cesses of oxidation and fluorination of carbon nano-
tubes demonstrated the possibility of forming oxide
and fluoride materials based on carbon nanotubes. The
attachment of oxygen or fluorine atoms brings about a
substantial distortion of the tubulene surface, thus
P

changing the physicochemical and adsorption proper-
ties of the tubulenes. The saturation of the nanotube
surface with oxygen atoms leads to changes in the
semiconducting properties of the tubulenes, which
exhibit a tendency to metallic behavior. The estimate of
the chemical reaction rate showed that its value
depends on the concentration of atomic fluorine over
the nanotube surface; i.e., the reaction rate is deter-
mined by the gas pressure in the experimental setup.
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Abstract—This paper reports on a theoretical study of intraband resonances arising in the absorption of elec-
tromagnetic radiation by a quantum nanotube both with and without involvement of optical phonons. Explicit
relations are derived for the absorption coefficients. The relative intensities of the resonance peaks are analyzed.
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Nanostructures support two main types of intraband
resonances associated with absorption of high-fre-
quency electromagnetic radiation. The first type is due
to electron transitions between two energy levels
caused by photon absorption. The second type is asso-
ciated with transitions between two electron states
accompanied by simultaneous absorption or emission
of a phonon. Note that the investigation of intraband
resonances is presently attracting considerable interest
[1–3], because it offers an efficient method for deter-
mining the parameters of electron and phonon energy
spectra.

It is well known that a carbon nanotube is geometri-
cally close to a cylinder. Note that the electronic prop-
erties of nonplanar nanostructures are governed prima-
rily not by the actual form of the crystal lattice but
rather by the geometry of the system. Therefore, a num-
ber of the physical properties of a carbon nanotube can
apparently be described satisfactorily in terms of the
electron gas model in the effective-mass approxima-
tion. In particular, the results obtained for the magnetic
response of a 2D electron-gas layer rolled into a cylin-
der [4] were found to be in very good agreement with
those derived [5] for a carbon nanotube in the tight-
binding approximation. With this in mind, we model
the carbon nanotube using a quasi-2D electron-gas
layer rolled into a cylinder, as described in [6]. The
spectrum of such a system placed in a magnetic field B
parallel to the cylinder axis can be written as

(1)

where Ω = , ωc = |e|B/m*c is the cyclotron
frequency, ω1 is the characteristic frequency of the par-
abolic confinement potential constraining the radial

motion of electrons, λ = "2 /2πm*R2Ω2 is the size
quantization energy, R is the average nanotube radius, p
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is the electron momentum along the nanotube axis, m =
0, ±1, ±2, … , and n = 0, 1, 2, … .

We calculate the absorption coefficient for electro-
magnetic radiation using the perturbation-theory for-
malism [7] in order to study the interactions of elec-
trons with a high-frequency field and lattice (character-
ized by the interaction Hamiltonians HR and HL) that
are simultaneously switched on in the case of transi-
tions involving phonons.

The absorption coefficient can be written as a sum of
partial absorption coefficients (the direction of the elec-
tromagnetic wave polarization is chosen perpendicular
to the nanotube symmetry axis),

(2)

where the plus and minus signs relate to the phonon
emission and absorption processes, respectively; ω is
the photon frequency; and n', m' and n, m are discrete
quantum numbers of the initial and final states, respec-
tively.

Note that, in the case of a nondegenerate gas, transi-
tions from the ground state will provide the major con-
tribution to the absorption coefficient. Therefore, we
shall subsequently consider the case with n' = 0 and
m' = 0.

In the case of scattering from DO phonons, the par-
tial absorption coefficients are

(3)

Γ ±( ) ω( ) Γ ±( ) n ' m ' n m, , ,( ),
n ' m ' n m, , ,
∑=

Γ ±( ) 0 0 n m, , ,( )
Γ0

------------------------------------ 1–( )n π
m!
-------

"ω0

T
---------

ω
Ω 1 ω2/Ω2–( )2
------------------------------------=

× "Ω/T( )sinh
Θ3 λ /T–( )exp( )
-------------------------------------- N0

1
2
---

1
2
---±+ 

  b2m2–( )exp

× "Ω/2T–( ) "∆ω/2T( )K0
" ∆ω

2T
-------------- 

 expexp
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where K0(x) is a Bessel function, (x) are the associ-
ated Laguerre polynomials, Θ3(x) is the Jacobian func-

tion, ∆ω = ω – Ωn – m2  is the resonance detun-

ing, ω0 is the phonon frequency, b2 = l2/2Ω2R2, N0 =
[exp("ω0/T) – 1]–1 is the Planckian distribution func-

tion, Γ0 = 32 e2N"2αL/c Lzm*3l3Ω3, αL is the
electron–phonon coupling constant, Lz is the nanotube

length, l = , N is the number of electrons per
unit volume, and ε is the real part of the dielectric per-
mittivity.

As seen from Eq. (3), if one neglects phonon disper-
sion, the absorption coefficient has a logarithmic singu-
larity originating from the behavior of the Bessel func-
tion at the points where ∆ω vanishes. Note that the
same singularity exists in the case of scattering from
PO phonons as well. This singularity broadens if one
takes into account the level width due to collisions or
includes the dispersion of optical phonons.

Let us estimate the intensity of the resonance peaks.
We note first of all that, because of the factor
exp(−"ω0/T), the intensity of the absorption peaks for
"ω0 @ T is much weaker than that of the emission
peaks. Furthermore, the peak intensity falls off rapidly
with increasing m as exp(–b2m2). Therefore, the m = 0
transitions dominate (except in the case where the tran-
sitions occur without a change in the magnetic quantum
number, m' = m). The relative intensity of the resonance
peaks with different n for such transitions is given by

(4)

Note that if the absorption process does not involve
optical phonons, only the transitions between the adja-

× b2m2 Ω2

ω2
------ 1– 

  Ln
–n 1/2– b2m2( ) Ln 1+

–n 3/2– b2m2( )– ,

Ln
m

λ
"
---  ω0+−

ωc
2

2π ε

"/m*Ω

Γ ±( ) 0 0 n 0, , ,( )
Γ +( ) 0 0 0 0, , ,( )
-----------------------------------

1
n!
-----

Ωn ω0±( ) Ω2 ω0
2–( )2

ω0 Ω2 Ωn ω0±( )2–[ ] 2
-----------------------------------------------------=

× "ω0/t–( ) 1
2
---

1
2
---±+exp 1

2
--- 1+ 

  … 1
2
--- n+ 

  .
P

cent levels, with n = n' ± 1, will be allowed (and the
transitions involving a change in the magnetic quantum
number m will be forbidden) [8]. The participation of
optical phonons in absorption makes resonance transi-
tions between levels with different m and n allowed.
The existence of resonance does not depend on the
actual kind of electron statistics; therefore, the relation
for the absorption coefficient in the degenerate case will
have the same resonance frequencies as in the nonde-
generate case. However, in the degenerate-gas case, one
may expect there to be features associated with the gas
degeneracy, namely, breaks appearing in the Γ(ω)
graph.
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Abstract—Temperature dependences of the electrical resistivity of samples of carbon nanoparticles obtained
from nanodiamonds by annealing at 1800, 1900, and 2140 K were studied. The magnetoresistance of these sam-
ples was measured at 4.5 K. Data on the positive magnetoresistance obtained in fields above 3 T were used to
estimate the mean free path l of carriers at liquid-helium temperature, l ~ 12 Å for a sample annealed at 1800 K,
l ~ 80 Å for a sample annealed at 1900 K, and l ~ 18 Å for the case of annealing at 2140 K. The samples annealed
at 1800 and 2140 K exhibit a negative magnetoresistance in fields below 2 T. The carrier concentrations n in the
samples annealed at 1800 and 2140 K were estimated as n ~ 8 × 1021 and 3 × 1021 cm–3, respectively. © 2002
MAIK “Nauka/Interperiodica”.
Investigation of the electron transport properties of
carbon materials is attracting considerable interest,
because it provides information on their structural
imperfection and electronic structure. Structural
defects in carbon materials directly affect their elec-
tron-transport and magnetic properties. For instance,
the extrinsic-carrier concentration in quasi-two-dimen-
sional graphites is determined by the concentration and
structure of defects [1], and their electrical and mag-
netic properties are governed by this concentration [2,
3]. A number of experimental [4–6] and theoretical [7]
studies indicate that defects play the same part in mul-
tilayer carbon nanotubes. The present paper reports on
experimental evidence of defects playing a similar role
1063-7834/02/4403- $22.00 © 20487
in carbon nanoparticles prepared by graphitization of
nanodiamonds.

Bulk samples of carbon nanoparticles were prepared
by annealing nanodiamonds at 1800 K (sample 1),
1900 K (sample 2), and 2140 K (sample 3). The sam-
ples thus obtained (Fig. 1) consisted mainly of multi-
layer spheres with an interlayer distance of ~3.5 Å in a
sphere, which is close to that in quasi-two-dimensional
graphites. These spheres merge to form agglomerates
measuring 500–5000 Å. Powder bulk samples con-
sisted of these agglomerates. Powders to be measured
were packed into a cylindrical ampule with four silver
contacts. The electrical resistance of the samples thus
prepared was measured using the four-probe technique.
x = 0.15 x = 0.051 2 33.5 Å

3.5 Å

3.5 Å

x = 0

Fig. 1. Electron microscope images of carbon nanoparticle samples prepared from nanodiamonds by annealing at (1) 1800, (2) 1900,
and (3) 2140 K. The parameter x shown in the photographs specifies the number of the remaining amount of nanodiamonds deter-
mined by weighing the sample.
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Figure 2 plots the temperature dependences of the elec-
trical resistivity ρ(T) of samples of the three types men-
tioned above. The continuous lines are fits of the exper-
imental data to the relation

(1)

where ρ0 and C are constants specified in the caption to
Fig. 2. The experimental data are best fitted by Eq. (1),
with the parameter n = 2 at low temperatures (Fig. 2a)
and n = 3 for high temperatures (Fig. 2b). Relation (1)
is characteristic of variable-range hopping conduction
(the so-called strong-localization case [8]) in systems
with a semiconducting character of electrical conduc-
tion in the presence of local disorder. The coefficient n

ρ T( ) ρ0 C/kBT( )1/nexp ,=

0.15
T–1/3, K–1/3

–1.8
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ln
(ρ

, Ω
 c

m
)

0.05 0.25 0.35 0.450.15

Fig. 2. Temperature dependence of the electrical resistivity
of carbon nanoparticle samples prepared from nanodia-
monds by annealing at (1) 1800, (2) 1900, and (3) 2140 K.
The continuous lines are fits with Eq. (1) made with the fol-
lowing fitting parameters: (a) n = 2 for all curves, C = 47 K
and ρ0 = 140 mΩ cm for curve 1, C = 121 K and ρ0 =
141 mΩ cm for curve 2, and C = 38 K and ρ0 = 189 mΩ cm
for curve 3; (b) n = 3 for all curves, C = 174 K and ρ0 =
75 mΩ cm for curve 1, C = 355 K and ρ0 = 91 mΩ cm for
curve 2, and C = 180 K and ρ0 = 87 mΩ cm for curve 3.
PH
in Eq. (1) may vary from 1/2 to 1/4, depending on the
dimensionality of carrier motion [8] and on whether the
Coulomb gap is significant or not [9]. The value n = 2
observed in all samples at low temperatures (for T <
100 K in sample 2, and for T < 20 K for samples 1 and
3) implies a dominant role of the Coulomb gap. For
T > 20 K for samples 1 and 3 and for T > 100 K for sam-
ple 2, Eq. (1) is observed to hold with n = 3 (two-dimen-
sional localization), which indicates a weakening of the
part played by the Coulomb gap in the temperature
dependence of the electrical resistivity of these samples
at high temperatures.

We also measured the magnetic-field dependence of
the electrical resistivity of the same samples at liquid-
helium temperature (4.5 K) with an MPMS-5 SQUID
(Quantum Design, USA) magnetometer. The data
obtained are displayed in Fig. 3. The experimental rela-
tions obtained on both samples in magnetic fields B

2
B, T

(b)
21

16

11

6

1

–4
0 4 6

1
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(a)

1.040

0.995
0 20 30

1

3

2

1.010

1.025

ln
(ρ

, Ω
 c

m
)

ρ(
B

)/ρ
(0

)

Fig. 3. Relative electrical resistivity vs. magnetic field B for
carbon nanoparticle samples prepared from finely dispersed
diamonds by annealing at (1) 1800, (2) 1900, and (3) 2140 K.
The continuous lines are plots of Eq. (2) in (a) and of Eq. (3)
in (b).
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above 3 T are described by Eq. (2), which is typical of
classical positive magnetoresistance (continuous lines
in Fig. 3a) [10]:

(2)

where l is the mean free path of carriers, rL = veB/mc is
the electron Larmor precession radius in a magnetic
field, and v, e, and m are the velocity, charge, and effec-
tive mass of an electron, respectively. An estimation of
the mean free path l from data on the positive magne-
toresistance yields l ~ 12 Å for sample 1, ~80 Å for
sample 2, and ~18 Å for sample 3. Thus, sample 1 has
more defects than sample 3. The most ordered is sam-
ple 2. Electron microscope images of sample 2 (Fig. 1)
show well-pronounced, multilayer nanospheres with
characteristic diameters D ~ 30–50 Å. In samples sub-
jected to the lowest or highest annealing temperatures,
these spheres merged into agglomerates with common
surface layers. These layers have more defects than
those of the almost isolated nanoparticles in the sample
annealed at the intermediate temperature. Carrier
motion with such small mean free paths as those in
samples 1 and 3 occurs through diffusion and should
bring about negative magnetoresistance in weak mag-
netic fields [11]. As seen from Fig. 3, samples 1 and 3
exhibit negative magnetoresistance in fields up to 2 T.
The continuous lines in Fig. 3b plot the equation [11]

(3)

where A is a constant of order unity, nc is the critical
carrier concentration near the mobility edge, and ρ0 is
the residual resistivity. The experimental data obtained
were used to estimate the carrier concentration in the
samples (assuming n ~ nc): n ~ 8 × 1021 cm–3 for sam-
ple 1, and ~3 × 1021 cm–3 for sample 3.

As seen from the above estimates, the carrier con-
centration in the sample annealed at the maximum tem-
perature of 2140 K is lower than that in the sample
annealed at 1800 K. This result correlates with the fact
that extrinsic carriers associated with defects in graph-
ite layers provide a substantial contribution to the car-
rier concentration in graphite-like systems [1–7]. Sam-
ple 1, annealed at the lowest temperature, has more of
such defects; this is what brings about the increase in
the carrier concentration in this sample compared to
sample 3. This conclusion conforms well with the
mean-free-path estimate made from the positive
magnetoresistance data (l ~ 12 Å for sample 1, and
~18 Å for sample 3). The magnitude of l for samples 1
and 3 is less than the characteristic diameter of the
spheres, and, hence, the defects are contained within
these spheres. Sample 2, annealed at the intermediate
temperature (1900 K), turned out to consist of practi-
cally defect-free multilayer spheres (Fig. 1, panel 2);
this accounts for the much larger mean free path (l ~
80 Å) and the absence of negative magnetoresistance.

∆ρ B( )/ρ 0( ) l/rL( )2,≅

ρ T H,( )/ρ T 0,( )[ ]ln

=  A eB/"c( )nc
2/3–{ } ρ T( )/ρ0[ ] ,ln
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Thus, our data on the temperature dependence of the
electrical resistivity and on magnetoresistance permit
one to conclude that carbon nanoparticle samples
obtained from nanodiamonds by annealing at 1800 and
2140 K contain defects inside the graphite-like layers
they are composed of. These defects bring about a
decrease in the mean free path of the carriers and an
increase in their concentration, as is the case in quasi-
two-dimensional graphites and multilayer carbon nan-
otubes. The mean free path in the sample annealed at
1800 K is smaller and the carrier concentration is
higher than their respective values in the sample
annealed at 2140 K. The sample annealed at the inter-
mediate temperature (1900 K) is made up predomi-
nantly of practically defect-free multilayer spherical
nanoparticles (Fig. 1, panel 2).
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Abstract—The electrodynamic response of electron gas on the surface of a nanosphere in a weak magnetic
field is studied. The case of the photon polarization vector oriented parallel to the magnetic field (the Faraday
geometry) is considered. An analytic expression for the coefficient of electromagnetic-radiation absorption by
the nanosphere is derived. It is shown that, at low temperatures, the absorption curve has, in the general case,
two resonance peaks. The curve also exhibits breaks. © 2002 MAIK “Nauka/Interperiodica”.
New technologies permit one to produce nano-
spheres with diameters from a few to hundreds of
nanometers [1], and, quite recently, it has become pos-
sible to deposit metal or semiconductor coatings on
them [2]. The progress made in this technology has
stimulated an explosive growth in the number of publi-
cations on nanospheres. The spectral [3] and transport
properties of spherical particles [4, 5] and the effect of
system nonsphericity on the spectral and magnetic
characteristics [6] and optical properties [7] are attract-
ing considerable interest. Investigation of intraband
optical transitions in nanostructures offers important
information on the parameters of the energy spectrum
and of the electronic Fermi surface [8, 9].

In this work, we investigate the electrodynamic
response of a nanosphere placed in a weak magnetic
field. The model of the sphere can be used to study
dielectric spherical particles coated by a thin metal or
semiconductor shell with a thickness considerably less
than the particle diameter.

We consider a gas of noninteracting electrons mov-
ing over the nanosphere surface in a weak uniform
magnetic field. In this case, the term quadratic in the
field in the Hamiltonian can be dropped. Then, the
energy spectrum and the wave function of an electron
can be written as

where l and m are the orbital and magnetic quantum
numbers, respectively; Ω = "/m*R2; m* is the effective
electron mass; R is the radius of the nanosphere; ωc is
the cyclotron frequency; and Yl, m are the spherical har-
monics. These relations are applicable if the inequality
ωc ! 4Ω holds.

El m,
"Ω
2

--------l l 1+( )
"ωc

2
---------m,+=

ψl m, ϑ ϕ,( ) Yl m, ϑ ϕ,( ),=
1063-7834/02/4403- $22.00 © 20490
We calculate absorption for the Faraday configura-
tion, namely, for the photon polarization vector parallel
to the uniform magnetic field.

The method developed in [10] permits one to derive
the absorption coefficient by treating the electron inter-
action with a high-frequency electromagnetic field in
terms of perturbation theory. By assuming there to be a
degenerate electron gas, neglecting spontaneous pho-
ton emission, and dropping exponentially small terms,
we obtain the following estimate for the absorption
coefficient in the dipole approximation:

(1)

where Γ0 = 4πe2τ/cm*S , τ is the phenomenolog-
ical relaxation time, S is the area of the sphere’s surface
that intercepts the electromagnetic radiation, ε(ω) is the
real part of the dielectric permittivity (assuming no dis-
persion in the frequency range considered here), and
f0(El, m) is the Fermi function.

At low temperatures, the major contribution to the
absorption coefficient is due solely to transitions from
the levels lying below the chemical potential. Let l0 be
the orbital quantum number such that  ≤ µ <

. Then, resonance will occur only in transi-

tions between the levels of the l0 and l0 + 1 shells, as
well as between those of the l0 – 1 and l0 shells (the lat-
ter is possible only if the l0 shell is not closed); in other
words, resonances in the absorption appear at frequen-
cies ω = Ωl0 and Ω(l0 + 1).

Γ
Γ0
----- Ω

ω
---- l2 l 1+( )2 m2–[ ]

4 l 1+( )2 1–
---------------------------------------

m l–=

l

∑
l 0=

∞

∑≈

×
f 0 El m,( ) 1 f 0 El m, "ω+( )–[ ]

1 τ2 ω Ω l 1+( )–( )2+
--------------------------------------------------------------------,

ε ω( )

El0 l0–,

El0 1+ –l0 1–,
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Absorption coefficient of a nanosphere vs. electromagnetic radiation frequency and magnetic field strength; R = 10–5 cm, T =
0.00001 K, τ = 5 × 10–11 s, and µ = 5.165 × 10–15 erg.
Considering the contribution of only these reso-
nance transitions, we obtain the following estimate for
the absorption coefficient in the case of a strongly
degenerate gas (µ @ T):

(2)

In the case of  ≤ µ < , the magnetic
quantum number is m0 = l0; otherwise, m0 is found from
the double inequality  ≤ µ < . As shown
by a numerical analysis, the plots of Eqs. (1) and (2)
almost coincide in the vicinity of the resonance fre-
quencies.

As already pointed out, variation of the field B can
cause the electronic levels to cross the chemical poten-
tial. In this case, the quantum numbers l0 and m0 may
change. As a result, the peak height will change in a
jump, and, as seen from the figure, this will increase the
height of the first peak and reduce that of the second.
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As follows from Eq. (1), at low enough tempera-
tures, only those electrons whose energy lies in the [µ –
"ω, µ] interval take part in absorption. When the fre-
quency of the electromagnetic radiation varies, the
electron energy level may cross the µ – "ω level. As a
result, the number of electrons involved in absorption
will change and, as seen from the figure, a break will
form in the dependence of Γ on ω.

In weak fields, breaks form in series. Each series of
breaks corresponds to a crossing of levels of the same
shell with µ – "ω. The number of breaks in a series is
equal to the number of levels in the corresponding shell.
For instance, the number of breaks for the l shell is 2l + 1.
As seen from the condition of the break formation µ –
"ω = El, m, breaks appear at the frequencies ω = µ/" –
Ωl(l + 1)/2 – ωcm/2. Whence it follows that the distance
between neighboring breaks in a series is ∆ω = ωc/2.
The magnitude of the jump at a break is very small
compared to the peak height.

Note that an increase in temperature smoothens the
breaks substantially and, in addition, results in a
decrease in the height of the large peak and an increase
in the amplitude of the small one.
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Abstract—As part of our ongoing research program to produce semiconductor devices based on C60 thin films,
we report here on our first attempts at the intercalative doping of C60 thin films through the diffusion of metals.
Two techniques were employed: (a) chemically induced counter electrodiffusion of Cu and I2 into a C60 matrix
and (b) Au diffusion under the action of an external electric field. © 2002 MAIK “Nauka/Interperiodica”.
1 The most commonly practiced kind of doping of a
C60 solid is intercalation whereby dopants are located
between the C60 molecules in the interstitial positions
of the host crystal structure [1]. Intercalated fullerides
can be produced by the simultaneous vacuum evapora-
tion of C60 molecules and dopant atoms or by diffusion
of dopant atoms into a pristine C60 crystal. Such diffu-
sion can occur as a spontaneous process or it can be
induced by an external stimulus, like vapor pressure or
an electric field applied to the sample. The study of
impurity diffusion in C60 crystals and thin films has
recently become an important subject in fullerene
research [2].

This paper presents the results of an experimental
study of two diffusion phenomena in C60 thin films
(with emphasis on the possible semiconductor doping
of the material): (a) chemically induced counter elec-
tro-diffusion (CICED) of Cu and I2 into a C60 matrix
and (b) diffusion of Au under the action of an external
electric field. The resulting samples were characterized
by x-ray diffraction, Auger electron spectroscopy
(AES), and conductivity measurements.

1. EXPERIMENTAL

C60 films 100 nm thick were grown, using a vacuum
deposition technique, on glass and mica substrates, as
well as on glass substrates, predeposited with a Cu sub-
layer [3, 4].

The crystalline structure of these C60 films was stud-
ied by x-ray diffraction (XRD). The morphology of the
front surface of the films (in particular, the grain size at
the front surface) was studied by atomic-force micros-
copy.

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20493
The elemental composition at the surface and in-
depth concentration distributions (“sputter depth profil-
ing”) for C60 films were studied by AES combined with
controlled Ar ion bombardment. The details of the AES
measurements are presented elsewhere [5].

The conductivity of C60 films was measured in two-
and four-probe configurations of electrodes (Fig. 1)
using a Hewlett Packard 4140B picometer dc voltage
source.

The other experimental details are given below.

2. RESULTS AND DISCUSSION
2.1. Chemically Induced Counter Electrodiffusion

of Cu and I2 into the C60 Matrix 

Recently [5], we developed a new technique for
doping (intercalation) C60 thin films, the so-called
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Fig. 1. Depth distribution of Cu, I, O, and C atomic fractions
(in units corresponding to the time of sputtering by Ar ions)
measured by AES after ten minutes of exposure to an I2
atmosphere of a Cu-supported C60 film.
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CICED. The technique involves vacuum deposition of
a highly crystalline C60 thin film onto a metal (Cu, Au,
Ag) sublayer [3] and subsequent exposure of the sam-
ples to a reactive gas atmosphere.

If oxygen is employed as the reactive gas atmo-
sphere, diffusion of oxygen atoms through the front
surface of the fullerene film is observed and a corre-
sponding slow counter diffusion of metal from the sub-
layer occurs (with a characteristic time measured in
months). Analysis of the resulting doped material, after
ten months of exposure to air of the Cu-supported C60
films at room temperature, revealed the presence of Cu
and O atoms at all depths in the samples and the forma-
tion of a complex which we refer to as CuxOyC60. We
have published [5] detailed results of an oxygen-
induced-doping experiment, together with a suggestion
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Fig. 2. Temperature dependences of two-probe coplanar
conductivity before and after treatment of the C60 films for
an hour under an electric field of 500 V/cm at 150°C: (a) a
highly dispersed film, (b) a film of intermediate crystallin-
ity, and (c) a highly crystalline film.
PH
that the following CICED multistep process takes place
under the experimental conditions: (1) well-known dif-
fusion of molecular oxygen (O2) from air into the C60
film, (2) emission of free electrons from the Cu sub-
layer to oxygen molecules in the C60 matrix, (3) gener-
ation of an internal electric field between (O2–C60)–

complexes and the Cu+ sublayer, (4) drift of Cu+ from
the sublayer to the (O2–C60)– complexes, and (5) forma-
tion of the CuxOyC60 complex.

In the case of an iodine atmosphere, the metal diffu-
sion was observed to occur on a time scale that is sev-
eral orders of magnitude faster. Indeed, even ten min-
utes of exposure of the Cu-supported C60 films to an I2
atmosphere at room-temperature led to a complete dis-
appearance of the Cu sublayer due to Cu diffusion into
the C60 film. X-ray diffraction revealed an absence of
Cu peaks. At the same time, together with the {111}
reflections from the C60 lattice, four intense CuI peaks
appeared after exposure. AES depth profiling measure-
ments of this sample (Fig. 1) revealed the presence of
Cu and I2 at all depths in the C60 film (the most surpris-
ing result being that Cu is present even at the front sur-
face of the film!). A clear correlation between the Cu
and I atomic fractions is also in evidence. This indicates
the existence of CuI over the entire thickness of the C60
film. In other words, we may conclude that the expo-
sure of a Cu-supported C60 film to an I2 atmosphere
leads to counter diffusion of Cu and I2 into the C60
matrix, resulting in the formation of a C60–CuI compos-
ite material.

Using a two-probe measuring technique, a substan-
tial increase in the dark conductivity [from 10–9–10–12

to 10–3–10–4 (Ω cm)–1] was observed after CuI doping.
Unfortunately, no semiconductor behavior or photo-
conductivity of the doped samples were observed.
These results suggest that electronic transport occurs
mainly by percolation through the CuI phase of the
composite material, which has low dark resistivity but
is not photosensitive.

We believe, however, that by using this counter dif-
fusion approach and optimizing the process conditions,
it is possible to produce C60-based materials doped with
various compounds in the form of both phase-separated
composites and solid solutions (intercalated fullerides).
Intercalation of C60 with compounds is now becoming
a research direction of vital importance because of the
following recently published findings. Schon et al. [6]
discovered superconductivity with a transition temper-
ature Tc = 52 K in a single crystal of C60 doped by holes
by using the technique of gate-induced doping in a
field-effect transistor. This value of Tc is the highest
ever observed in a C60-based material. Furthermore, the
authors believe that values of Tc up to 100 K will be
achievable in a suitably expanded, acceptor-interca-
lated C60 lattice. On the other hand, to the best of our
knowledge, the only successful examples of the doping
YSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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of C60 by acceptors is intercalation by compounds such
as InCl3, AsF5, SbF5, and SbCl5 [7–9].

Furthermore, one of the most important CICED
results presented—extremely fast metal diffusion into
the C60 film under the action of an internal electric
field—suggested that one should attempt the diffusion
of metals into C60 films under the action of an external
electric bias.

2.2. Diffusion of Au into C60 Films under the Action 
of an External Electric Bias 

Three types of C60 films grown on an insulator sub-
strate were used in these experiments: (a) highly dis-
persed films (grain size of ~20 nm, no texture), (b) films
of intermediate crystallinity (grain size of 80–100 nm,
no texture), and (c) highly crystalline films (grain size
of 500–1500 nm, 〈111〉  texture).

The conductivity measurements were performed
in situ while pumping the quartz tube with the sample
to a dynamic vacuum of 10–6 Torr and heating the sam-
ples to elevated temperatures. After the sample temper-
ature had reached a value of 150°C, we applied a series
of external electric fields, with strengths of 150, 300,
and 500 V/cm, between the Au electrodes. We observed
an increase in the measured value of current (i.e., in the
film conductivity) with time related to the length of
time the field was applied. The rate of increase was
observed to be intensified as the electric field strength
was increased. These results are in agreement with
those of a similar experiment performed by Firlej et al.
[2, 10]. However, in addition, we revealed a strong cor-
relation between the rate of the conductivity increase
and the crystalline structure of the films: for increased
film grain sizes, the rate of conductivity increase was
observed to diminish.

Figure 2 shows the temperature dependences of the
two-probe coplanar conductivity of C60 films with var-
ious degrees of crystallinity before and after treatment
by a 500 V/cm electric field at a temperature of 150°C
for an hour. All temperature-dependent results show a
semiconductor-like activated behavior. Furthermore,
we can certainly conclude that the values of activation
energy decrease as a result of treatment in all three
cases. This is direct evidence that semiconductor dop-
ing occurred during the treatment.

Another interesting feature of these results is the
observed relationship between the decrease in activa-
tion energy and the crystalline structure of the samples
(table). Specifically, the minimum value of activation
energy (or, in the other words, the maximum doping
effect) after treatment was observed for those samples
with the smallest grains. In this case, the room-temper-
ature conductivity was found to increase by more than
50 times (Fig. 2a). Conversely, the maximum activation
energy (i.e., the minimum doping effect) was observed
for a highly crystalline sample (Fig. 2c). Both a
decrease in activation energy and an increase in the
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
conductivity values (after treatment) with decreasing
grain size were observed.

The electrodiffusion experiment using a four-probe
configuration of electrodes demonstrated similar
results. AES and x-ray photoelectron spectroscopy
(XPS) characterization of the doped samples, as well as
photoconductivity measurements, are in progress.

In general, the diffusion rate of an impurity atom is
known to be higher along grain boundaries than within
a crystal grain [11]. We interpret the observed doping
behavior as the electrodiffusion of Au from an electrode
dominantly along grain boundaries and the subsequent
intercalation of the C60 lattice by Au atoms.

3. CONCLUSIONS

(1) Structural and chemical changes in Cu-sup-
ported C60 thin films during their room-temperature-
exposure to an I2 atmosphere were studied by XRD,
AES, XPS, and conductivity measurements. A C60–CuI
composite material was found to be produced during
the exposure of a Cu-supported C60 film to an I2 atmo-
sphere. Even ten minutes of exposure resulted in com-
plete disappearance of the Cu sublayer and the forma-
tion of a CuI phase over the whole thickness of the C60
film. The room-temperature dark conductivity of the
CuI-doped samples was observed to increase by several
orders of magnitude, but semiconductor behavior was
not observed.

(2) We reported the effect of an external electric
field on the in situ measured conductivity of C60 films
with different degrees of crystallinity. Semiconductor
behavior with increased conductivity values and
decreased conductivity activation energy has been
demonstrated for the doped samples. The results are
explained by the electrodiffusion of Au from an elec-
trode dominantly along grain boundaries and by the
subsequent intercalation of the C60 lattice by Au atoms.
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Correlation between the grain sizes in C60 films and their
value of activation energy of conductivity after treatment
under an electric field of 500 V/cm at 150°C for an hour

C60 film structure Grain size, nm Activation 
energy, eV

Highly dispersed ~20 0.5

Intermediate crystalline 80–100 0.78

Highly crystalline, textured 500–1500 1.06
2
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Abstract—Low-frequency Raman scattering in the orientationally disordered phase of a polycrystalline C60
film is investigated. By analogy with disordered media (glasses), the low-frequency Raman spectra are inter-
preted in terms of light scattering by localized vibrational states. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, terahertz (THz) dynamics in disor-
dered media has attracted the particular attention of
researchers in the field of solid-state physics. The data
obtained in this frequency range contain information on
elementary relaxation processes occurring in different
media and on vibrational states at wavelengths of the
order of 1–10 nm. Investigations into the THz dynamics
in the orientationally disordered phase of fullerite crys-
tals make it possible to elucidate the nature of fullerene
relaxation and the specific features of ordering on a
nanometer scale. Moreover, analysis of the THz
dynamics in fullerenes provides a better insight into
elementary relaxation processes and the kinetic fea-
tures of chemical reactions and transfer in fullerene
materials.

Although low-frequency (<100 cm–1) Raman scat-
tering is one of the most widely used experimental tech-
niques of investigating THz dynamics, the available
data on low-frequency Raman scattering in the orienta-
tionally disordered phase of fullerites are very scarce.
In particular, Horoyski and Thewalt [1] observed the
central peak in the low-frequency Raman spectrum of
the C60 fullerene compound. This peak was attributed to
light scattering by isotropically rotating fullerene mol-
ecules. However, as was shown later in [2], this inter-
pretation is inconsistent with the experimental data
obtained for polycrystalline C60 films. The results of the
present work complemented the data reported in [2]:
we estimated the rotational broadening from the high-
frequency Raman spectrum, made the assumption that
the low-frequency Raman spectra can be associated
with light scattering by vibrational excitations localized
1063-7834/02/4403- $22.00 © 20497
in orientational clusters, and compared the Raman
spectra of the C60 film and C60 single crystals.

2. EXPERIMENTAL TECHNIQUE

The Raman scattering spectra of the polycrystalline
C60 film were recorded on a U1000 spectrometer using
the 514-nm exciting line. A grazing incidence of a low-
power (<1 W/cm2) laser beam was used to exclude pho-
topolymerization. The absence of photopolymerization
in the course of measurements was checked against the
Raman line at ~1470 cm–1.

3. RESULTS AND DISCUSSION

Earlier [2], it was demonstrated that the low-fre-
quency spectrum of a polycrystalline C60 film cannot be
described by a Lorentzian contour, as would be
expected for light scattering due to isotropic rotation of
fullerene molecules. Recall that the low-frequency
Raman spectrum of fullerite single crystals differs in
shape from the Lorentzian contour [1, 3]. In [2], it was
also noted that the relaxation time estimated from the
low-frequency Raman spectrum is 30 times shorter
than the characteristic rotation time determined from
the experimental NMR data by Tycko et al. [4]. It is of
interest to verify the estimate of the characteristic time
of rotation of C60 molecules by using Raman spectros-
copy. The estimation technique is based on the fact that
the broadening of the anisotropic Raman modes
involves the vibrational broadening [5]. According to
the experimental data obtained in the present work, the
width of the anisotropic mode at a frequency of
1120 cm–1 does not exceed 1.5 cm–1. Consequently, the
002 MAIK “Nauka/Interperiodica”
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contribution from the vibrational broadening cannot be
greater than 1.5 cm–1 (the corresponding rotation time
is longer than 3.5 ps). The maximum of the spectral
susceptibility I/(n + 1) for the C60 film is observed at
17 cm–1. This value considerably exceeds both the esti-
mate obtained from the NMR data (0.44 cm–1) and the
upper boundary determined from the high-frequency
Raman spectrum (<1.5 cm–1). Thus, the spectral shape
of the low-frequency Raman spectrum of the C60 film
and the disagreement between the location of the
Raman susceptibility maximum and the estimated char-
acteristic time of rotation of C60 molecules are in con-
tradiction with the interpretation of low-frequency
Raman scattering in the C60 fullerite as light scattering
due to rotations of fullerene molecules.

Alternatively, the low-frequency Raman spectrum
can be interpreted in terms of light scattering by acous-
tic vibrational states localized through orientational
disorder [2]. This interpretation makes allowance for
the fact that the characteristic time of rotation of C60
molecules is substantially longer than the period of
acoustic vibrations in the frequency range covered. In
this case, on the time scale of vibrational excitations,
the fullerite structure can be considered to be formed by
C60 molecules with frozen random mutual orientations,
which leads to fluctuations in the effective elastic con-
stants. These fluctuations bring about the localization
of vibrations. Therefore, the Stokes component of the
Raman spectrum can be described by the formula [6]

(1)

Here, g(ω) is the density of vibrational states and C(ω)
is the photon–photon coupling coefficient. As was
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Low-frequency Raman spectra of the C60 fullerite film
(solid line) and C60 single crystals according to the data
taken from [1] (circles) and [3] (dashed line).
P

shown in [2], the low-frequency (<40 cm–1) component
of the spectrum is characterized by the photon–photon
coupling coefficient C(ω) ≈ const. Within this approxi-
mation, the g(ω) density can be written as

(2)

The Raman spectrum of the C60 film in representa-
tion (1) is displayed in the figure. For comparison, this
figure depicts the Raman spectra of C60 single crystals
according to the data taken from [1, 3]. It can be seen
that the Raman spectrum of the C60 film is considerably
shifted with respect to the spectra of single-crystal sam-
ples. In the framework of the proposed model, the
above shift can be explained by the different sizes of
orientational clusters in these samples. In our case, the
orientational cluster represents a set of C60 molecules
whose mutual orientation and orientational motion are
correlated at a certain instant of time. A vibrational
excitation at a wavelength of the order of the cluster
size undergoes strong scattering and becomes local-
ized. Within the spherical cluster shape approximation,
the frequency of the fundamental vibrational mode and
the cluster size L are related by the expression [7]

(3)

Here, v t is the transverse acoustic velocity and c is the
velocity of light. Expression (3) gives the following
estimate of the cluster size for single crystals: L ≈
4.0 nm (v t = 1.7 km/s and ωmax = 12 cm–1). The evalu-
ated cluster size agrees with the correlation length of
the orientation of C60 molecules, which was estimated
by Pintschovius et al. [8] from x-ray and neutron scat-
tering data. This agreement counts in favor of the model
proposed above for low-frequency Raman scattering in
C60 fullerites. According to the Raman spectra of the
polycrystalline C60 film, the size of orientational clus-
ters is estimated as L ≈ 1.7 nm. The difference between
the correlation lengths of the orientational order in the
C60 single crystal and polycrystalline film can be asso-
ciated with the high concentration of defects in the film
as compared to that in the single crystal.

4. CONCLUSION

Thus, the low-frequency Raman scattering in the C60

fullerite can be explained in terms of light scattering by
vibrational excitations localized through the orienta-
tional disorder. The correlation lengths estimated from
the Raman spectra and structural data are in good
agreement. It was found that the length of orientational
ordering in the C60 film is considerably smaller than
that in single crystals.

g ω( ) ω I
n 1+
------------.∝

ωmax 0.85v t/cL.≈
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Abstract—This paper reports on measurements of IR spectra and of the extinction coefficient in the 1.2- to 4.2-
eV range made on C60Brx films and compared with those for pure C60 films. The modification of the electronic
spectrum near the absorption edge is connected with differences in the film structure and with suppression of
charge-transfer excitons. The C60Brx films exhibit additional absorption below the fundamental absorption edge
of C60. © 2002 MAIK “Nauka/Interperiodica”.
Several stable chemical fullerene compounds are
known presently, namely, C60Br6, C60Br8, and C60Br24,
whose molecules have covalent C–Br bonds that form
from double bonds in the C60 molecule [1, 2]. The best
studied of them, C60Br24, has a spherically symmetric
structure, with the halogen atoms attached to the reac-
tive double bond of the C60 cluster. Experimental stud-
ies of the physical properties and electronic structure of
the material are hampered by the thermal instability of
C60Br24, which renders preparation of thin C60Brx films
and of crystals of a sufficiently large size difficult [3].
Special measures have to be taken to prevent decompo-
sition of the material during thin film deposition or
crystal growth.

Our films were prepared using quasi-equilibrium
methods of vacuum deposition, more specifically, by
fast evaporation in a quasi-closed volume [4] and by the
hot-wall technique. The starting material for film prep-
aration was a yellow-brown microcrystalline C60Br24
powder with grains 5–10 µm in diameter. The elemen-
tal composition of the pristine material was determined
by pyrohydrolysis. The reference films were obtained
from a 99.98%-pure C60 powder. KBr (100) and KDB-
10 silicon (111) were used as substrates. The C60 films
were deposited at a substrate temperature of 250–
300°C, providing a perfect crystalline structure, while
the halofullerene films were deposited at substrate tem-
peratures no higher than 100–120°C and at a high rate
(100–200 nm/min) in order to preclude thermal decom-
position. Evaporation of C60Br24 can be considered to
be that of a two-component mixture in which one com-
ponent (Br) is volatile and the other (C60) is not. C60Br24
is known to decompose at a temperature of about 170°C
into C60 and Br2 [3], while the saturated vapor pressure
1063-7834/02/4403- $22.00 © 20500
of C60 is such that effective evaporation occurs only at
400–500°C. We showed earlier [4] that condensation
performed in such conditions produces variable-com-
position films with a high bromine content near the
interface and that the deposition of multicomponent
vapor on a substrate may give rise to chemical bonding
of the fullerene and bromine molecules in accordance
with the saturated vapor pressure of each component.

The crystal structure and surface morphology of the
films thus obtained were studied with scanning electron
microscopy. The C60 films on silicon are polycrystal-
line, with grain size closes to the film thickness (300–
500 nm). The halofullerene films are either amorphous
or fine-grained crystalline, because the material was
deposited on colder substrates in this case.

We measured the IR spectrum of the starting C60Br24
powder and of the C60Brx films. The table compares lit-
erature data on the absorption lines of known stable
bromofullerene compounds with experimental data.
The film spectra exhibit absorption lines characteristic
of the C60Br24, C60Br8, and C60Br6 compounds, which
suggests the formation of a C–Br chemical bond in the
films.

We used spectral ellipsometry in the 1.2- to 4.2-eV
photon energy range to determine the energies of the
main optical transitions in C60 and C60Brx in the solid
state. An analysis of the optical absorption edge in C60
requires that both intra- and intermolecular electronic
processes be taken into account. The former processes
give rise to the formation of Frenkel excitons; the latter,
to the formation of charge-transfer excitons, in which
the two charges are located on adjacent molecules.

The figure compares the absorption spectra (extinc-
tion coefficients) of the C60 reference sample and
002 MAIK “Nauka/Interperiodica”
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Comparison of the absorption lines observed in C60Br24, C60Br8, and C60Br6 molecules and C60Brx films

IR mode energy, cm–1

data of [1–3] our measurements
main IR C60 modes

C60Br24 C60Br8 C60Br6 C60Br24, powder C60Brx film

526 529 526 526

538

546 546 551 546

563 562

575 576 576

606 610 606 * 604

661

679

706 708

720 718 720

742

751 750 751 750 752

766

776 776 776

801

812

820 829

849 845 850 850

912 914 914

946 947 945

963 970 970

1050 1047

1065

1086 1085

1117

1142 1152 1146

1182 1198 1183

1244 1250 1265

1291 1270

1400 1422 1421 1420 1429

1440 1435

1455

1473

* * * 1600 1604

1650
C60Brx. Deconvolution of the spectra into constituent
Lorentzians permits one to isolate three optical transi-
tions for C60, namely, 3.52 eV (the hg  t1u transi-
tion), 2.64 eV (hu  t1g), and 2.94 eV. The 2.94-eV
band corresponds to none of the transitions in the C60

molecule and can be apparently assigned to the charge-
transfer exciton, because its energy is higher than that
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
of the lowest Frenkel exciton. A common feature is the
presence of an absorption band at 3.52 eV, which even
has the same intensity in all the three spectra, and of the
2.64-eV band. However, the oscillator strength of the
corresponding hu  t1g transition in the spectra of
bromine-containing films is considerably lower than
that in the starting fullerene. An important difference
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between the spectra is that the transition at 2.94 eV,
associated with the charge-transfer exciton, is practi-
cally suppressed in the C60Brx films. Additional studies
showed, however, that the amplitude of this peak is also
connected with the film structure in pure C60 films and
that it depends strongly on the film deposition temper-
ature, so that the disappearance of this peak in the halo-
gen-containing films is associated, most likely, with
their being amorphous. The presence of bromine in the
C60Brx films gives rise to an additional absorption band
below 2 eV, which is not seen in the C60 spectrum. The
absorption remains nonzero down to ~1.3 eV, which
agrees with the theoretical estimates of the HOMO–
LUMO energy gap (1.5 eV).

Thus, we have shown that structural degradation of
thin fullerene films brings about noticeable modifica-
tion of the electronic energy spectrum, which is associ-
ated with suppression of charge-transfer excitons. In
C60Brx films, we observed additional electronic transi-
PH
tions at energies below the fundamental absorption
edge in C60.
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Abstract—This paper reports on a study of films of fullerenes and their halogen compounds, deposited on mica
and silicon, by medium-energy ion scattering (MEIS). The film thickness nonuniformity was determined. A
considerable increase in the halogen concentration was found at the interface, which is associated with the spe-
cific film deposition conditions. It was demonstrated that the composition of individual layers of a film can be
determined using MEIS. © 2002 MAIK “Nauka/Interperiodica”.
The medium-energy ion scattering (MEIS) method
permits one to probe nanometer-scale thin films of var-
ious compositions and, in particular, to determine the
thickness of a film and its nonuniformity, the elemental
composition, and its depth profile in a nondestructive
way [1]. The method includes measurement of the
energy spectra of backscattered ions (BSI) and determi-
nation of the film parameters by comparing measured
spectra with calculated ones or with reference spectra
obtained by investigating films of a known composi-
tion.
1063-7834/02/4403- $22.00 © 20503
The present work was aimed at studying films of
pure and halogen-intercalated C60 fullerenes prepared
by thermal evaporation in a quasi-closed volume [2].
Films of the pure fullerene were deposited on mica and
silicon substrates; films of intercalated fullerenes, on
(111) silicon. Intercalated fullerenes were obtained by
evaporating C60Br24 and C60Cl12. The temperature of
the evaporator was 500–520°C, and that of substrates
was 200–250°C.

The films were probed with 190- to 230-keV H+ and
He+ ions. The backscattered ions were detected by a
Characteristics of fullerene films

Item no. Composition, 
substrate

Thickness, 
nm

Thickness spread
Coverage, % Depth

interval, nm
Composition vari-
ation with depthnm %

1 C60/mica 390 35 9 100

2 C60/mica 290 35 12 100

3 C60/mica 270 12 5 100

4 C60/mica 130 30 23 90

5 C60/Si 400 18 5 100

6 C60Clx/Si 270 12 5 100 0–175 C60

175–213 C60Cl3
213–270 C60Cl6

7 C60Brx/Si 145 12 8 100 0–58 C60Br0.1

58–138 C60Br0.3

138–145 C60Br10

8 C60Brx/Si 55 18 33 100 0–45 C60

45–55 C60Br20
002 MAIK “Nauka/Interperiodica”
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Energy spectrum of protons with an initial energy of 230 keV scattered in a 145-nm-thick C60Brx film. Points are the experimental
spectrum; (1) total spectrum calculated taking into account the thickness and compositional nonuniformities, (2) same assuming
uniform film thickness and composition, and (3–5) partial spectra of Si, C, and Br, respectively.
spectrometric semiconductor detector and an electro-
static analyzer, with the depth resolution in the near-
surface region being 5–10 nm in the first case and 0.5–
1 nm in the second. The film thickness was determined
as the number of atoms per cm2 and reduced to the lin-
ear thickness by using the target density, which was
taken equal to 1.7 g/cm3 for C60.

To develop the technique of fullerene film prepara-
tion, we studied four C60 films deposited on mica and
four films on silicon, including three films (containing
halogen impurities) of C60Brx and C60Clx. The parame-
ters of the films are listed in the table. For all films, the
thicknesses and their spread were determined, and the
halogen distribution in depth was found for the halo-
gen-containing films. As seen from the table, the rela-
tive spread in film thickness, both on mica and on sili-
con, decreases with increasing thickness. The films on
mica, which were shown by x-ray analysis to be prefer-
entially 〈111〉  oriented, have a less imperfect structure
while, at the same time, exhibiting a large spread in
thickness, which is connected with the pyramidal char-
acter of growth on mica substrates [3]. Films grown on
silicon substrates are polycrystalline [4]; this accounts
for the practically constant spread in thickness (12–
18 nm).

The figure illustrates a BSI energy spectrum
obtained experimentally from a C60Brx film on silicon
(no. 7 in table). This spectrum is compared with calcu-
P

lated total spectra obtained by summing partial spectra
of the elements. The spectra were obtained under two
alternative assumptions. One is that a film has a uni-
form thickness and a uniform distribution of bromine in
depth. The other assumption is that a film is nonuni-
form in thickness and consists of layers differing in bro-
mine content. As seen from the figure, the model of a
nonuniform film provides better agreement with the
experiment.

The halogen-containing films revealed a strong
compositional nonuniformity in depth. The halogen
concentration is the highest near the interface. As one
goes away from the interface toward the surface, the
concentration falls off rapidly to zero. This is also seen
in the spectrum of sample 7 in the figure, wherein the
partial spectrum of bromine is substantially narrower
than that of carbon. The reason for the nonuniformity in
the impurity distribution lies in the different evapora-
tion rates of C60 and of the halogens in the course of
film deposition. The variations in the rate may be
caused by charge decomposition under heating [5],
which takes place already at 170°C, a temperature sub-
stantially lower than the operating temperature of C60
evaporation. The deposition of fullerene compounds
with halogens should apparently be accomplished
through explosive evaporation or by using special
devices to control the fluxes of the components to be
deposited.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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We may note in conclusion that studies of films of
fullerenes and of their halogen compounds by MEIS
have permitted us to determine the film thickness and
its nonuniformity nondestructively, to detect an
increase in the halogen concentration near the interface,
and to establish the average stoichiometry of various
film layers, which is necessary for improving the tech-
nology of their preparation.
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Abstract—Raman spectra from the first Ti fullerene complex Cp2Ti(η2-C60) · C6H5CH3 are presented. Com-
pared to spectra of pure C60, the spectra of the Ti complex exhibit a number of new peaks due to the symmetry
lowering for C60. The Ag(2) mode is downshifted by 12 cm–1 compared to C60, which corresponds to a charge
transfer of one electron per Ti–C60 bond. This value (6 cm–1 for one transferred electron) is identical to the
downshift of the Ag(2) mode in alkali metal fullerides with ionic bonding. The spectra of Cp2Ti(η2-C60) ·
C6H5CH3 were compared to the spectra of evaporated TixC60 films. The Ag(2) mode in Ti4C60 showed a down-
shift of about 25 cm–1 compared to pure C60, which corresponds to a charge transfer of one electron per Ti atom;
this is similar to the ionic alkali metal fullerides and different from η2-C60-type bonding. © 2002 MAIK
“Nauka/Interperiodica”.
1 Raman spectroscopy is widely used for character-
ization of different C60 compounds. The effect of differ-
ent kinds of bonding on the Raman spectra has been
established for many C60-based materials; stronger
bonding gives new peaks, some silent modes can
appear, and a number of C60 modes become split due to
lowering of the molecular symmetry [1–4]. In many
cases, the shift of the Ag(2) mode is very sensitive to the
structural modifications of the C60. For example, soft-
ening of the Ag(2) mode was widely used for character-
ization of the stoichionetry in MxC60 alkali metal ful-
lerides, since it had been found that the dowshift is lin-
early dependent on the number of intercalating metal
atoms with a typical value of the downshift of ~6 cm–1

per transferred electron [1]. Other compounds with
strong covalent bonding also exhibit a similar down-
shift of 5–6 cm–1 [2–4]. In contrast, weaker donor-
acceptor bonding with partial charge transfer from the
ligand to C60 leads to a much smaller downshift and, for
van der Waals bonding, the position of the Ag(2) mode
of C60 remains unchanged [5, 6].

Valuable information can be obtained using Raman
spectroscopy for new amorphous materials, such as
TixC60, which was recently deposited as thin films by
coevaporation of Ti and C60 [7]. The nature of bonding
in this compound is still unclear, although it has been
suggested that Ti is covalently bonded to C60. The
recent discovery and structural characterization of the

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20506
first fullerene Ti complex Cp2Ti(η2-C60) makes it pos-
sible to study the effects of covalent Ti–C60 bonding on
Raman spectra [8]. In the present contribution, we
report the first Raman study of this complex and com-
pare it with the spectra of Ti4C60 films.

1. EXPERIMENTAL

The details of the preparation and structural charac-
terization of the Cp2Ti(η2-C60) · C6H5CH3 were
reported elsewhere [6]. In this compound, toluene mol-
ecules form weak van der Waals bonds similar to
known solvates of pure C60. Thin films of TixC60 were
deposited by coevaporation of C60 and Ti under UHV
conditions. Details of the experimental setup were pub-
lished elsewhere [5]. A film with composition Ti4C60, as
determined by XPS, was deposited on the glass sub-
strate and capped with Ti to protect the sample from
oxidation. Raman spectra of Ti4C60 were recorded
through the glass substrate using a Renishaw Raman
2000 spectrometer with 514 nm excitation wavelengths
and a resolution of 2 cm–1. If the Ti capping layer had
microholes, it was possible to observe, using an optical
microscope, how the color of the film changes due to
oxidation around such holes. The process was suffi-
ciently slow for the spectra from the same spot before
and after oxidation to be recorded. Raman spectra of
the Cp2Ti(η2-C60) · C6H5CH3 were recorded in a sealed
ampule filled with argon through glass using a 785-nm
laser.
002 MAIK “Nauka/Interperiodica”
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2. RESULTS AND DISCUSSION

2.1. Raman Spectrum of the Cp2Ti(η2-C60) · C6H5CH3 

Let us first analyze the Raman spectrum of
Cp2Ti(η2-C60) · C6H5CH3. As can be seen in the figure,
this spectrum exhibits a number of new peaks com-
pared to pure C60. Raman spectra of C60 solvates are
almost identical to pure C60, and the presence of toluene
in the structure should not affect Raman modes of C60
significantly [6]. The lines of toluene are very weak,
and only the strongest line at 1008 cm–1 can be identi-
fied in our spectra. The other lines are a combination of
C60-derived modes and vibrations of the Cp2Ti-group.
Some of the vibrational modes of the Cp2Ti-group can
be identified by comparison with the Raman spectrum
of Cp2TiCl2. The assignment of the vibrational modes
for Cp2TiCl2 was made according to the data by Hol-
ubova et al. [9]. From the similarity of the compounds,
we can expect some of the modes in the Cp2TiCl2 spec-
trum to be similar to those of the Ti–C60 complex.
Indeed, the C–H modes of Cp2TiCl2 are situated at
843, 864, and 1074 cm–1; the peaks, at 881, 894, and
1095 cm–1. The peak of Cp vibrations at 394 cm–1 for
Cp2TiCl2 can probably be identified with the peak at
400 cm–1 for the Ti–C60 complex. The peaks of Ti–Cp
vibrations of niobocene dichloride are at 412 and
301 cm–1, and the corresponding peaks in the
Cp2Ti(η2-C60) are most probably located first at 430 cm–1

and second at 280 or 337 cm–1. It is very interesting that
Cp2Ti(η2-C60) spectra exhibit a sharp peak at 134 cm–1,
which can probably be associated with vibrations due
to Ti bonded to C60. C–C vibrations of titanocene
dichloride are more difficult to identify with
Cp2Ti(η2-C60) because, in the same spectral region, there
are several peaks, some of them from C60 vibrations.

All other peaks in the spectra of Cp2Ti(η2-C60) orig-
inate from C60. The Ag(2) mode is downshifted com-
pared to pure C60 by 12 cm–1. Taking into account that
Ti forms two bonds with two carbon atoms from the C60

molecule, we calculated the shift of 6 cm–1 per bond.
This is very similar to the alkali metal fullerides, which
exhibit a downshift of the Ag(2) mode by 6 cm–1 per
transferred electron. The Hg(7) and Hg(8) modes of C60

are split in Cp2Ti(η2-C60) and can be found at 1407,
1417 cm–1 and 1546, 1563 cm–1. The Hg(5) and Hg(6)
modes are also split into several weak peaks. Four
strong peaks and several weak peaks can be found also
around 600–800 cm–1, which are typically ascribed to
Hg(3) and Hg(4) derived for different kinds of C60 com-
plexes and polymers. The strongest peaks in the spec-
trum of Cp2Ti(η2-C60) are those at 484 and 526 cm–1. The
first peak can be assigned to the downshifted Ag(1)
mode; the second peak, to the typically silent infrared-
active mode F1u(1) of C60. The Hg(1) mode is split into
several components represented as weak peaks around
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
240–290 cm–1. The Hg(2) mode is split into two sharp
peaks at 430 and 436 cm–1. Some other weak peaks can
also be assigned to different silent and infrared-active
modes. The main conclusion that can be drawn from the
above discussion is that lowering of the C60 symmetry
leads to splittings and shifts of most modes and the acti-
vation of silent and infrared modes. The shift of the
Ag(2) mode allows us to draw the conclusion that η2

bonding between Ti and C60 leads to a charge transfer
of two electrons, one electron per Ti–C bond.

2.2. Ramam Spectra of the Ti4C60 Films 

The spectra of the unoxidized Ti4C60 is clearly dif-
ferent from those of pure C60. The main signature of the
chemical bonding in this material is a shift of the Ag(2)
mode to 1443 cm–1, which is 26 cm–1 lower than that in
pure C60. The other modes of C60 are also shifted or
split. Hg(7) and Hg(8) modes can be found at 1416 and
1554 cm–1, which corresponds to a downshift compared
to pure C60 by 10 and 22 cm–1, respectively. The Hg(1)
mode is clearly split into three components at 257, 265,
and 293 cm–1. A group of new peaks is observed at 330–
400 cm–1. The peak at 425 cm–1 can be assigned to the
Hg(1) mode; the peak at 490 cm–1, to the Ag(1) mode.
The peaks at 522 and 553 cm–1 belong, most likely, to
the activated infrared modes F1u(1) and F1u(2). The
peaks at 707 and 766 cm–1 can be assigned to the Hg(3)
and Hg(4) modes, respectively. Very typical features of
Ti4C60 are two broad peaks around 939 and 1089 cm–1.
The nature of these peaks is unknown, but it can be
clearly seen that they strongly decrease in intensity
after oxidation. It is known that TixC60 is extremely sen-
sitive to oxidation. This observation is confirmed by the
comparison of the Ti4C60 Raman spectra with the spec-
trum of the same film after oxidation, which is mea-
sured through a microhole in the capping layer. The
oxidation can be observed as a change in color using an
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optical microscope. Other remarkable changes due to
oxidation are a strong decrease in the Ag(2) intensity
with a simultaneous upshift by 6 cm–1; an upshift of the
Hg(7) and Hg(8) modes by 12 and 10 cm–1, respectively;
and a strong change in relative intensity for other peaks,
e.g., the peaks at 707 and 766 cm–1. It shall be noted that
the spectra of oxidized Ti4C60 shown in the figure were
recorded within one hour of exposure to air. Longer
exposure leads to complete degradation of the sample.
It is interesting to note that the peaks in the spectra of
Ti4C60 are much broader compared to those in the spec-
trum of the Ti complex. Most probably, this can be
explained by stronger disorder in the amorphous
Ti4C60.

Several different structural models can be proposed
for TixC60. Donor-acceptor η6-C60 bonding has been
theoretically studied by Saito et al. [10]. This kind of
bonding suggests a charge transfer of 0.25 electrons
from Ti to C60, which would result in a much smaller
shift of the Ag(2) mode compared to the observed value
of 6 cm–1 per metal atom. Therefore, this possibility
must be ruled out for our samples. Ionic bonding simi-
lar to alkali metal fullerides and covalent bonding have
been discussed by Norin et al. [7]. Different structural
models can be proposed for covalent bonding of Ti and
C60. A probable model is η2-C60 bonding when Ti has
two bonds with neighboring carbon atoms of the C60.
Another kind of bonding was reported for PdxC60 where
Pd served as a bridge between two neighboring C60

molecules. A similar polymeric structure can also be
suggested for TixC60. Using the Raman spectra of
P

Cp2Ti(η2-C60), we can rule out η6-C60 bonding for
TixC60, because it is clear that each Ti–C60 bond results
in a charge transfer of one electron in Cp2Ti(η2-C60).
Since each Ti atom forms two bonds with C60 in
Cp2Ti(η2-C60), the resulting shift value is 12 cm–1 per
metal atom, which is different from 6 cm–1 per Ti atom
observed for Ti4C60. It is, therefore, possible to suggest
that Ti forms an intercalation compound similar to
alkali metal fullerides or that Ti is bonded to C60 with
single bonds, e.g., in dimers with Ti serving as a bridge.
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Abstract—This paper reports on the first measurements of the differential cross sections (with respect to scat-
tering angle) of various elementary processes accompanying electron capture by keV-range H+ and He2+ ions
from a fullerene molecule. Estimation of the impact parameter from the ion scattering angle in the polarization
interaction with a fullerene molecule shows that the processes of capture and capture with fullerene ionization
and fragmentation occur primarily at impact parameters far exceeding the fullerene radius. © 2002 MAIK
“Nauka/Interperiodica”.
It was experimentally established (see, e.g., [1]) that
collisions of ions with fullerenes can give rise to the

formation of multiply charged, nonfragmented 
ions in charge states of up to q = 7 and that the pro-
cesses involved in fragmentation of the fullerene ion
proceed over two channels. One of these channels is
detachment of light neutral fragments with a mass
equal to a multiple of the mass of two carbon atoms C2k

(k = 1, 2, …), and the other channel is complete breakup
of the fullerene into several light fragments comparable
in mass [1–3].

Collisions of a fullerene with slow ions (in the keV
energy range), similar to ion collisions with atoms, are
dominated in the cross section by processes accompa-
nied by electron capture by the projectile ion (charge
exchange). The model of classical over-barrier transi-
tions [4, 5] is the most advanced theoretical approach
employed to describe the electron-capture processes
that occur at high values of the impact parameter ρ, in
excess of the fullerene radius Rf , and are accompanied
by neither excitation of the fullerene that has lost elec-
trons nor its fragmentation. On the other hand, the pro-
cesses taking place at impact parameters ρ < Rf , which
correspond to penetration of the projectile particle into
the molecule and entail multiple ionization and frag-
mentation, are considered in terms of the electronic
stopping-power model [6, 7].

The most straightforward way to experimentally
check the dependence of the various processes on the
impact parameter is to measure the differential cross
sections of the projectile scattering. As shown earlier
[3, 8], the capture of one electron by various keV-range
ions virtually does not result in fullerene fragmentation,
whereas if an He2+ ion captures two electrons, fragmen-
tation into several light fragments is most probable.
Therefore, for the study of the impact parameter depen-

C60
q+
1063-7834/02/4403- $22.00 © 20509
dence, we chose the elementary processes taking place
in the capture of one electron by an H+ ion and of two
electrons by an He2+ ion. The experimental setup
described in [9] had an angular resolution ∆θ ≈ 0.08°
and made it possible to investigate the scattering of fast
atoms produced in electron-capture events within an
angular interval θ = ±3°. The mass and charge states of
the recoil ions created in the breakup of the fullerene
molecule were analyzed using the time-of-flight tech-
nique. The elementary process of interest was selected
by detecting coincidences between the fast projectile
particle scattered at a certain angle and the recoil ions
formed in the same collision.

The capture of one electron by an H+ ion initiates
four elementary processes (Fig. 1a). The differential
cross section of one-electron capture (the process with
the largest total cross section [9]) falls off rapidly with
increasing scattering angle of the fast particle, which is
in good agreement with the results of [10]. Capture of
two electrons by an He2+ ion gives rise to seven elemen-
tary processes (Fig. 1b), molecule fragmentation into
several charged fragments being dominant in the mag-
nitude of the total cross section.

In the region of small scattering angles, the corre-
sponding impact parameters were determined with due
account of the fact that interaction of the projectile ion
with the fullerene at internuclear distances in excess of
the fullerene radius is governed by polarization attrac-
tion, which decreases substantially after electron cap-
ture, because the polarizability of the atom thus formed
becomes small compared to that of the fullerene. The
capture is determined by the Landau–Zener transitions
in the term-crossing region of the quasi-molecular sys-
tem formed. The term-crossing points were determined
taking into account the possible capture of the fullerene
electrons with binding energies of 7.44, 9.3, 12, and
12.33 eV.
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Differential cross sections (with respect to the scattering angle) of elementary processes: (a) H+ + C60  H0 + {C60}+,

collision energy E = 4.4 keV: (1) capture of one electron ( ), (2) electron capture with ionization ( ), (3) electron capture

with double ionization ( ), and (4) electron capture with ionization and detachment of k C2 fragments ( ); (b) He2+ +

C60  He0 + {C60}2+, collision energy E = 8.8 keV: (1) capture of two electrons ( ), (2) capture of two electrons with detach-

ment of k C2 fragments ( ), (3) capture of two electrons with ionization ( ), (4) capture of two electrons with ionization

and detachment of k C2 fragments ( ), (5) capture of two electrons with double ionization ( ), (6) capture of two electrons

with double ionization and detachment of k C2 fragments ( ), and (7) capture of two electrons with fragmentation of the

fullerene ion into several light fragments (Σ , n/m = 3–11).
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An analysis shows that multiple ionization and frag-
mentation in ion collisions with fullerenes occur prima-
rily at impact parameters ρ > Rf . The processes of
fullerene ionization and fragmentation accompanying
the electron capture by the projectile ions are domi-
nated not by the kinetic-energy transfer but rather by
the structure of the electronic levels populated in the
collision and by the electron excitation energy of the
fullerene ion formed.
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Abstract—Employing the dynamic crossed-beams technique, the absolute cross sections of the electron-
impact multiple ionization and fragmentation of mass-selected negatively charged fullerene ions  

 (m = 60, 70, 84; q = 1, 2, 3; n = 0, 2, 4) were measured. The electron energy varied from the respective
threshold up to 1 keV. A scaling law was observed for the cross-section magnitude as a function of the fullerene
size m and the charge state q of product ions. The data indicate that different mechanisms account for the
detachment of an extra electron from the negatively charged fullerene and the formation of a positively charged
ion, respectively. Moreover, the multiple ionization of a fullerene anion is found to be a sequential process. A
novel ionization mechanism is proposed which might be expected to be valid for all negatively charged molec-
ular or cluster ions able to shield the attached electron from the incident electron. © 2002 MAIK “Nauka/Inter-
periodica”.

Cm
–

Cm n–
2+
1 Over the last decade, the formation of positively
charged ions out of neutral fullerenes has been studied
extensively [1]. Although the threshold energy for dif-
ferent ionization processes has been determined repeat-
edly [2–5], only a few reports contain information on
the absolute magnitude of these cross sections [6–9].
Parallel to experimental work, several papers have been
published on calculations of the ionization energies
[10–13] and the ionization cross sections of fullerenes
[14, 15].

Völpel et al. [16] measured cross sections of the
electron-impact ionization of positively charged
fullerene ions. Since the cross section for the attach-
ment of free electrons to a neutral molecule [17] is
large, intense beams of negatively charged fullerene
ions can also be easily produced. Furthermore, electron
attachment to fullerenes does not lead to the production
of negatively charged fragments.

The properties of C84 have been investigated less
extensively in comparison to C60 and C70 due to the rel-
atively small amount of larger fullerenes present in the
soot. Moreover, the separation with chemical methods
is complicated and, thus, pure C84 soot is very expen-
sive. Mass separation is a possible method for separat-
ing fullerenes of different sizes. In the case of positively
charged ions, problems arise, because fragmentation of
larger fullerenes may contribute to the ion signal of
smaller carbon clusters. The presently used technique
allows one to separate these different fullerenes free of
fragmentation processes.

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20511
1. EXPERIMENTAL

The measurements were performed employing the
electron–ion crossed-beams setup described in detail
by Tinschert et al. [18]. A commercially available mix-
ture of fullerenes mainly containing C60 and C70, and
also trace amounts of larger fullerenes, was used. A
sample of fullerene soot (with a purity higher than
96%) was heated in a tailor-made oven to a temperature
of about 800 K. The neutral vapor was introduced into
a 10 HGz Electron Cyclotron Resonance (ECR) ion
source [19]. The ion source was operated at a low
microwave power. A high ion yield of negatively
charged fullerenes and stable conditions of the ECR
plasma were maintained after argon was introduced
into the ion source at a pressure of about 10–4 Pa. The
electron-impact ionization of Ar produces slow elec-
trons which can attach to fullerenes. After mass and
energy analysis, the separated ion beam was collimated
to 2 × 2 mm and crossed with an intense electron beam
providing a current up to 450 mA [20]. The energy of
electrons can be varied between 10 and 1000 eV. In
order to avoid unwanted effects on the ionizing elec-
trons caused by the strong stray field of the analyzing
magnet, the acceleration voltage was reduced from its
nominal value 10 to 4 kV for measurements of the cross
section of transformation of  into singly charged
positive ions. After the electron–ion interaction, the
product ions were separated from the incident ion beam
by a 90° magnet and detected by a single-particle detec-
tor located approximately 1 m behind the interaction
region. The current of the parent ion beam was mea-
sured simultaneously on a Faraday cup.

C84
–
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The absolute cross sections were measured using a
dynamic crossed-beams technique [21] where the elec-
tron beam is moved up and down through the ion beam
with simultaneous registration of both actual beam cur-
rents and the signal of the observed fragment ions. The
total experimental uncertainties were typically ±10% at
the maximum of the cross sections, calculated as a
quadrature sum of nonstatistical errors of about 8.9%
and a statistical error at a 95% confidence level.

2. RESULTS

The measured absolute cross sections for double,

triple, and quadruple ionization of , , and 
are shown in Fig. 1. The error bars indicate the total
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The shape of the cross section versus electron
energy plots for a given ionization process is the same
for the three different fullerene sizes. The measured
cross sections for the three different fullerenes Cm (m =
60, 70, 84) increase with m. This effect becomes larger
for higher charge states of the product cations. This
behavior can be described by a scaling law, which
allows one to predict an electron-impact ionization
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cross section σ(m, q) of negatively charged fullerene

ions  as a function of the fullerene size m and the

charge state q of the product ion  [22]. To calculate
the cross section σ(m, q), knowledge of the ratio of the
geometrical cross sections of Cm and Cn and the elec-
tron-impact ionization cross section σ(n, q) for any one
value of n is necessary. Since the data on the cross sec-

tion σ(60, 3) were corrected for the contribution of 

ions, the scaling law was applied to the measured 
(n = 70) cross sections. The results for m = 60 and 84
are shown as lines in Fig. 1 and agree well with the
respective measurements.

The threshold energies for the measured cross sec-
tions are approximately 10 eV higher than expected for
a direct ionization process. It is conceivable that, in
order to create a positively charged ion from a nega-
tively charged fullerene, the kinetic energy of the
impacting electron has to be enlarged by the electron
affinity in comparison to the case of a neutral fullerene.

In addition to pure ionization, the cross sections for
double and triple ionization, including the evaporation
of either a C2 or two C2 molecules, were measured for
all three fullerene sizes. Figure 2 shows, as an example,
the cross-section energy dependences measured for the
product ions of the C70 primary ion. From a comparison
of all electron-impact cross-section data for negatively
charged fullerene ions with the cross sections for the
respective neutral fullerenes [5, 7, 23, 24], further con-
clusions can be drawn: (i) only a small difference
between the threshold energies of the fragment ions for
neutral and negatively charged primary ions is
observed, (ii) the relative quantity of fragment ions in
the case of negatively charged primary fullerenes is
approximately 3.5 times larger than in the case of neu-
tral fullerenes, and (iii) ion-yield curves for neutral
fullerenes can be matched perfectly with the cross-sec-
tion data of the same product ions. In contrast, the
removal of the same number of electrons from a nega-
tively charged or a neutral fullerene does not lead to
similar cross-section energy dependences.

The following simple model (Fig. 3) agrees well
with all relevant experimental findings [25]:

(1) As the projectile electron approaches, the
attached electron is pushed to the back side of the
fullerene by Coulomb repulsion. Therefore, the
attached electron is shielded by the fullerene itself and
does not interact with the impacting electron strongly
enough to be detached. The energy needed to surmount
the potential barrier due to repulsion between the
fullerene anion and the projectile electron is about 2 eV
(the Coulomb energy of two charges spaced 7 Å apart)
and is taken from the kinetic energy of the projectile.
An intermediate highly excited dianion is formed. The
electron affinities of some fullerene dianions have been
determined to be very small [10, 26].

Cm
–

Cm
q+

C20
+

C70
–

PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
(2) The incident electron collides with the fullerene
and ejects several electrons from the fully occupied π
orbital of the fullerene with the lowest energy. The
kinetic energy of the ejected electrons is supplied by the
approaching projectile with allowance for the potential
barrier due to the Coulomb repulsion, the interaction
with the image charge the electron forms at close dis-
tances [27], and the attraction between the emitted elec-
trons and the charged fullerene ion.

(3) The attached electron drops into the vacancies of
the HOMO. The energy difference is transferred to
vibrational degrees of freedom.

The described model for the electron-impact ioniza-
tion of negatively charged fullerenes can also be
expected to apply to other large molecular and cluster
anions. The only necessity is that the attached electron
be mobile enough to avoid a direct collision with the
projectile electron.

V(r)

e–

~2 eV
Attached
electron
pushed to
the back
side of
the fullerene

C60
2–

C60
2+

C60
–(a)

(b)

(c)

Mobile
attached
electron

Fig. 3. Proposed model for collision between an electron
and a negatively charged fullerene ion with the example of
(a) a  ion. (b) The approaching electron pushes the
attached electron to the back and, after surmounting the bar-
rier, ejects electrons. (c) The attached electron recombines
with the fullerene ion, which leads to an excitation energy
of almost 8 eV.

C60
–
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Abstract—The excitation of argon radiation in condensing supersonic jets of argon mixtures with methane,
monosilane, and carbon dioxide upon electron-beam activation of the flow is investigated experimentally. It is
found that, at certain condensation stages, the radiation intensity at some atomic argon lines increases anoma-
lously. It is shown that the effect appears at the initial stages of condensation and is damped upon the formation
of large mixed clusters. © 2002 MAIK “Nauka/Interperiodica”.
We studied experimentally the energy transfer in the
course of electron-beam activation in pulsed supersonic
jets of argon with impurities. For this purpose, we used
argon mixtures with 5% CH4, SiH4, CO2, and He, as
well as pure argon. It turned out that the addition of
methane, monosilane, or carbon dioxide impurity leads
to a relative increase in the radiation intensity for indi-
vidual lines of atomic argon. The range of stagnation
parameters for which the effect is observed was deter-
mined for each mixture. It was shown that neither pure
argon nor its mixture with noncondensing helium dis-
plays selective excitation of the energy levels of atomic
argon in the entire range of flow quantities.

The experiments were made on the L MPUS gas-
dynamic installation complex at the Novosibirsk State
University [1]. Radiation was excited with an electron
beam [2] emitted by an electron gun with an energy of
6 keV. The electron current i = 10 mA was maintained
at a constant level. The spectra of radiation excited in
pulsed jets of Ar and mixtures were studied at the stag-
nation pressure P0 = 0–1500 kPa and stagnation tem-
perature T0 = 300 K. A jet was formed behind a sonic
nozzle with the edge diameter d = 0.55 mm with the
help of a pulsed electromagnetic valve. Measurements
were made at a distance x/d = 30 downstream from the
nozzle edge. We compared the dependences of the
intensities of lines corresponding to the argon atom
(λ = 549.6 nm) and argon ion (λ = 461.0 nm), which are
used as reference lines, on the stagnation pressure.

An anomalous increase in the radiation intensity at
individual lines of an argon atom in an electron-acti-
vated mixture with monosilane was observed for the
first time in [3]. The authors attributed the discovered
effect to flow condensation. However, the level of den-
sity attainable in the jet was limited to a considerable

E
∨
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extent by the use of a continuous gas jet flowing from a
stationary source. The application of the pulsed method
of the formation of jets in the present work enabled us
to extend the range of stagnation pressures by an order
of magnitude.

For all the mixtures studied, the intensity of emis-
sion lines of the argon ion (λ = 461.0 nm) increases lin-
early with pressure P0 at the initial stage and then the
intensity increase is slightly decelerated as a result of
collision-induced quenching [4]. In contrast to this, the
behavior of the radiation intensity of the Ar atom (λ =
549.6 nm) depends on the type of impurity involved.
No features in the behavior of Ar atom radiation inten-
sity are observed in a jet of pure argon, nor in argon
diluted with helium, in the entire range of parameters
under investigation. In the flows of argon mixtures with
methane, monosilane, and carbon dioxide, the radiation
intensity first increases linearly over a short segment,
then sharply increases, and, upon a further increase in
pressure, returns to a linear dependence similar to that
on the initial segment of the curve. This anomaly is
observed in the mixtures under investigation for various
stagnation pressures.

The boundaries of the nonlinear increase in the
intensity can be seen in Fig. 1a, where the symbols cor-
respond to the line intensities of the argon atom in dif-
ferent mixtures. The intensities are normalized to the
stagnation pressure and the coefficient equating the
normalized intensity for small P0 to unity. Apart from
determining the boundaries of the effect, such a nor-
malization makes it possible to compare the contribu-
tions to the excitation of the argon atom from a second-
ary process leading to an anomalous increase in the
intensity and from the excitation by a direct electron
impact. Since a manifold increase in the intensity of
radiation emitted by the atom is observed (by a factor
002 MAIK “Nauka/Interperiodica”
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m/e = 44 (Ar + CO2)

1000100101
P0d0.8, kPa mm

Fig. 1. (a) Intensity of radiation emitted by Ar atoms in jets of their mixtures with other gases and (b) the results of mass-spectrom-
eter measurements in the same mixtures as a function of the similarity parameter P0d0.8.
of 8 at the peak for the Ar + SiH4 mixture), a high-effi-
ciency excitation channel associated with an abnor-
mally large collision cross section is activated in the
process.

The radiation intensity curves are compared with
the results of mass-spectrometer measurements [5] in
the same mixtures (Fig. 1b). The intensity of the mass-
spectrometer signal for monomers of argon and impu-
rities were also normalized to the stagnation pressure.
The onset of the anomalous excitation process corre-
lates with the initial stage of flow condensation, while
the completion of the process correlates with the stage
of formation of large (including mixed) clusters [6]. For
convenience of comparison, the results of spectral mea-
surements and mass-spectrometric data are presented
P

as functions of the similarity parameter P0d0.8, which is
widely used in analyzing condensation.

Since the anomalous excitation of the argon atom is
observed, first, in a mixture with a condensing impurity
and, second, under the conditions of condensation, we
can assume that the effect of impurity on the magnitude
and boundaries of the effect must correlate with the
properties of a cluster and, hence, with the behavior of
the monomer curves for the carrier gas and for the
impurity, which were measured with the help of molec-
ular-beam mass spectrometry. It should be noted that,
in the pressure range P0d0.8 > 100 kPa mm, the main
contribution to the signal of monomers comes from the
fragmentation of large clusters in the ionizer of the
mass spectrometer [5]. Consequently, in the range of
high stagnation pressures, the relative variations in the
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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intensities of the mass-spectrometer signal for mono-
mers of the carrier gas and of the impurity demonstrate
a change in the composition of the clusters formed and
characterize the efficiency of their defragmentation by
an electron impact. An analysis of the mass spectromet-
ric data shows that the anomalous effect is manifested
the more clearly, the larger the number of impurity
monomers running out of a cluster under electron
impact and the later the cluster starts being enriched
with argon atoms.

The observed features of the excitation process (cor-
relations with the mass spectrometric data, the linear
dependence on the beam current [3], the large energy
transfer cross section, and the long lifetime of interme-
diate excited states) suggest that the pumping of atomic
argon is due to the ion-cluster interaction induced by
the electron-beam plasma in the flow. As a result, long-
lived excited complexes, including both carrier-gas
atoms and impurity particles, are formed. After the
excitation is transferred to the radiative states of the
argon atom, argon is apparently ejected from the clus-
ter, followed by the emission of radiation.

Thus, we have demonstrated that mixtures of argon
with methane, monosilane, and carbon dioxide display
anomalous excitation of the argon atom. The large mag-
nitude of the effect being detected indicates the signifi-
cant role played by ionized particles. The effect is local-
ized in the range of stagnation quantities, which is lim-
ited by the initial stage of condensation (from below)
and by the formation of large mixed clusters and, appar-
ently, by the rearrangement of their structure facilitat-
ing the knocking out of an impurity particle by an elec-
tron (from above).
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Abstract—The relative stability of exo- and endohedral lithium complexes with the C60 fullerene was esti-
mated using quantum chemistry and molecular-dynamics methods. Endohedral compounds were shown to have
a higher stability. The possible maximum filling of the C60 inner sphere by lithium was estimated theoretically.
The interaction of metallic lithium with the C60 fullerene and a C60 + C70 mixture was studied using DTA and
EPR and established to proceed in several stages. © 2002 MAIK “Nauka/Interperiodica”.
Exohedral compounds of lithium with C60 are
obtained in fullerene interaction both with atomic lith-
ium (in the gas state) [1] and with various lithium
reagents (metallic lithium [2], lithium azide [3], etc.),
whereas endohedral compounds form only in collisions
of atomic or ionic lithium beams with the fullerene [1].
There are reports of the formation of saltlike exoderiv-
atives C60@Lin (n = 1–6 and up to 25) and endoderiva-
tives Lin@C60 (n = 1–3) and Lin@C70 (n = 1).

We theoretically estimated the possibility of exist-
ence, stability, and directions of synthesis of polymetal-
lic endo- and exohedral fullerene compounds with lith-
ium. The ground state and geometric parameters of sys-
tems in the Lin@C60 series with n = 1, 6, 8, 10, 12, 14,
15, 18, 20, 21, 22, 27, and 41 (ηm-C60, m = 1, 2, 5) were
found using the method of molecular mechanics
(MM+) and self-consistent Hartree–Fock formalism
with intermediate neglect of differential overlap
(INDO). The stability of the compounds under increas-
ing temperature was estimated using the molecular
dynamics (MD) method. The enthalpies of formation,
the electron density distribution, spin density, and the
HOMO and LUMO energies of the systems in the
ground state were calculated using the modified INDO
method. In all cases, except the case of n = 1, the lith-
ium atoms were inside the fullerene in an unbound
state. By optimizing the geometry, we succeeded in
determining and excluding the extra-unstable com-
pounds. The maximum number of lithium atoms n that
can reside inside the fullerene is 27. Several com-
pounds (n = 1, 10, 20) were calculated using the INDO
method complemented by ground-state geometry opti-
mization.

As follows from the calculations, in the C60@Li
exohedral compound, the lithium atom location oppo-
site the center of a five- or six-member ring is prefera-
1063-7834/02/4403- $22.00 © 20518
(a)

(b)

–0.013

0.139

Fig. 1. (a) The highest occupied molecular orbital (HOMO)
of C60@Li and (b) the 119th molecular orbital of the

C60@Li+ cation.
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(a)

(b)

Fig. 2. (a) Lithium atom incorporation from an exo- to an endohedral position (MD calculation) and (b) optimized molecular struc-
ture of Li20@C60.
ble to that above carbon atoms (Fig. 1); the effective
charge on the metal atom is close to zero, and the occu-
pation of its 2s and 2p atomic orbitals (AOs)
approaches 0.25. Hence, the effective charge distribu-
tion in a molecule is determined not only by the dona-
tion of a lithium 2s electron to the fullerene as an accep-
tor but also by the reverse electron density transfer from
the 2pπ AO of the C60 carbon to the vacant 2p metal
AOs. As a result, the lithium–fullerene bond should
have a substantial covalent component, which is char-
acteristic of lithium-organic compounds, in contrast to
the organic complexes of other alkali metals.

An MD calculation of the behavior of the bis-η5-
lithium fullerene with increasing temperature suggests
possible lithium incorporation into the fullerene void at
the moment when asymmetric metal vibrations coin-
cide in phase with stretching bond vibrations of carbon
atoms in the five-member ring (Fig. 2).

Now, we turn to endohedral Lin@C60 compounds
(n = 1–22). For n = 20 (Fig. 2), one observes an extre-
mum in the enthalpy of formation, which corresponds
to maximum stability of the complex in the whole
series of polymetallic compounds (see table). As seen
from the table, endohedral derivatives with one lithium
atom are stabler than the corresponding exohedral com-
plexes. As n increases, the C–C distances in Lin@C60
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
increase, while the Li–Li and Li–C bonds become
shorter. MD calculations permitted us, however, to
establish the range of stability of the Lin@C60 molecule
as a function of the number of lithium atoms. For
instance, compounds with n = 18–20 are unstable above

Calculated enthalpies of formation (from atoms) of lithium
derivatives of the fullerene and their dipole moments

Compound ∆Hf, kcal/mol µ, D

C60@Li –10151.7 4.25

C60@Li+ –10070.0 8.12

Li@C60-η5 –10313.9 3.70

(Li@C60-η5)+ –10223.0 2.06

Central-Li@C60 –10297.9 3.76

Li@C60-η1 –10305.1 5.14

Li@C60-η2 –10303.3 2.45

Li10@C60 –29400.4 0.47

Li15@C60 –31134.4 2.89

Li18@C60 –32183.7 2.13

Li20@C60 –32465.9 0.82

Li21@C60 –32286.3 –

Li22@C60 –31663.5 –
2
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950 K and should break up. Despite the HOMO being
delocalized considerably over the molecule, its energy
is low in all cases (3 eV) and the electron density is
higher on the outer side of the fullerene. The ionization
potential of C60@Li estimated as the difference in the
enthalpy of formation between the C60@Li and
C60@Li+ complexes (see table) is relatively low, and,
therefore, such derivatives may possess metallic prop-
erties in the condensed state. The same applies to
Li@C60-η5.

The coupling in the systems (C60 + mLi)solid [A],
(C60/C70 + nLi)solid [B], (Li)solid [C] (test), and
(fullerenes)solid [D] (test), with m = 19 and 40 and n =
28, was subjected to a comparative DTA study in the
following manner. A mixture of Li with C60 or C60/C70

(a)

(b)

dT
/d

t
dT

/d
t

300 400 500 600 700
T, K

g = 2.0011, 298 K

300 400 500 600 700
T, K

g1 = 2.0031
130 K

g2 = 2.0013

Fig. 3. DTA curves of the systems (a) C60 + mLi (m = 19,
40) and (b) C60 + C70 + 28Li, as well as EPR spectra of the
products formed during the DTA analysis.
P

was placed in a container evacuated to P = 10–2 Torr.
The temperature rise rate was 8–10°C/min. The ther-
mograms of system [D] do not exhibit any peaks, sys-
tem [C] reveals the Li melting endothermic peak only,
and the [A] and [B] DTA curves exhibit the Li melting
endothermic peak and two exothermic peaks (different
in magnitude for [A] and [B]) at 583 and 663 K (Fig. 3),
which apparently indicates a stepwise character of
interaction in the [A] and [B] systems.

After the DTA study, we measured the EPR spectra
in the solid reaction products at 298 K; for the [A] sys-
tem, one observes a strong symmetric singlet with g =
2.0011, which may indicate the formation of particles

of the  type; system [B] shows an EPR line, which
splits at 130 K into two singlets with g1 = 2.0031 and
g2 = 2.0013 and an intensity ratio N = 2.8. These sin-

glets can be assigned to  and  particles. In view
of the first reduction potentials of C60 and C70 being

equal [4], the probability ratio of formation of  and

 particles in system [B] should be proportional to
the molar fraction ratio chosen, K = 2.7, of C60 and C70
in [B], which is in accordance with the value of N.
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Abstract—The structural and electronic properties of lithium intercalated fullerides (of which Li15C60 is the
most representative) are still puzzling and unclear. Above 520 K, x-ray/neutron diffraction shows an fcc phase
in which the 15 Li atoms clusterize in the octahedral interstices. However, at lower temperatures, a change in
the crystalline symmetry and also in the electronic properties takes place as observed from 13C, 7Li/6Li NMR
and x-ray diffraction measurements. X-ray diffraction data suggest the presence of two different stable struc-
tures: a tetragonal monomeric and an orthorhombic polymerised phase. Detailed 13C magic angle spinning
NMR experiments in the latter phase indicate sp3 bondings among the carbon atoms, whereas the relative
(sp2/sp3) intensities, together with x-ray data, suggest the C60 polymerization to be a [2 + 2] cycloaddition. Mul-
tiple quantum NMR experiments on 7Li confirm the presence of lithium clusters, as observed by x-ray diffrac-
tion in the high temperature phase, also at lower temperatures. However, the inferred cluster size is significantly
smaller than that suggested by the stoichiometry. The distortion in the low-T structure of L15C60 is supposed to
induce the migration of Li atoms from octahedral to tetrahedral voids, thus accounting for the lower number of
Li atoms in the clusters. Further evidence of this scenario is obtained also from preliminary measurements of
line shapes and T1 relaxation times, which exhibit a multiexponential recovery with very different constants that
are hardly compatible with a single family of Li atom sites. © 2002 MAIK “Nauka/Interperiodica”.
1 Unlike other alkali doped fullerenes, LixC60 has
been somewhat overlooked in recent works on fullerene
doped systems. Probably, this is due to difficulties in its
preparation and perhaps to its lack of superconducting
properties. However, the small radius of the intercalant
gives LixC60 some peculiar properties, which are differ-
ent from the case of the better known AxC60 (where A =
K, Rb, Cs and 1 ≤ x ≤ 6). Namely, fullerenes show a
considerable degree of Li atom acceptance, yielding
systems with x as high as ~30. Being the less studied of
the alkali doped fullerenes, very little is known about its
properties, especially in the low-T lattice distorted
phase, which occurs for temperatures below 520 K.
Apart from some basic structural features determined
by x-ray and quasielastic and inelastic neutron scatter-
ing [1], there exist many questions regarding both the
behavior of Li atoms and that of the fullerene host lat-
tice.

These include the existence in the low-T phase of Li
clustering, the C60 packing and polymerization, the pos-
sible charge transfer and interaction between Li and
C60, etc., which are decisive in the construction of a
model that would explain the electronic properties of
the LixC60 systems.

In this work, we report on investigations performed
on Li15C60, a typical representative of the whole class of
compounds, by using local techniques such as NMR

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20521
and x-ray diffraction to elucidate its structural charac-
teristics.

1. EXPERIMENTAL

The samples were prepared by thermal decomposi-
tion in a dynamic vacuum of high purity, isotopically
enriched 7LiN3 mixed with stoichiometric amounts of
C60. Heating the mixture at ~450 K yielded Li15C60 with
a 5% accuracy in lithium content. Annealing for several
hours at 520 K gave powder pellets of improved crys-
tallinity and homogeneity. Depending on the prepara-
tion conditions, some of the samples turned out to be a
mixture of polymerized and nonpolymerized phases,
whereas most of them resulted in a single nonpolymer-
ized phase. Here, we are concerned only with the
former type of samples.

X-ray measurements were performed with a
GADDS (Bruker AXS) diffractometer. For the NMR
lineshape measurements, we used a Spinmaster (Stelar)
spectrometer, whereas for those involving more com-
plex multiple quantum NMR, a home-built instrument
was employed.

2. FULLERENE POLYMERIZATION IN Li15C60

The presence of a polymerized structure in a crystal-
line lattice is reflected not only in the modified electron
density distribution; it can also alter the lattice symme-
002 MAIK “Nauka/Interperiodica”
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try group and/or the lattice parameters. Therefore, the
joint use of experimental techniques, such as NMR and
x-ray diffraction, capable of detecting these changes
could provide useful information on polymerization.

We measure the CuKα x-ray diffraction intensity as
a function of sample temperature from 300 up to
~550 K. From a comparison with well-known powder
diffraction patterns for Li12C60 [1] and pristine C60 [2],
we deduce the presence of two distinct phases at room
temperature. Successive indexing procedures identify
one tetragonal and one orthorhombic phase; the respec-
tive lattice parameters and symmetries are shown in the
table. Preliminary results from structure refinement

Lattice symmetries and parameters for the orthorhombic and
tetragonal phase of Li15C60 as obtained from x-ray diffrac-
tion measurements

Symmetry Angles Lattice parameters, Å

Orthorhombic α = β = γ = 90° α = 9.06, b = 9.32, c = 15.10

Tetragonal α = β = γ = 90° a = b = 9.87, c = 14.30

10
2θ, deg

15 20 25 30
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524 K
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Fig. 1. X-ray diffraction patterns for a Li15C60 sample as a
function of temperature. The room temperature spectrum
shows the coexistence of an orthorhombic and a tetragonal
phase, which transform into a single cubic phase upon heat-
ing. The spectra were recorded using laboratory CuKα radi-
ation.
P

performed on the orthorhombic phase suggest a 1D car-
bon polymerization of C60.

As the temperature is increased (Fig. 1), the intensi-
ties relative to the two distinct phases begin to merge,
such that, for T > 550 K, only one pattern, compatible
with a single cubic phase, is present. The occurrence of
an orthorhombic-to-cubic transition (in addition to the
already known tetragonal-to-cubic transition [1])
implies, therefore, the disappearance of C60 polymer-
ization upon sample heating.

Further evidence on fullerene polymerization in
Li15C60 was obtained by static and magic angle spin-
ning (MAS) 13C NMR. At room temperature, the static
lineshapes display an inhomogeneously broadened
shift-anisotropy powder pattern typical of static sp2

fullerene carbons. Moreover, two additional sharp
peaks are found at 155 and at 59 ppm, which could be

assigned, respectively, to a motion-averaged  sp2

line and to sp3 hybridized carbons. These findings sug-
gest both a blocked rotation for a considerable amount
of C60 molecules due to covalent bonding in a polymer
configuration and also the presence of a phase inhomo-
geneity as found from x-ray diffraction.

Additional evidence supporting these result comes
from MAS experiments, which allow more precise
quantitative assignments for the individual peaks. From
an accurate fit of the lineshapes, one can evaluate the

intensity ratio f = /  from which (once the 

contribution is subtracted) the average number of four
sp3 atoms per C60 molecule can be inferred.

This result is compatible with several bonding con-
figurations among C60 molecules, which may include
two [2 + 2] cycloadditions, regular 2D single-bond
polymerization, or even random 2D polymerization.
However, the symmetry requirements from the x-ray
diffraction data restrict the possible structures to those
where C60 polymerization takes place in rows of [2 + 2]
cycloadditions, giving rise to an 1D polymerized struc-
ture (Fig. 2). This is supposed to induce a local struc-
ture disorder which, apart from x-ray measurements, is
also supported by the presence of two slightly shifted
sp3 lines in the NMR spectra [3].

Finally, one should note that, although there is an
important C60–C60 interaction which brings fullerenes
to polymerization, the Li–C60 interaction is only sec-
ondary. Several NMR measurements support this con-
clusion: (a) the absence of J couplings among 7Li and
13C, (b) the absence of cross-polarization transfer
between these atoms (for contact times as long as 20 ms
at room temperature), and (c) the presence of a consid-
erable 7Li motional narrowing due to lithium diffusion
processes.

C60
n–

I
s p

3 I
s p

2 C60
n–
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002



        

CLUSTERING AND POLYMERIZATION OF Li

 

15

 

C

 

60

 

523

 

3. LITHIUM CLUSTERING STUDIED
BY SINGLE AND MULTIPLE-QUANTUM NMR

Both conventional and more advanced multiple-
quantum (MQ) NMR provide a wealth of information
on lithium behavior in Li15C60, including its dynamics,
diffusion, clustering, etc. We use standard NMR to
measure the temperature dependence of the 7Li line
width and shape, as well as the spin-lattice relaxation
time; MQ NMR, in contrast, is a more suitable method
to investigate potential cluster formation. Indeed, the
monitoring of time evolution of MQ coherences in cou-
pled spin systems provides an excellent tool to study
their clustering properties.

The 7Li (spin 3/2) lineshapes, measured by a magic
echo sequence, display symmetric features at all tem-
peratures. At 50 K, the line consists of two distinct
peaks: a narrow peak attributed to the (1/2, –1/2) tran-
sition and a broad peak ascribed to the satellite transi-
tions (±1/2, ±3/2). As the temperature increases, both of
them merge into a single central peak, 1.8(1) kHz. The
rather narrow single line observed at room temperature
as compared to that measured at 50 K (4.3(2) kHz
FWHM) suggests motional narrowing due to rotational
lithium diffusion inside the clusters (cfr. infra). The dif-
fusion, however, is believed to stop at temperatures
below 50 K, since no significant change in lineshape
and width are observed for T < 50 K.

The absence of any distinguishable quadrupole
powder pattern in the whole temperature range could be
due to an averaging of the anisotropic part of the qua-
drupole and dipole interactions. Since no indication of
a 7Li Knight shift was found, we believe the clusters not
to show metallic properties.

A simple rough estimate of the aggregation of lith-
ium atoms in clusters can be made from dipolar line
width calculations, where we consider the interactions
among N identical 3/2 spins.

They yield a theoretical line width of 4.6 kHz
FWHM, which is slightly in excess of the measured
value at 50 K, suggesting either an underestimated
internuclear distance or a reduced average number of
lithium nuclei per cluster.

More direct evidence of Li clustering is obtained by
multiple quantum NMR experiments. In the case of N
nuclei with spin 3/2, the set of possible quantum coher-
ences ∆M goes from 0 to 3N. They can be detected by
a radio frequency coil only after exciting and succes-
sively converting them into single quantum coherences
(which correspond to the familiar transverse magneti-
zation).

With the use of an appropriate multiple quantum
excitation-detection sequence, essentially based on the
magic-echo scheme [4], one can obtain a dipolar and a
quadrupolar echo provided the condition τ2 = τ1/2 is
satisfied (here, τ1 is the rotating-frame defocusing time
and τ2 is the laboratory-frame refocusing time). A sys-
tematic increment of the dynamical evolution time τ1
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
leads to an ever increasing signal intensity for all orders
of coherence. This confirms the presence of strongly
dipolar-coupled 7Li spins whose network grows wider
the longer τ1. However, beyond a certain threshold time
(τ1 = 2.5 ms in our case), the intensity will no longer
rise, indicating that the limit of a finite size cluster has
been reached.

In the presence of the saturation regime, the intensi-
ties of various MQ transitions follow an approximate
Gaussian distribution function. In the particular case of
nuclei with spin 3/2, the intensity profile I∆M as a func-
tion of (∆M)2 follows the curve I∆M ∝  exp[–(∆M)2/5N]
[5].

Therefore, from a logarithmic plot of the ratio I∆M/I2

as a function of (∆M)2, where I2 is the intensity of dou-
ble-quantum coherence (i.e., I∆M when ∆M = 2), one
can easily evaluate the number of interacting spins
which make up a cluster. Such a plot and the relative fit
for the case of Li15C60 are shown in Fig. 3. The fitted
value N = 9(1) is significantly lower than the expected
stoichiometric value of 15. Apart from the very improb-
able underestimate from the statistical analysis (whose
correctness was also tested by simulations), we believe
that a more realistic reason for the inferred cluster size
could be found in the presence of structural disorder.

Fig. 2. Pictorial view of the polymerized Li15C60 structure
as obtained from x-ray diffraction data. The horizontal
planes contain fullerenes with a 1D polymeric structure;
[2 + 2] cycloaddition along the a direction. The sp2/sp3

intensity ratio is consistent with the NMR results.
2



524 SHIROKA et al.
Indeed, one can assume that the previously empty tetra-
hedral sites, under lattice deformation, will be partially
filled, therefore accounting for the lower number of
atoms in the octahedral clusters.
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Fig. 3. Logarithm of the intensity profile I∆M/I2 as a func-

tion of (∆M)2 for Li15C60. The solid and the doted lines are
fits according to slightly different models, both yielding
N = 9(1) for the number of lithium atoms in a cluster. 
PH
4. SUMMARY

The intercalation compound Li15C60 was studied
with 13C, 7Li NMR, and x-ray diffraction in its low-tem-
perature phase (T < 530 K).

13C MAS experiments showed evidence of sp3 bond-
ing among carbon atoms, whereas the relative intensi-
ties sp2/sp3 suggest C60 polymerization.

MQ NMR experiments on 7Li confirm the presence
of lithium clusters, previously shown by x-ray diffrac-
tion in the high temperature phase, also at lower tem-
peratures. The inferred cluster size, significantly
smaller than that suggested by the stoichiometry, can be
explained as a consequence of C60 lattice distortion. In
this case, the overall number of atoms in octahedral
sites would be reduced by a partial occupation of tetra-
hedral sites also.
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Abstract—Metal-containing carbon nanostructures are prepared by heating poly(vinyl alcohol) in mineral
media with a lamellar structure at a temperature below 300°C. It is demonstrated that three possible types of
nanostructures can be formed, namely, multilayer carbon nanotubes, spherical carbon nanoparticles, and finely
crystalline carbon structures. According to the data of transmission electron microscopy, the nanotube size falls
in the range from 50 to 300 nm and the nanotubes themselves have a stranded structure. © 2002 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

The existing methods of preparing carbon nano-
tubes require large energy consumption and complex
apparati. Recent studies [1, 2] revealed that dehydro-
polycondensation of aromatic amines in interlayer
spaces of vanadium–oxide systems occurs with the for-
mation of tubulenes. In this respect, we analyzed the
possibility of producing metal-containing carbon tubu-
lenes from functional polymers in inorganic media with
a lamellar structure.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

We studied the products of the heat treatment of
poly(vinyl alcohol) in lamellar inorganic media. In the
case when metal chlorides or poly(phosphoric acid)
were used as media favorable to carbonation of the
polymer, the mixture of finely dispersed powders of the
polymer and the mineral phase was heated in the tem-
perature range from 250 to 300°C for 4–8 h. When
poly(vanadic acid) and its derivatives containing Cr and
Mo served as the favorable medium, the reaction was
performed in an aqueous solution. After mixing of
poly(vinyl alcohol) and acid, the resultant mixture was
subjected to an electric field with a voltage of 12 V.
Then, the reaction mixture was heated to a temperature
of 90°C. The treatment of the reaction mixture was car-
ried out according to the procedure described in [3].

3. RESULTS AND DISCUSSION

Analysis of the x-ray photoelectron spectra (mag-
netic x-ray photoelectron spectrometer, AlKα radiation)
1063-7834/02/4403- $22.00 © 20525
of the samples under investigation revealed the follow-
ing structural features. The overall spectra contain
intense peaks associated with carbon and oxygen. The
x-ray photoelectron spectra of the samples prepared in
the inorganic media containing metal ions exhibit weak
peaks of the relevant metals. The C 1s spectrum con-
sists of three components corresponding to the C–C
(284 eV), C–H (285 eV), and C–O (287–288 eV)
bonds. Their ratio varies according to the synthesis con-
ditions and the medium composition. The maximum
content of graphitic carbon (81–87%) is observed in the
samples prepared in the 3d metal chloride medium. For
the samples prepared in poly(vanadic acid) and its
derivatives, the content of C–C bonds is equal to 75–
78%. The content of the carbonyl and carbonate groups
in all samples does not exceed 5%.

According to electron microscopy, the studied sam-
ples are in amorphous and finely crystalline states. The
samples prepared from poly(vinyl alcohol) in the man-
ganese chloride medium are predominantly in a finely
crystalline state. The microdiffraction pattern consists
of bright and diffuse spots, which, as a whole, form pic-
tures of the six-pointed star type. Such complex reflec-
tions are usually observed for quasicrystals, for exam-
ple, manganese alloys. According to transmission elec-
tron microscopy, the structure of the samples prepared
in the manganese chloride medium is characterized by
extended tubular formations approximately 50 nm in
diameter. Carbon nanostructures of polyhedral and
spherical forms (from 50 to 200 nm in size) were
obtained in the poly(phosphoric acid) medium. The dif-
fraction pattern taken from these nanostructures con-
tains diffuse fringes.
002 MAIK “Nauka/Interperiodica”
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The electron microscopic investigation of the sam-
ples prepared from poly(vinyl alcohol) in the
poly(vanadic acid) solution containing molybdenum
revealed cylindrical, rather extended, structures 100–
300 nm in diameter. We examined the structure of a
154-nm-long multilayer tube with an interlayer dis-
tance of approximately 11 nm (see figure). This is
approximately 30 times larger than the interplanar dis-
tance in graphite (0.34 nm). It is known that, when nan-
otubes involve defects (or when one of the layers is par-
tially absent), the interlayer distance in multilayer tubes
can increase to 0.68 or even to 0.95 nm upon intercala-
tion [4]. In our case, the interlayer distance is one order
of magnitude greater than that cited in the literature.
This can be associated with the influence of the low-
energy synthesis procedure on the growth mechanism
of carbon nanotubes.

Micrograph of a carbon nanotube prepared from poly(vinyl
alcohol) in the H2V10Mo02O31 medium.
PH
The microdiffraction pattern exhibits distinct reflec-
tions with strands directed perpendicular to the tube

axis. The 10 0 reflections are split into two reflections
each and located on either side of the tube axis, which
is typical of tubulenes [5]. The total chirality angle of
the tube is 15°–16°. Upon prolonged exposure of the
tube to an electron beam, the microstructure of the tube
is destroyed and diffraction becomes amorphous in
character.

4. CONCLUSION

Our investigation demonstrated that metal-contain-
ing carbon nanostructures can be produced by the low-
energy method from polymers with functional groups
in interlayer spaces of inorganic media.
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Abstract—The electrical conduction properties of powder samples of M@C2n endohedral metallofullerenes
(M = La, Y) isolated from soot by extraction with N,N-dimethylformamide and by sublimation were studied.
It  was established that the conductivity of sublimated samples exceeded that of the extracted ones by four
orders of magnitude and was as high as 0.2–0.5 Ω–1 cm–1 at room temperature. © 2002 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

Endohedral metallofullerenes (EMFs) M@C2n rep-
resent a novel type of carbon clusters, which differ sub-
stantially from empty fullerenes in their properties [1–
3]. They contain one or several metal atoms encapsu-
lated in the fullerene molecule. The formation of such
compounds is most characteristic of the C82 molecule
with Group III metals (Sc, Y, La) and lanthanides. A
metal atom encapsulated into the fullerene molecule
changes its electronic properties considerably. In the
case of La@C82 and Y@C82 EMFs, three electrons are
donated by the metal to the fullerene to form the

M3+@  complex. Depending on the nature of the
metal and the number of its encapsulated atoms, EMFs
can be paramagnetic or diamagnetic. The unique struc-
ture of the EMFs and the diversity of their properties,
which vary with the encapsulated metal and the
fullerene, have stimulated a great scientific interest.
The EMFs can be expected to form a basis for the
development of new materials, such as molecular con-
ductors and ferromagnets, laser and ferroelectric mate-
rials, and pharmaceuticals [3]. However, the chemical
and physical properties of EMFs remain poorly stud-
ied; in particular, their electrical conduction character-
istics have thus far not been investigated. This is prima-
rily caused by the limited availability of EMFs, which
is associated with problems that hinder their synthesis
and isolation in sizable amounts [2, 3]. Recently, we
developed a method for selective EMF extraction of up
to grams of EMFs [4, 5] that removes the problem of
EMF availability to a considerable extent.

This paper reports on the first study of the electrical
conduction properties of M@C2n powder samples (M =
La, Y) isolated from soot by extraction and sublimation.

C82
3–
1063-7834/02/4403- $22.00 © 20527
2. EXPERIMENTAL

Soot containing La@C82 and Y@C82 EMFs was pre-
pared by evaporating composite graphite electrodes
with metallic La or Y in an arc-discharge reactor [4, 5].
The electrodes were evaporated in arc discharge at a
helium pressure of 120 Torr, arc current of 90 A, volt-
age of 28–30 V, arc length of 5 mm, a distance between
the arc and the cooled reactor wall of 50 mm, and an
evaporation rate of 1 mm/min.

EMFs were isolated from soot using two methods:
(a) extraction with N,N-dimethylformamide1 (DMFA)
in an argon atmosphere at the solvent boiling tempera-
ture [4, 5] and (b) gradient sublimation in vacuum at
800°C. In both cases, the soot was preliminarily
extracted with o-xylene to remove empty fullerenes
from it to the maximum possible extent.

The products thus prepared were characterized
using mass spectrometry, elemental analysis, and opti-
cal, IR, and EPR spectroscopy.

The EMF conductivity was measured by the dc four-
probe technique on pressed pellets in a helium atmo-
sphere at temperatures ranging from 4.2 to 300 K. The
pellets of the DMFA extraction and sublimation prod-
ucts, 7.5 × 1.5 × 1 mm in size, were pressed at
3800 kg/cm2. To exclude errors associated with the
thermopower, the sample electrical resistivity was mea-
sured for two opposite current directions.

3. RESULTS AND DISCUSSION

The data obtained using mass spectrometry and
electron and EPR spectroscopy show the main compo-

1 Polar solvent for selective extraction of endohedral metallof-
ullerenes from soot.
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Temperature dependence of the electrical resistance of an Y@C82 sample isolated by sublimation.
nents of the DMFA extracts to be La@C82 and Y@C82
[4, 5]. The EPR spectra of the o-dichlorobenzene solu-
tions revealed lines with a hyperfine structure corre-
sponding to two isomers of La@C82 and Y@C82 [3].
Other M@C2n EMFs (n = 40, 42–46) were present in
the extracts in insignificant amounts, and empty
fullerenes were virtually absent. Elemental analysis
and IR spectroscopy also showed the extracts to contain
solvent (DMFA, ~20 wt %).

In contrast to the extracts, the Y@C82 EMF obtained
by sublimation contained, as revealed by electron spec-
troscopy, empty fullerenes (C60) in addition to Y@C82.
The EPR spectrum of the sublimate in o-dichloroben-
zene showed doublet lines corresponding to two
Y@C82 isomers.

Conductivity measurements showed the EMF
extracts to have a low electrical conductivity (σ300 ~
10−5 Ω–1 cm–1). Thermal treatment of the extracts in
vacuum increased the conductivity due to a partial sol-
vent loss. The conductivity of a solvent-free Y@C82
sample obtained by sublimation is four orders of mag-
nitude higher (~0.2–0.5 Ω–1 cm–1) than that of the
extracted Y@C82. The electrical resistivity grows
slowly with decreasing temperature down to ~80 K,
after which it starts to increase rapidly (see figure).
Within the range 300–160 K, the resistivity exhibits an
activated behavior, with an activation energy of
0.029 eV (inset to figure). In the low-temperature
range, the nonactivated process is dominant. Note the
low activation energy, which is possibly associated with
the polycrystalline nature of the sample rather than
reflects the intrinsic properties of Y@C82. The rela-
tively high conductivity of the pellets and the low acti-
P

vation energy allow one to assume that Y@C82 behaves
as a molecular metal down to ~80 K. At lower temper-
atures, a transition to the dielectric state probably
occurs. This assumption is borne out by the behavior of
the spin paramagnetic susceptibility of the solvent-free
La@C82 sample obtained by sublimation [3, 6]. The
susceptibility was virtually temperature-independent
within the range 300–80 K (Pauli paramagnetism); this
feature is characteristic of metals.
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Abstract—An La@C82-doped polymer (bisphenol-A polycarbonate) was prepared. EPR spectra of La@C82 in
a solid polymer film and in a polycarbonate solution in o-dichlorobenzene were studied. The EPR spectrum
shape of La@C82 was shown to be sensitive to the phase state of the polymer. La@C82 in the film was found to
have a high chemical stability below the glass formation temperature, thus permitting one to use the polymer
for the storage and study of endohedral metallofullerenes. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Endohedral metallofullerenes (M@C2n) are carbon
compounds containing one (sometimes, two or three)
metal atoms inside the C2n fullerene cage [1]. M@C2n

compounds have an application potential as a basis for
the development of new materials, including polymer
composites, as well as in NMR tomography and
nuclear medicine [2–5]. Until recently, however,
M@C2n compounds had limited availability. Moreover,
studies of M@C2n are made difficult by their instability
in the presence of oxygen, which requires they be
stored in vacuum or argon [2–7]. Earlier, we developed
a method of step extraction of M@C2n that permitted us
to increase the yield of these compounds up to 5% of
the original soot mass [3].

This paper reports on an EPR study of the chemical
stability and rotational mobility of La@C82 in solid
films and solutions of polycarbonate (PC).

2. EXPERIMENTAL

The synthesis of La@C82-containing soot in an elec-
tric arc-discharge reactor and extraction of La@C82
from it are described in [3]. Analysis of La@C82 sam-
ples using mass spectrometry and liquid chromatogra-
phy did not reveal the presence of C60 or C70 [3]. To pre-
pare an La@C82-doped polymer, 1 g of bisphenol-A PC
(Aldrich) was dissolved in 50 ml of o-dichlorobenzene
(DCB), then 20 mg La@C82 was added to the solution,
and the mixture was heated in an argon environment at
120°C until a homogeneous solution formed. Next, the
solution was placed on a plane glass and the solvent
was removed in an argon flow until a solid film formed.
1063-7834/02/4403- $22.00 © 20529
EPR spectra were obtained on an E-104A EPR spec-
trometer under conditions ensuring an undistorted line
shape. The oxygen was removed from the solutions by
evacuation at a pressure of ~10–3 mm Hg.

3. DISCUSSION

The room-temperature spectrum of La@C82 in a PC
solution in DCB exhibits two octet signals with par-
tially overlapping lines (spectrum 1 in figure). The octet
hyperfine structure (HFS) appears due to the interaction
of the unpaired 5d electron of lanthanum with a mag-
netic moment of 139La (I = 7/2). The higher intensity
octet has an HFS constant aLa = 0.115 mT, and the
weaker octet has aLa = 0.081 mT. Both octets are similar
to the signals of the La@C82 isomers in pure DCB
(without polymer addition) [2–7]. Despite the polymer
solution being a gel at room temperature, the HFS line-
width measured in it was found to be practically the
same as in pure DCB. Hence, the viscosity of the poly-
mer solution affects the rotational mobility of La@C82
only weakly [8], which implies its localization in the
volume phase of the solvent. When La@C82, both in the
gel and in pure solvent, was subjected to air, the EPR
signal disappeared irreversibly within several days.

The spectra of La@C82 in a PC film (spectra 2, 3 in
figure) differ substantially from its spectra in the liquid
solution, which is caused by the low rotational mobility
of La@C82 in the solid polymer. The octet HFS appears
above the PC vitrification temperature (~400 K), when
segment motions in the polymer unfreeze to a consider-
able extent. The PC transition from the glassy to a high-
elasticity state and back was clearly manifested in the
temperature dependences of the spectral parameters of
La@C82.
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EPR spectra of PC-La@C82 samples. (1) Starting polymer
solution (gel) in DCB, 293 K; (2, 3) polymer film, 293 and
425 K, respectively; and (4) solution in DCB after one year
of storage in air, 293 K. The spectra were measured in the
absence of oxygen at a microwave power P = 0.5 mW and
high-frequency modulation amplitude Hm = 0.01 mT.
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The La@C82-doped PC film was stored for a year in
laboratory conditions in air. After this, it was dissolved
in DCB. The EPR spectrum of the gel thus formed
(spectrum 4 in figure) was found to be practically iden-
tical to the spectrum of the gel of the starting sample,
dissolved in DCB immediately after its preparation
(spectrum 1).

The M@C2n compounds are known to become oxi-
dized irreversibly when subjected to air for a few days;
therefore, as already mentioned, powders and solutions
of these compounds have to be stored in vacuum or in
an argon atmosphere [2]. The remarkable stability of
La@C82 in PC films should be apparently attributed to
the fact that oxygen diffusion in this polymer is very
slow below the vitrification temperature.

Thus, we found La@C82 to be very stable in PC
films, which permits one to use these films to store
M@C2n compounds for further use. The sensitivity of
the La@C82 EPR spectrum to the phase state of the
polymer makes it possible to use this compound, in
addition to nitroxyl radicals [8], as a spin probe in stud-
ies of conventional polymers and biopolymers.

ACKNOWLEDGMENTS
This study was supported by the Russian Founda-

tion for Basic Research (project nos. 01-03-32945, 00-
03-33200) and the Russian program “Fullerenes and
Atomic Clusters” (project no. 4-1-98).

REFERENCES
1. Y. Chai, T. Guo, C. Jin, et al., J. Phys. Chem. 95, 7564

(1991).
2. H. Shinohara, Rep. Prog. Phys. 63, 843 (2000).
3. E. E. Laukhina, V. P. Bubnov, Ya. I. Estrin, et al.,

J. Mater. Chem. 8, 893 (1998).
4. V. K. Koltover, Ya. I. Estrin, L. T. Kasumova, et al.,

J. Biosci. Suppl. 1, 188 (1999).
5. D. W. Cagle, S. J. Kennel, S. Mirzadeh, et al., Proc. Natl.

Acad. Sci. USA 96, 5182 (1999).
6. V. K. Koltover, V. P. Bubnov, E. E. Laukhina, and

Ya. I. Estrin, Mol. Mater. 13, 239 (2000).
7. V. K. Koltover, Ya. I. Estrin, V. P. Bubnov, and

E. E. Laukhina, Izv. Ross. Akad. Nauk, Ser. Khim.,
No. 10, 1765 (2000).

8. J. A. Freed, in Spin Labeling. Theory and Applications,
Ed. by L. J. Berliner (Acadenic, New York, 1976), p. 53. 

Translated by G. Skrebtsov
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002



  

Physics of the Solid State, Vol. 44, No. 3, 2002, pp. 531–533. Translated from Fizika Tverdogo Tela, Vol. 44, No. 3, 2002, pp. 508–510.
Original Russian Text Copyright © 2002 by Spitsina, Gritsenko, D’yachenko, Yagubski

 

œ

 

.

                                                                                                                                                                         

PROCEEDINGS OF THE V INTERNATIONAL WORKSHOP 
“FULLERENES AND ATOMIC CLUSTERS”

 

(St. Petersburg, Russia, July 2–6, 2001)
A New Molecular C60 Complex with 
Bis(methylenedithio)tetrathiafulvalene (BMDT–TTF): 

Synthesis, Crystal Structure, and Properties
N. G. Spitsina, V. V. Gritsenko, O. A. D’yachenko, and É. B. Yagubski œ

Institute of Problems of Chemical Physics, Russian Academy of Sciences, 
Chernogolovka, Moscow oblast, 142432 Russia

e-mail: spitsina@icp.ac.ru

Abstract—A new molecular C60 complex of the composition (BMDT–TTF) · C60 · 2CS2 (I) with the bis(meth-
ylenedithio)tetrathiafulvalene (BMDT–TTF) organic donor is synthesized. The molecular and crystal structures
of this complex are determined by x-ray diffraction. The (BMDT–TTF) · C60 · 2CS2 (I) compound crystallizes
in a monoclinic crystal system. The main crystal data are as follows: a = 13.550(5) Å, b = 9.964(7) Å, c =
17.125(8) Å, β = 99.52(4)°, V = 2280(2) Å3, M = 1229.45, and space group P21/m. Crystals of I have a layered
structure: layers consisting of C60 molecules alternate with layers composed of BMDT–TTF and CS2 molecules.
It is found that, in complex I, the donor and C60 molecules are linked through the shortest contacts, which leads
to a change in the molecular geometry of BMDT–TTF. The donor molecules in a crystal layer are characterized
by the shortest S…S contacts. The IR data indicate the electroneutrality of the fullerene molecule. The electrical
conductivity of (BMDT–TTF) · C60 · 2CS2 single crystals is measured using the four-point probe method at
room temperature: σRT = 2 × 10–5 Ω–1 cm–1. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The great interest expressed by researchers in
fullerene-based compounds stems from the recent dis-
coveries of superconductivity and ferromagnetic phe-
nomena in fullerides [1–4]. Fullerene C60 exhibits the
properties of an acceptor and can form molecular
donor–acceptor charge-transfer complexes with
organic electron donors based on tetrachalcogenful-
valenes. The majority of these electron-donor com-
pounds are capable of forming radical cation salts with
metallic and superconducting properties [4]. In our ear-
lier works [5–8], we synthesized and investigated C60
molecular complexes with symmetric and nonsymmet-
ric tetrachalcogenfulvalenes. The purpose of the
present work was to synthesize a C60 complex with an
organic donor, namely, bis(methylenedithio)tetrathi-
afulvalene, and to investigate the crystal structure, IR
spectra, and the electrical conductivity of the complex
synthesized.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Single crystals of (BMDT–TTF) · C60 · 2CS2 (I) were
prepared from a carbon disulfide (CS2) solution con-
taining BMDT–TTF and C60 in the 3 : 1 ratio. The solu-
tion was allowed to evaporate slowly at room tempera-
ture for 5 days to a volume of 2 to 3 ml. The evaporation
1063-7834/02/4403- $22.00 © 20531
was accompanied by precipitation of black lustrous
crystals in the form of oblong prisms. The crystals pre-
cipitated were filtered off, washed with alcohol, and
dried under vacuum. The composition of the (BMDT–
TTF) · C60 · 2CS2 complex was determined from the
elemental analysis data.

For C70H4S12, anal. calcd. (wt %): C, 68.40; H, 0.30;
S, 31.30.

Found (wt %): C, 69.12; H, 0.30; S, 30.83.
The elemental composition is in close agreement

with the x-ray diffraction data.
X-ray structure investigation was performed on a

KM-4 KUMA DIFFRACTION automated four-circle
diffractometer (CuKα radiation, graphite monochroma-
tor, ω/2Θ scan mode). The x-ray diffraction experi-
ments were carried out at room temperature. The main
crystal data for I are as follows: C70H4S12, M = 1229.45,
monoclinic crystal system, a = 13.550(5) Å, b =
9.964(7) Å, c = 17.125(8) Å, β = 99.52(4)°, V =
2280(2) Å3, space group P21/m, Z = 2, and calculated
density dcalcd = 1.791 mg/m3.

3. RESULTS AND DISCUSSION
Crystals of complex I have a layered structure

(Fig. 1): layers consisting of fullerene molecules alter-
nate with layers composed of BMDT–TTF donor mole-
cules. Molecules of the CS2 solvent are sandwiched
002 MAIK “Nauka/Interperiodica”
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Fig. 1. A fragment of the crystal structure of the (BMDT–TTF) · C60 · 2CS2 complex.
between the donor molecules. In the structure of com-
plex I, the mirror plane m passes through the centers of
the fullerene molecules and along the central C=C
bonds involved in the BMDT–TTF molecules. Two
independent molecules CS2 are located in the m plane.
The BMDT–TTF donor molecules arranged in layers
are linked through the shortest S…S contacts in a side-
by-side manner [3.283(3) and 3.519(3) Å]. The stan-
dard van der Waals distances for sulfur atoms are equal
to 3.68 Å [9]. Similar contacts are usually observed in
crystal structures of quasi-two-dimensional molecular
conductors based on radical cation salts of organosulfur
donors [1]. In C60 fullerene complexes, the polarization
van der Waals forces play a significant role (the polar-
izability of the C60 fullerene is equal to 85 Å3). The
energy of electrostatic interaction depends on the dis-
tance between the donor and acceptor molecules, and
the electrostatic interaction itself is primarily deter-
mined by the dispersion component. In order to provide
the strongest interaction, the donor molecule should
approach the fullerene molecule as closely as possible,
thus matching its own shape with the spherical shape of
the fullerene molecule. This can be achieved only
through geometric distortions of the donor molecule, as
is the case in complex I. Unlike the neutral BMDT–TTF
P

molecule, which is characterized by a planar geometry,
the donor molecule exhibits a nonplanar conformation
in the structure of complex I due to the interaction
between C60 and BMDT–TTF. In the structure of the
(BMDT–TTF) · C60 · 2CS2 complex, the C60 and
BMDT–TTF molecules are linked by the shortest inter-
molecular contacts S…C [3.47(2) Å] and C…C
[3.34(2) and 3.35(2) Å]. Consequently, upon complex
formation, the donor molecule adopts a new conforma-
tion in which the donor and fullerene molecules are
spaced as closely as possible.

Earlier [7, 10], it was shown that the force coupling
constants depend on the electron density of the mole-
cule and that the degree of charge transfer to the C60
molecule can be determined from the IR spectra: the
charge transfer correlates with the linear shift of the C60

fundamental vibrational mode (1429 cm–1). The IR
spectra of the (BMDT–TTF) · C60 · 2CS2 complex, the
BMDT–TTF molecule, and pure C60 fullerene are dis-
played in Figs. 2a–2c, respectively. The IR spectrum of
the studied compound contains all the absorption bands
associated with atomic vibrations of C60, BMDT–TTF,
and CS2. Some absorption bands in the IR spectrum of
complex I are shifted with respect to their location in
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002



A NEW MOLECULAR C60 COMPLEX 533
the spectra of the initial donor and acceptor molecules
by 1 to 2 cm–1. Analysis of the IR spectra of complex I
revealed that the BMDT–TTF molecules form a weak
complex with the C60 fullerene in which the charge
transfer between the donor and acceptor molecules is
absent (or is insignificant). The molecular nature of the
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Fig. 2. IR spectra of the (a) (BMDT–TTF) · C60 · 2CS2 com-
plex, (b) BMDT–TTF molecule, and (c) C60 fullerene at
room temperature (Specord IR-75 spectrophotometer, KBr
tablets).
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(BMDT–TTF) · C60 · 2CS2 complex is confirmed by the
electrical conductivity measurements with single-crys-
tal samples of (BMDT–TTF) · C60 · 2CS2. The low elec-
trical conductivity (σRT = 2 × 10–5 Ω–1 cm–1) indicates a
weak charge transfer in the studied compound.
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Abstract—The recently measured heat of formation  of C60F36(g) is submitted for extensive computa-
tional treatment. The computations are performed at the AM1, PM3 and SAM1 semiempirical quantum-chem-
ical levels on a set of selected isomers, especially those of T, C3, and D3d symmetries. The SAM1 method pro-
duces somewhat lower values than PM3 and, in particular, AM1 (as is the case for pristine fullerenes). For
example, the SAM1 computed value for the T isomer is –1293 kcal/mol; i.e., it is within the experimental error.
However, the issue of isomerism should also be taken into consideration accordingly and related kinetic aspects
should be checked using computations. Even without these two additional steps being carried out, the agree-
ment between the observed and computed values is encouraging. © 2002 MAIK “Nauka/Interperiodica”.

∆H f
o

1 At the present time, there are only four neutral fulle-
renic species with measured [1–6] heats of formation

: C60, C70, C60F48, and, most recently [7], C60F36.
The thermochemical data for fullerenes are relatively
meager owing to an usually small quantity of available
samples. Some thermochemical information can also be
derived for charged gas-phase species [8] using the
Knudsen cell mass spectrometry method. C60F36 has
been rather well characterized experimentally, as 19F
NMR spectra of its two isomers, T and C3, are available
[9] (the T to C3 isomeric ratio is about 1 : 3). Clearly
enough, the thermochemical measurements [7] on C60F36
represent an important addition to the data on fullerenes
(in the gaseous state at room temperature, the experimen-
tal value reads  = –1248 ± 48 kcal/mol). In order
to verify the reliability of the computational tools, the
heat of formation  is computed in this paper by
means of semiempirical methods of quantum chemistry
for several selected isomers of C60F36(g).

1. COMPUTATIONS

The full geometry optimizations were performed
using three key semiempirical methods that generally
produce quantitative values of heats of formation: AM1
[10], PM3 [11], and SAM1 [12]. The SAM1 (semi-
ab initio model 1) method is the newest semiempirical
quantum-chemical procedure; it was constructed [12]
in order to fix some deficiencies of previous approxi-

1 This article was submitted by the authors in English.

∆H f
o

∆H f 298,
o

∆H f 298,
o
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mations. The computations were carried out primarily
with the SPARTAN [13] and AMPAC [14] program
packages. The geometry optimizations were performed
with no symmetry constraints on the Cartesian coordi-
nates and with an analytically constructed energy gra-
dient.

The full geometry optimizations were followed by a
harmonic vibrational analysis in each of the three meth-
ods. The harmonic vibrational analysis was carried out
by numerical differentiation of the analytical energy
gradient. The computed vibrational eigenvalues were
analyzed for the presence of an imaginary frequency so
that local minima and possible saddle points could be
distinguished. Special attention was paid to evaluating
the symmetries of the relaxed structures. The symmetry
of the optimized structures was determined not only
following the AMPAC built-in procedure [14] but pri-
marily using a new flexible technique [15].

2. RESULTS AND DISCUSSION

We computed a set of isomers of C60F36 with higher
symmetries [16], such as T, D3d, Th, C3, and C2v . How-
ever, in this report, we present results only for four iso-
mers found as the lowest energy structures in a prelim-
inary search using the PM3 method: T, D3d, Th, and C3.

The T isomer is the lowest energy structure in all the
three semiempirical methods applied (see table). In
fact, the order of isomers is the same in the AM1 and
PM3 methods but differs in the SAM1 method. It is
known [17–19] that the AM1 method overestimates the
heats of formation for the pristine species more greatly
002 MAIK “Nauka/Interperiodica”



        

ISOMERIC C

 

60

 

F

 

36

 

(g) SPECIES: COMPUTED STRUCTURES 535

                                                                                          
than the PM3 method does. The data presented in the
table suggest that this is also likely to remain true for
fullerene fluoro-derivatives. On the other hand, the

 terms given by the SAM1 method are actually
closer [18, 19] to the observed values for the pristine
fullerenes than those given by the PM3 treatment. It is
also seen from the table for C60F36 that the SAM1

 values basically coincide with the observed
value [7] of –1248 kcal/mol (if considered within its
error bars of ±48 kcal/mol). It should be noted that it is
difficult to compute the total heats of formation ab ini-
tio unless some empirical terms are introduced. On the
other hand, the separation energies between isomers
can be computed by both semiempirical and nonempir-
ical methods. The separation energies given by both
treatments usually agree well.

There is, however, a substantial qualitative differ-
ence. It is seen from the table that the SAM1 order of
structures is not exactly the same as those found from
the AM1 and PM3 methods. Once again, SAM1 more
adequately describes the observed facts [7, 9], as the
structures seen in the experiment are of C3 and T sym-
metries. In fact, two C3 species are considered in [9]
because there is no direct way to distinguish between
these two C3 isomers with the presently available data.
According to the SAM1 calculations, the C3 species
selected in [9] is the next-lowest energy structure.

However, there is one problem with the SAM1
results: the ratio of the C3 and T isomers is observed [9]
to be about 3 : 1. Hence, it is important to perform a
numerical evaluation of the entropy effects according to
statistical-mechanical treatment [20] based on quan-
tum-chemical computations. It is known for isomeric
higher fullerenes [21] that the most abundant species is
not necessarily the lowest energy structure. This inter-
esting fact is a consequence of the entropy effects at
higher temperatures. C60F36 is indeed prepared [9] at
temperatures around 350°C.

Overall, the reported quantum-chemical semiempir-
ical computations point to the SAM1 method as the

∆H f 298,
o

∆H f 298,
o

The AM1, PM3, and SAM1 heats of formation  for
selected C60F36 isomers

Species
, kcal/mol

AM1 PM3 SAM1

C3 –889.68 –1079.52 –1228.94

Th –898.03 –1086.39 –1175.95

D3d –924.32 –1112.69 –1226.79

T –952.76 –1134.27 –1292.97

Note: Gas phase species throughout; the standard state is an ideal
gas phase at 1 atm = 101325 Pa. 

∆H f 298,
o

∆H f 298,
o
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best applicable treatment able to reproduce the experi-
mental thermochemical data [7]. The final conclusion
should be further supported by entropy evaluations and
also by some ab initio calculations or even by kinetic
evaluations, these being topics of advanced research
currently in progress.
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Abstract—The behavior of the C60F48 fluorofullerene—a compound with maximum fluorine content that can
be synthesized in pure form through direct fluorination—is investigated in alkane solutions. The kinetics of for-
mation of C60F48 crystal solvates at solid-phase equilibrium with a saturated solution is studied by differential
scanning calorimetry (DSC) and thermogravimetry. The composition of the crystal solvates and the tempera-
tures and enthalpies of their decomposition are determined. It is found that the C60F48 solvates formed upon
crystallization from saturated solutions of pentane, hexane, and heptane are more stable than the hexagonal sol-
vates (with octane, nonane, decane, and undecane). The latter solvates undergo decomposition into the initial
fluorofullerene and liquid hydrocarbon at temperatures below the boiling points of the hydrocarbons. © 2002
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Fluorofullerenes C60Fn (n = 12–48) were originally
synthesized by Selig et al. [1] in 1990, shortly after
Krätchmer et al. [2] had devised a procedure for synthe-
sizing the C60 and C70 fullerenes in macroscopic
amounts. Subsequent studies concerned with direct flu-
orination of [60]fullerenes under different conditions
showed that, as a rule, this reaction results in the forma-
tion of a mixture of products. The first selective tech-
nique for producing fullerene fluoride was proposed by
Gakh et al. [3]. Boltalina et al. [4] were the first to pre-
pare a material with 68% C60F48 through two-stage syn-
thesis involving the interaction of the C60 fullerene with
fluorine in the presence of sodium fluoride at a temper-
ature of 280°C. Recently, the C60F48 fluorofullerene
was synthesized by direct fluorination of the
[60]fullerene at 350°C.

It was found that the attachment of 48 fluorine atoms
to the fullerene cage leads to a radical change in the
properties of the fullerene compound [5, 6]. Fullerene
fluorides possess pronounced electron-acceptor proper-
ties and, unlike alkyl fluorides, readily enter into
nucleophilic substitution reactions. At the same time,
[60]fullerene fluorides are highly soluble in a large
number of organic solvents and, hence, can be used for
producing numerous derivatives. Elucidation of the
character of the interaction between fluorofullerene
molecules and solvents is of importance in explaining
SN-type reactions.

Earlier [7], we synthesized solvates with n-alkanes
and performed x-ray structure analysis of the new com-
pounds. It was revealed that the C60F48 fluorofullerene
forms orthorhombic isostructural solvates of 1 : 1 com-
1063-7834/02/4403- $22.00 © 20536
position with pentane, hexane, and heptane. Moreover,
the C60F48 fluorofullerene can form hexagonal crystal
solvates with nonane, decane, and undecane.

In the present work, the kinetics of formation of
C60F48 crystal solvates at solid-phase equilibrium with
a saturated solution was investigated using differential
scanning calorimetry (DSC) and thermogravimetry.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

2.1. We used a fluorofullerene sample of composi-
tion C60F48 ± 1. This sample also contained C60F44,
C60F46, and C60F48O impurities in insignificant
amounts. The content of the main compound in the
sample was no less than 95%.

The C60F48 fluorofullerene is a white finely crystal-
line compound stable in air. No special caution should
be exercised in handling this material.

The crystal solvates were prepared according to two
procedures: (1) crystallization from saturated solutions
and (2) treatment of crystalline fullerene fluoride in liq-
uid alkanes. In the latter case, fullerene fluoride par-
tially dissolved and the undissolved part gradually
transformed into the corresponding solvate. The tem-
peratures and enthalpies of decomposition of crystal
solvates were determined by statistical methods.

The C60F48 complexes with octane, nonane, decane,
and undecane undergo decomposition at temperatures
below the boiling points of the hydrocarbons involved.
This allowed us to use the DSC technique to examine
their incongruent melting. The experiments were per-
formed as follows. A weighed portion of C60F48 (7–
002 MAIK “Nauka/Interperiodica”
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DSC curves for decomposition of C60F48 crystal solvates with alkanes upon heating.
12 mg) was placed in a DSC cell filled with a small
amount of a solvent (5–8 mg). Then, the cell was cov-
ered and allowed to stand at room temperature. The cal-
orimetric measurements were performed repeatedly for
20 days until the enthalpy ceased to change.

2.2. The crystal solvates under investigation were
heated at a rate of 5 K/min in an argon atmosphere to
the point of decomposition into C60F48 and hydrocar-
bon. The solvate composition was judged from the
decrease in weight. The measurements were carried out
on Mettler TA3000 and TG-50 instruments.

2.3. The decomposition of crystal solvates was
examined using a Mettler TA3000 instrument with a
DSC-20 attachment. The samples to be analyzed were
placed in an aluminum cell, which was then nonhermet-
ically sealed. The experiments were performed at a
heating rate of 5 K/min in an argon atmosphere in the
temperature range from 25 to 250°C.

The appearance of absorption peaks in the DSC
curves was treated as an indication of the decomposi-
tion of crystal solvates into C60F48 and hydrocarbon.
The same inferences regarding the decomposition of
THE SOLID STATE      Vol. 44      No. 3      200
these solvates were made from the weight loss observed
in thermogravimetric measurements.

3. RESULTS AND DISCUSSION

The molecular complexes studied in this work can
be divided into three groups: (1) n-pentane, n-hexane,
and n-heptane isostructural solvates crystallizing in an
orthorhombic crystal system; (2) n-octane solvate crys-
tallizing in a cubic crystal system; and (3) n-nonane,
n-decane, and n-undecane solvates crystallizing in a
hexagonal crystal system (see table).

Moreover, we analyzed the kinetics of solvation at
equilibrium with saturated solutions. Using the above
technique, we observed incongruent melting in the
C60F48–octane and C60F48–nonane systems at tempera-
tures of 109 and 106°C, respectively. On this basis, the
inference was made that the C60F48 crystal solvate with
octane should exhibit a hexagonal packing similar to
that of the C60F48 · 2(nonane) crystal solvate. It is worth
noting that, in this case, no additional effects are found
at temperatures higher than the boiling points of the sol-
vents used and the elimination of incorporated hydro-
2
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Unit cell parameters and decomposition conditions for C60F48 solvates

Solvate Packing Unit cell 
parameters, nm Scheme of decomposition Decomposition

temperature, °C

C60F48 · C5H12 Orthorhombic a = 5.925(3),
b = 1.215(1),
c = 1.1987(4)

C60F48 · C5H12  C60F48(s) + C5H12(g) 127.6

C60F48 · C6H14 Orthorhombic a = 3.876(4),
b = 1.229(6),
c = 1.198(1)

C60F48 · C6H14  C60F48(s) + C6H14(g) 131.4

C60F48 · C7H16 Orthorhombic a = 3.895(3),
b = 1.228(1),
c = 1.197(4)

C60F48 · C7H16  C60F48(s) + C7H16(g) 111.3

C60F48 · Hexagonal 1** – C60F48 · nC8H18  C60F48(s) + nC8H18(l) 109

C60F48 · 2C9H20 Hexagonal 1 a = 2.362(3),
b = 2.129(3)

C60F48 · 2C9H20  C60F48(s) + 2C9H20(l) 106

C60F48 · 2C10H22 Hexagonal 2** a = 2.0924(5),
c = 1.1991(6)

C60F48 · 2C10H22  C60F48 · C10H22(s) + C10H22(l) 70.7

C60F48 · C10H22 Amorphous C60F48 · C10H22  C60F48(s) + C10H22(l) 73.6

C60F48 · 2C11H24 Hexagonal 2 a = 2.0954(5),
c = 1.2063(3)

C60F48 · 2C11H24  C60F48 · C11H24(s) + C11H24(l) 107

C60F48 · C11H24 Amorphous C60F48 · C11H24  C60F48(s) + C11H24(l) 107

*The composition and structure of the crystal solvate with octane are assumed by analogy with the C60F48 · 2C9H20 solvate.
**Designations: hexagonal 1 is the packing in C60F48 · 2C9H20, and hexagonal 2 is the packing in C60F48 · 2CnH2n + 2 (n = 10, 11).

2C8H18*
carbon molecules proceeds in one stage. By contrast,
the 1 : 2 crystal solvates with decane and undecane
decompose in two stages. It can be concluded that the
transformations observed in the crystal structure when
changing over from C60F48 · 2(nonane) to C60F48 ·
2(decane) and C60F48 · 2(undecane) lead to a regular
decrease in the decomposition temperature of the crys-
tal solvates under investigation (see figure).

4. CONCLUSION

The experimental results demonstrated that the
orthorhombic solvates described earlier are formed
upon crystallization from saturated solutions. These
solvates are relatively stable in air and undergo decom-
position at temperatures above the boiling points of the
corresponding hydrocarbons. The hexagonal solvates
are less stable and decompose at temperatures below
the boiling points of the hydrocarbons involved. In this
case, the structure is formed through the gradual incor-
poration of alkane molecules into the C60F48 lattice,
thus changing the crystal lattice parameters.
PH
No interrelation between the enthalpies of decom-
position and the lattice parameters was revealed.
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Abstract—The products of the reaction between the C60Br24 bromofullerene and xenon difluoride are studied
by IR spectroscopy, laser desorption mass spectrometry, 19F NMR spectroscopy, and thermogravimetry. It is
revealed that the degree of fluorination of the substrate is primarily determined by the duration of contact
between the reactants. An attempt is made to perform nucleophilic substitution of fluorine for bromine in the
C60Br24 bromofullerene in a solution with potassium fluoride. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

To date, different procedures have been developed
for the selective synthesis of fluorofullerene com-
pounds with a high fluorine content, for example,
C60F18 [1], C60F36 [2], and C60F48 [3]. Of special interest
are fluorofullerenes with a low fluorine content,
because these compounds can be used as precursors for
regioselective synthesis of fullerene derivatives.

In particular, fluorofullerenes with a low fluorine
content can be synthesized by the fluorination of bro-
mofullerenes or chlorofullerenes. It is known that halo-
gen atoms can fulfill the function of blocking agents
that prevent the formation of reaction products with a
high fluorine content. Therefore, the fluorination reac-
tions involving bromofullerenes or chlorofullerenes
followed by heating should lead to the detachment of
bromine or chlorine atoms with the formation of the
ultimate fluorofullerene products characterized by a
low fluorine content. Adamson et al. [4] were the first
to use this approach. These authors examined the prod-
ucts of fluorination reactions between molecular fluo-
rine and a number of bromofullerene and chlorof-
ullerene derivatives, such as C60Br6, C60Br8, C60Br24,
and C60Cl24. It was shown that the fluorination reaction
of the C60Br24 bromofullerene with molecular fluorine
at room temperature results in the formation of a mix-
ture of C60Fn fluorofullerenes (n ≤ 44), which predomi-
nantly contains C60F36. Fluorination of the C60Br6 bro-
mofullerene produces a mixture of C60Fn fluorides
(n < 36). In this case, the mass spectrum of the reaction
product exhibits peaks associated with ions of the
C60F18 fluorofullerene and its monoxide and dioxide
compounds.

According to Dementjev et al. [5], the C60Br24 bro-
mofullerene reacts with xenon difluoride in anhydrous
HF to form a product of the composition C60F24, as
1063-7834/02/4403- $22.00 © 20539
judged from the x-ray photoelectron spectroscopic
data. The product of fluorination with the use of BrF5
under the same conditions was identified as C60Br4F20
[6].

In the present work, we investigated the solid-phase
reactions of the C60Br24 bromofullerene with xenon dif-
luoride over a wide range of temperatures. The reaction
products were characterized using IR spectroscopy and
laser desorption mass spectrometry.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

The C60Br24 bromofullerene was prepared according
to the procedure described in [7]. The reaction of the
C60Br24 bromofullerene with xenon difluoride was per-
formed as follows. A weighed portion of the bromo-
fullerene was mixed with a specified amount of xenon
difluoride. The resulting mixture was placed in a copper
cell cleaned from oxides, and the cell was sealed. Then,
the cell was allowed to stand at a constant temperature
(80–140°C) for a time (from one to three hours) and,
after complete cooling, was opened. The color of the
samples prepared varied from brown to light yellow.

The reaction temperature was chosen in such a way
as to preclude thermal decomposition of bromo-
fullerenes in the course of synthesis. The conditions for

Conditions for fluorination reactions of the C60Br24 bromoful-
lerene with xenon difluoride

No. T, °C t, h C60Fn, nmax

a 220 1 22–24

b 80 1 30–32

c 80 3 36
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Laser desorption–ionization mass spectra of the products of fluorination reactions of the C60Br24 bromofullerene with xenon
difluoride.
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fluorination reactions of the C60Br24 bromofullerene
with xenon difluoride are given in the table.

The degree of fluorination was determined by laser
desorption–ionization mass spectrometry. The mass
spectra were recorded on a Vision 2000 time-of-flight
mass spectrometer (Finnigan) with the use of a nitrogen
laser (wavelength, 337 nm; pulse duration, 3 ns). The
samples were dissolved in toluene so that their concen-
tration ranged from 10 to 50 mM. A 0.2- to 0.4-µl drop
of the solution was applied to a target. After evapora-
tion of the solvent at room temperature, the target was
inserted into the mass spectrometer. The mass spectra
were measured in a reflectron mode. For the purpose of
suppressing the possible fragmentation, the laser beam
power was chosen so as to correspond to the threshold
of ion formation.

3. RESULTS AND DISCUSSION

3.1. Fluorination of C60Br24. The fluorination of
the C60Br24 bromofullerene was performed under two
different temperature conditions. In the first series of
experiments, the synthesis temperature was below the
decomposition point of the bromofullerene (160–
170°C). In the second series, the samples were prepared
by fluorination for 1 h at a temperature slightly higher
than the decomposition point of C60Br24 (220°C). As
follows from the distribution of negative ions in the
laser desorption–ionization mass spectrum of the sam-
ple from the second series (Fig. 1a), the sample con-
tains two types of products involving up to 20 fluorine
atoms (the mass falls in the range 815–1100 m/z) and a
product involving up to 36 fluorine atoms (with a mass
as large as 1404 m/z). The fluorination reaction per-
formed at a lower temperature (80°C) for the same time
leads to the formation of C60Fn fluorofullerenes with
n ≤ 18. In this case, the negative ion distribution indi-
cates the predominance of the C60F18 stable fluorof-
ullerene, which, as a rule, is produced in reactions with
metal fluorides [1] (Fig. 1b). An increase in the synthe-
sis time brings about a considerable change in the prod-
uct composition: the reaction proceeding for three
hours at a temperature of 80°C results in the formation
of C60Fn fluorofullerenes with n ≤ 30 in which the max-
imum fluorine content does not exceed 32 atoms (the
mass falls in the range 967–1309 m/z) (Fig. 1c).

3.2. Thermal stability of the compounds synthe-
sized. The thermogravimetric analysis of the products
obtained in the fluorination reaction of the bromo-
fullerene with xenon difluoride revealed that the maxi-
mum weight loss of the samples is observed in the tem-
perature range 300–500°C. It is worth noting that the
thermal decomposition is accompanied by the forma-
tion of the C60 fullerene. This suggests that the thermal
stability of the fluorine derivatives synthesized is rather
low. It should also be noted that, upon heating, the
fullerene fluorides studied earlier in [2, 3] sublimate
without noticeable decomposition.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
3.3. 19F NMR spectroscopy. All the lines revealed
in the 19F NMR spectra of the products synthesized are
substantially broadened and poorly resolved. For this
reason, we failed to draw any conclusions regarding the
composition and structure of these products and could
only infer the presence of a mixture of compounds in
the studied sample from the analysis of these spectra.

3.4. Nucleophilic substitution for bromine in bro-
mofullerene. We attempted to prepare fluorofullerenes
through the substitution of fluorine for bromine in the
C60Br24 bromofullerene. In the course of synthesis, a
solution of C60Br24 in carbon tetrachloride with an
excess of potassium fluoride and a catalytic amount of
18-crown-6 was boiled for a few hours. The laser des-
orption–ionization mass spectrum of the sample thus
synthesized exhibits the most intense signal associated

with the C60  fluorofullerene. The IR spectrum of the
product obtained by the reaction of the C60Br24 bromof-
ullerene with potassium fluoride shows a broad band at
1114 cm–1, which is attributed to vibrations of the C–F
bonds. Note that the IR spectrum described earlier in
[2] for the C60F36 fluorofullerene essentially differs
from the IR spectrum recorded in the present work. It is
quite possible that the reaction under investigation
leads to the formation of an unstable product (C60F24).
Upon thermal heating prior to the ionization and
recording of the mass spectra, this product can undergo
disproportionation with the formation of more stable
compounds, namely, the C60F36 fluorofullerene and the
C60 fullerene.
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Abstract—The effect of hydrostatic pressure on the photoluminescence and Raman spectra of hydrofullerene
C60H36 was investigated for pressures up to 12 GPa at room temperature. The samples were synthesized by
means of high-pressure hydrogenation. The pressure coefficients of the phonon modes were found to be positive
and demonstrate singularities at ~0.7 and ~6 GPa. The pressure shift of the luminescence spectrum is unusually
small and increases slightly at P ≥ 6 GPa. All observed features are reversible with pressure, and C60H36 is stable
in the pressure region investigated. © 2002 MAIK “Nauka/Interperiodica”.
1 Hydrofullerenes have been predicted theoretically
[1] and synthesized using various methods [2, 3]. The
stable hydrofullerene C60H36 has been studied exten-
sively to identify its molecular structure and properties
[4, 5]. It was found that the C60H36 molecule has a great
number of isomers and that the most stable of them
have Th, D3d, S6, and T symmetry. The presence of var-
ious isomers in C60H36 samples depends mostly on the
preparation method [4, 6, 7]. The condensed phase of
C60H36 has a body-centered cubic (bcc) structure [lat-
tice constant 11.78(5) Å] which is expected to trans-
form into a body-centered tetragonal (bct) structure at
low temperatures [5]. In the present paper, we report
data on the pressure behavior of Raman and photolumi-
nescence spectra of C60H36 prepared by high-pressure
hydrogenation. Our goal was to study the effect of high
pressure on the energy spectrum, phase transitions, and
stability of the C60H36 molecule.

1. EXPERIMENTAL

For the preparation of hydrofullerene, pellets of C60
(99.99% purity) were placed into a copper capsule,
covered with a disc of 0.01-mm thick Pd foil, and then
annealed in vacuum at 620 K. The remaining space was
filled with AlH3, and the capsule was tightly plugged
with a copper lid using gallium as a soldering agent.
Since Cu and Ga are highly impermeable to hydrogen,
the encapsulation described prevents hydrogen losses
effectively during treatment. The assembled capsule

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20542
was pressurized to 3 GPa in a toroid-shaped cell and
maintained at 700 K for a time of up to 48 h. Above
400 K, AlH3 decomposes and the evolved hydrogen
reacts with C60. The mass-spectroscopy data show that
at least 95% of the final material is related to C60H36,
while the x-ray study shows that the material has a bcc
structure with a lattice parameter of 11.83 Å. For opti-
cal study at high pressure, colorless transparent speci-
mens of C60H36 were placed into a diamond anvil cell.
Photoluminescence and Raman spectra were recorded
using a single (JOBIN YVON THR-1000) and a triple
(DILOR XY-500) monochromator, both equipped with
a CCD liquid-nitrogen cooled detector system. The
676.4 and 457.9 nm lines of Kr+ and Ar+ laser radiation,
respectively, were used for excitation of the Raman and
luminescence spectra. The laser power was varied from
2 to 10 mW when measured directly in front of the cell.
A 4 : 1 methanol-ethanol mixture was used as the pres-
sure-transmitting medium, and the ruby fluorescence
technique was used for pressure calibration.

2. RESULTS AND DISCUSSION

The Raman spectrum of C60H36 under normal condi-
tions is shown in Fig. 1. The spectrum is considerably
richer than that of the pristine C60 and contains very
sharp and intense peaks in the low-frequency region,
while in the high-frequency region, its features are
rather broad and faint. This rich spectrum is related to
the hydrogenation of the C60 molecule, which results in
the lowering of the molecular symmetry and the forma-
tion of new C–H bonds. In addition to the C–H stretch-
002 MAIK “Nauka/Interperiodica”
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Fig. 1. Raman spectra of C60H36 recorded under normal conditions. Insert: the pressure behavior of the C–H stretching modes. The
shaded areas near 0.7 and 6 GPa indicate possible phase transitions. Open and shaded symbols are related to an increase and
decrease in pressure, respectively.
ing modes near ~2800 cm–1, new modes related to C–H
bending vibrations appear in the region 1150–1350 cm–1

[7]. The expected number of Raman active modes of
the C60H36 molecule depends on the symmetry and is
equal to 118, 60, 73, and 95 for the T, Th, D3d, and S6

isomers, respectively. The number of recorded peaks in
the Raman spectrum of C60H36 is at least 126, which
means that the samples under investigation are a mix-
ture of at least two basic isomers. A detailed study of
the recorded Raman frequencies and a comparison with
molecular dynamics calculations [4] indicate that the
samples contain all five stable isomers, the most abun-
dant among them being those with D3d and S6 symmetry
[7]. The application of pressure strongly affects the
Raman spectrum, resulting in a positive shift of the
Raman peaks and a relative increase in their widths.
The pressure dependence of almost all Raman modes
shows two features (changes in the slope) near 0.7 and
6 GPa. However, the situation is essentially different for
the C–H stretching vibration modes, whose behavior is
shown in the inset to Fig. 1. These modes exhibit a pos-
itive shift up to ~6 GPa that changes into a negative one
at higher pressures. The softening of the C–H stretching
modes at high pressures may be associated with hydro-
gen bonding interaction between the hydrogen and car-
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
bon atoms of the adjacent molecules, resulting in a
pressure-induced enlargement of the C–H bond length
[8].

The photoluminescence spectrum of C60H36 under
normal conditions is depicted in Fig. 2. The intensity of
the luminescence and the threshold for the onset of the
spectrum are higher than those for the pristine C60 [9].
The pressure behavior of the luminescence spectrum of
C60H36 is shown in the inset to Fig. 2. The pressure
coefficients for the main luminescence peaks, A and B,
are negative and close to zero at pressures up to
~6.5 GPa; at higher pressures, they increase in absolute
value to –7.5 and –9 meV/GPa, respectively. The pres-
sure behavior of C60H36 is not typical of molecular crys-
tals, whose electronic states usually exhibit a large neg-
ative pressure shift which rapidly decreases with pres-
sure [10]. It is also known that the pressure-induced
shift of electronic states in molecular crystals may be
positive for molecules that have no center of symmetry
[11]. Taking into account that our samples contain the
(noncentrosymmetric) T isomer in abundance, the pres-
sure behavior up to 6.5 GPa may be associated with
mutual compensation of the opposite shifts of the lumi-
nescence spectra, originating from the electronic states
of various isomers. At higher pressures, however, lumi-
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Fig. 2. Photoluminescence spectrum of C60H36 recorded under normal conditions. Insert: the pressure dependence of the positions
of the main luminescence peaks.
nescence from other isomers (which have a center of
symmetry) dominates; their electronic states are down-
shifted in energy, and, therefore, we have an overall
negative pressure shift.
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Abstract—The gas-phase products of thermal decomposition of the C60D19 deuterium fullerite are studied by
mass spectrometry. It is found that, in addition to D2 molecules, the gas phase over the deuterium fullerite sam-
ple heated to a temperature of 773 K contains CD4 methane and C6D6 benzene molecules. The deuterocarbon
molecules are revealed in the gas phase even at 673 K. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The problem of thermal decomposition of C60Hx

fullerene hydroderivatives is of particular interest pri-
marily from the standpoint of the possible use of
fullerene-based materials as a medium for hydrogen
accumulation. A thermal gravimetric analysis revealed
that, during heating of C60Hx samples in an inert atmo-
sphere, their weight begins to decrease at a temperature
of 723 K [1–3]. It was shown that the reaction products
of thermal decomposition of C60Hx fullerene hydro-
derivatives are hydrogen and fullerene. In particular,
Nozu and Matsumoto [4] demonstrated that the forma-
tion of C60H2 upon the anodic oxidation of C60 films
deposited onto a graphite electrode is a completely
reversible reaction. Haufler et al. [5] made the inference
that the hydrogenation of fullerenes is a reversible pro-
cess. However, Shul’ga and Tarasov [6] established
that, in addition to fullerene molecules, the products of
thermal decomposition of C60D24 at 823 K contain
impurity molecules. According to IR spectroscopy, this
impurity was identified as a fullerene polymer. More-
over, Brosa et al. [3] revealed methane as a gas-phase
product of thermal decomposition of C60H18.7 at tem-
peratures above 823 K.

In the present work, the products of thermal decom-
position of deuterium fullerite (solid deuterofullerene)
were investigated by mass spectrometry. We chose deu-
terium fullerite as the object of our investigation in
order to be able to distinguish between the products of
thermal decomposition and hydrocarbon impurities,
which, in some cases, can occur in the studied system
due to desorption from cold walls, parts covered with a
vacuum lubricant, and (or) residual vapors from high-
pressure vacuum pumps.
1063-7834/02/4403- $22.00 © 20545
2. EXPERIMENTAL TECHNIQUE

The deuterium fullerite samples were prepared
according to the procedure described earlier in [7]. The
deuterium fullerite polycrystals used in our experi-
ments have the empirical formula C60D19, a face-cen-
tered cubic lattice, and the unit cell parameter a =
14.71 Å.

The mass spectra were recorded on an MI 1201V
mass spectrometer. Ionization was accomplished with
an electron impact. The electron energy was equal to
70 eV. Positively charged ions were analyzed in the m/z
range from 4 to 90.

The gas phase was produced as follows. A weighed
portion (16–40 mg) of deuterium fullerite was placed in
a silica tube of the pyrolyzer. The silica tube was con-
nected to an inflow system of the mass spectrometer
through a finely adjusting valve. After the preliminary
annealing of the sample at a temperature of 373 K for
1 h, the silica tube and inflow system were evacuated to
approximately 1 × 10–6 Torr. In all the experiments per-
formed in this work, the gas was allowed to bleed into
the preliminarily evacuated tube beginning with a tem-
perature of 373 K. For this reason, in the mass spectra
presented, we specified only the temperature at which
the sample heating was completed and the mass spec-
trometric analysis was started.

3. RESULTS AND DISCUSSION

It can be seen from the table that, apart from the

peak attributed to the  deuterium (m/z = 4), the mass
spectrum of the gaseous products of thermal decompo-
sition of the deuterium fullerite sample heated to a tem-
perature of 773 K is characterized by an intense peak

D2
+

002 MAIK “Nauka/Interperiodica”



 

546

        

SHUL’GA 

 

et al

 

.

                                                                                                                                                               
Mass spectra (electron impact, 70 eV) of the gas phase over the
deuterium fullerite sample heated to 673 and 773 K

m/z
I, rel. units Assignment [ion]+ (initial 

molecule)T = 673 K T = 773 K

4 300 [D2]+

12 2 95
13 5
14 11 357
15 3 33
16 24 910
17 10 460
18 139 9100 [CD3]+, (CD4)
19 22 1170
20 280 13500 [CD4]+, (CD4)
21 142
22 7
24 25
25 3
26 10 187 [C2D]+, (C2D2, C2D4, C2D6)
27 5 59
28 72 3826 [C2D2]+, (C2D2, C2D4, 

C2D6, C6D6)
29 8 141
30 84 3800 [C2D3]+, (C2D4, C2D6)
31 20 580
32 323 8700 [C2D4]+, (C2D4, C2D6)
33 13 357
34 67 1850 [C2D5]+, (C2D6)
35 18 267
36 75 3667 [C2D6]+, (C2D6)
37 43
38 23
39 2 3
40 3 40
41 4 10
42 7 153
43 5 13
44 15 718
45 17
46 143
47 10
48 77
49 17
50 150
51 33
52 250 [C2D8]+, (C3D8); [C4D2]+, 

(C6D6)
53 7
54 27 [C4D3]+, (C6D6)
80 6
81 3
82 18
83 17
84 5 138 [C6D6]+, (C6D6)
85 9
PH
with the ratio m/z = 20. We assigned the latter peak to

the C  ion. It should be noted that residual gases con-
tained in the mass spectrometer and silica tube used in
measurements did not exhibit peaks with m/z = 4 and
20. These peaks were also not observed in the mass
spectra of the products of preliminary degassing of the
deuterium fullerite samples under investigation. How-
ever, in the case when the sample subjected to prelimi-
nary degassing at 373 K was then heated to a tempera-
ture of 673 K instead of 773 K, the mass spectrum
exhibited a peak with m/z = 20. It is worth noting that
the total amount of the gas released from the sample at
673 K is considerably less than that liberated at 773 K.
According to the estimates, the pressure in the silica
tube used at approximately the same weights of sam-
ples is equal to 10–2 Torr at 673 K and 2 to 5 Torr at
773 K. These values are in reasonable agreement with
the intensities of the peaks observed in the mass spectra.

At 773 K, the gas phase over the C60D19 deuterium
fullerite sample contains C6D6 molecules in addition to
CD4. This is indicated by the peak with m/z = 84, which
is the most intense in the range 60 ≤ m/z ≤ 100. Upon
thermal decomposition of the C60Hx hydrofullerene, the
most intense peak observed in this range of the mass
spectrum is characterized by the ratio m/z = 78.

Thus, our results confirm the inferences made by
Brosa et al. [3], according to which methane is liberated
upon heating of the hydrofullerene to 773 K. Further-
more, our data indicate the possible formation of deu-
terocarbon molecules, including benzene-d6 (C6D6),
upon heating of the deuterium fullerite sample to 773 K
(see table). It is quite possible that deuteromethane is
formed not from deuterofullerene molecules but from a
precursor formed at the stage of deuteration of the ful-
lerite sample. It can be assumed that gas-phase deuter-
ation (hydrogenation) of solid fullerenes leads not only
to the formation of deutero(hydro)fullerenes but also to
rupture of the closed carbon cages, if only in a small
amount of deutero(hydro)fullerene molecules. This
rupture is accompanied by the formation of both vola-
tile and nonvolatile products, some of which remain in
the lattice of the fullerite or deuterium fullerite. Most
likely, it is these deuterated hydrocarbons that are
responsible for the formation of the fullerite with an
extended lattice upon dehydrogenation of crystalline
hydrofullerenes [7]. It is clear that the ratio of the num-
ber of hydrofullerene molecules retaining their closed
carbon cages to the number of hydrofullerene mole-
cules stripped of their closed carbon cages is deter-
mined by the parameters of deuteration (hydrogena-
tion), primarily by the temperature and pressure of gas-
eous D2 (H2).
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Abstract—Thermochemical data on fullerenes are relatively scarce. However, some thermochemical informa-
tion can be derived from gas-phase experiments using the Knudsen cell mass spectrometry method. The third-
law treatment can be carried out on the observed data, though one has to make the crucial presumption that the
change in the thermodynamic potential  in the course of the reactions considered is negligible:  = 0.
It would be difficult to check the presumption directly in the experiment, but it can be checked computationally.
Model reactions like C60 +  =  + C70 are selected. The change in the thermodynamic potential 

and the change in the standard entropy  are computed. For example, at a temperature of T = 1000 K, the
standard changes for the reaction evaluated using the SAM1 method are  = 1.513 cal/(mol K) and  =
–0.054 cal/(mol K). Overall, the computations support the critical thermodynamic presumption. © 2002 MAIK
“Nauka/Interperiodica”.

∆ΦT
o ∆ΦT

o

C70
– C60

– ∆ΦT
o

∆ST
o

∆ΦT
o ∆ST

o

1 Charged fullerenes (in particular, charged C60) have
frequently been computed owing to their interesting
Jahn–Teller distortions [1–10]. In this paper, charged
fullerenes are computed with special attention given to
their gas-phase thermodynamic functions. Thermo-
chemical data on fullerenes remain scarce; only the
heats of formation for C60, C70, and two C60 derivatives
are available [11–17]. Some thermochemical informa-
tion can, however, be derived from gas-phase experi-
ments [18] using mass spectrometry. In this method,
equilibrium constants for electron transfer reactions
between fullerenes were measured [18] and the related
standard Gibbs free-energy changes derived. A typical
charging reaction under consideration is

(1)

However, the second-law treatment of the data per-
formed in [18] did not produce accurate enthalpy terms.
The third-law treatment gives another option:

(2)

In Eq. (2), Kp denotes the measured equilibrium con-
stant for electron transfer reactions of the type

described by Eq. (1) and  refers to the change in
the standard thermodynamic potential (also known as

1 This article was submitted by the authors in English.

C60 C70
–+ C60

– C70+ .=

∆H0
o T∆ΦT

o RT K p.ln–=

∆ΦT
o
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the Giauque function):

(3)

A key presumption concerning the thermodynamic
potentials was introduced in [18],

(4)

From here, the standard enthalpy changes  and
electron affinities for higher fullerenes can be derived
[18]. In this paper, presumption (4) and the related
entropy conjecture

(5)

are studied for fullerene electron-exchange reactions (1).

1. COMPUTATIONS

The computations reported here are performed
using the SAM1 (semi-ab-initio model 1) semiempiri-
cal quantum-chemical method [19], in particular, with
its implementation in the AMPAC package [20]. The
complete geometry optimizations are based on the ana-
lytical energy gradient in Cartesian coordinates. A har-
monic vibrational analysis is carried out with the
numerical second derivatives of energy. No scaling of
the computed harmonic vibrational frequencies is used,
as such scaling factors are not yet known for fullerenes.

ΦT
o GT

o H0
o–

T
-------------------.–=

∆ΦT
o 0.≈

∆H0
o

∆ST
o 0≈
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Table 1.  SAM1 computed thermodynamic data for charged C60 and C70

Species , cal/(mol K) , kcal/mol Point group
of symmetry , cal/mol

382.37 775.26 Ih 60 173386

404.19 694.77 C2 1 178240

402.06 934.14 C2 1 177974

392.14 744.16 D5d 10 175079

390.25 1220.77 D5d 10 174908

442.90 829.65 D5h 10 203024

464.78 721.33 Cs 1 209445

462.30 960.45 Cs 1 208478

451.14 774.07 C2v 2 204536

447.55 1242.50 C2v 2 203621

Note: Gas-phase species throughout; the standard state is the ideal-gas phase at a pressure of 1 atm = 101325 Pa;  is the standard

entropy at T = 1000 K; ∆  is the heat of formation at room temperature; σ/χ is the ratio of the symmetry number σ to the chirality

factor χ; and  is the change in the standard enthalpy in going from 0 to 1000 K.

S1000
o ∆H f 298,

o σ
χ
--- H1000

o –H0
o

C60
0

C60
1–

C60
1+

C60
2–

C60
2+

C70
0

C70
1–

C70
1+

C70
2–

C70
2+

S1000
o

H f 298,
o

H1000
o

–H0
o

While the computations for closed shell species are rel-
atively straightforward, open shell systems are numeri-
cally quite difficult. The results reported in this paper
are based on the unrestricted Hartree–Fock treatment of
open shell systems. Special attention is paid to evalua-
tion [21] of the symmetries of the relaxed structures.
From the computed rotational, vibrational, and symme-
try parameters, the rigid-rotator and harmonic-oscilla-
tor partition functions are constructed and the thermo-
dynamic functions of interest are derived.

2. RESULTS AND DISCUSSION

Charged high-symmetry fullerenes can frequently
exhibit Jahn–Teller effects. A change in the point sym-
metry group can lead to a change in the symmetry num-
ber σ. Chirality is another issue pertinent to fullerene
cages [22, 23], though only the Cn, Dn, T, O, and I
groups allow for chirality. For an enantiomeric pair, its
partition function has to be doubled. This can formally
be done by means of the chirality partition function or
chirality factor χ (assuming only two possible values, 1
or 2). Hence, in evaluations of thermodynamic terms,
the ratio

(6)
σ
χ
---
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is important. As seen from Table 1, this ratio can change
dramatically upon charging.

Quotient (6) reflects only a part of the changes
induced by charging. There are other changes in the
structural and vibrational patterns and in the rotational–
vibrational partition functions. Only after taking all the
changes into account can one evaluate the changes in
the thermodynamic functions upon charging.

Table 1 presents the SAM1 computed data for the
neutral and charged fullerene cages under consider-
ation. The presented heats of formation are not impor-

tant for our purposes. In fact, the  terms com-
puted within SAM1 are overestimated compared to the

observed values [11–15]. The standard entropy  and

heat-content function  –  are computed for a rep-
resentative [18] temperature of 1000 K.

The standard reaction changes in the thermody-
namic potential and entropy are given in Table 2. The
presented values are very small in magnitude. Hence,
the SAM1 results presented in Table 2 indeed support
the conjectures formulated by Eqs. (4) and (5). In par-
ticular, the entropy conjecture for the reaction in Eq. (1)
is written as

(7)

∆H f 298,
o

ST
o

HT
o H0

o

ST
o C60

–( ) ST
o C60( )– ST

o C70
–( ) ST

o C70( ),–≈
2



550 SLANINA et al.
according to which the addition of one electron to a C60
or a C70 cage would bring about the same entropy
change. With the large number of various factors
involved, the results formulated by Eqs. (4), (5), or (7)
are rather surprising. These results also suggest that the
possible inaccuracy introduced by our presumption into
the terms derived from the observed data is comparable
to the primary experimental errors [18].
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Abstract—This paper reports on the results of mass spectrometric and theoretical investigations of hydroge-
nated and deuterated fullerene derivatives C60H(D)x. The formation and decay (through electron autodetach-
ment) of negative molecular ions of the C60H18 and C60D18 hydrofullerenes are discussed. A comparative anal-
ysis of these processes is performed for different fullerene derivatives. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Over the last years, the hydrogenated fullerene
derivatives C60Hx have been a subject of extensive
experimental and theoretical studies [1]. Investigation
of these compounds can provide important information
on the nature of hydrogen bonding in molecules. More-
over, these compounds are very promising for practical
applications. In the present work, the low-energy elec-
tron–molecular interactions in C60H18, C60H36, and
C60D36 hydrogenated fullerene molecules and the for-
mation of negative ions of these molecules under laser
irradiation were investigated using resonant electron
capture mass spectrometry in addition to the laser des-
orption mass spectrometric technique.

2. RESULTS AND DISCUSSION

The figure displays the negative ion resonant elec-
tron capture mass spectra of C60H36 and C60D36 hydro-
genated fullerenes at an electron energy of ~0.3 eV. In
addition, we recorded the effective yield curves for the

C60H  negative ions and the C60H  neutral
molecules as functions of the electron energy. (The

C60H  neutral molecules are formed through elec-
tron autodetachment from the corresponding negative
ions in the second field-free region of a single-focusing
sector-type mass spectrometer.) The effective yield
curves and curves for the mean lifetimes of negative
ions with respect to the electron autodetachment are
also depicted in the figure. All the curves were mea-
sured under almost identical conditions (the same oper-
ating mode of the ion source and the same temperatures
of the molecular beams). It is found that, within the lim-
its of the experimental error, the mass spectra of hydro-
genated and deuterated derivatives of the C60 fullerene

D( )18
– D( )18

0

D( )18
0

1063-7834/02/4403- $22.00 © 20551
are similar to each other. However, both compounds are
characterized by an interesting temperature effect asso-
ciated with the mean lifetimes of the negative ions. An
increase in the molecular beam temperature leads to an
increase in the mean lifetime of the C60H  negative
ions of both isotopomers in such a way that the high-
temperature lifetimes are nearly twice as long as the
low-temperature lifetimes. This occurrence was quite
unexpected, because the reverse situation should be
observed according to the general principles of the sta-
tistical theory of negative ions.

Here, it is pertinent to recall the data available in the
literature on the C60H18 molecule and its fluorinated
analog C60F18 [2]. It is believed that both molecules
have only one stable isomer with C3v symmetry and a
specific arrangement of hydrogen (fluorine) atoms
around one of the poles of the C60 cage, namely,
C60H(F)18. The C60H(F)18 isomer has been thoroughly
studied by nuclear magnetic resonance and crystallo-
graphic techniques, and the structure of this isomer is
beyond question. Until presently, reliable data on the
existence of any other stable C60H(F)18 isomers were
unavailable. However, our preliminary mass spectro-
metric investigations of the C60F18 isomer produced by
reactions of the C60 fullerene with different fluorine-
containing compounds indicate that the C60F18 mole-
cule has another thermodynamically stable isomer. We
found that these isomers differ in ionization energy by
0.5 eV, exhibit dissimilar dependences of the negative
ion formation cross section on the electron energy, and
have different mean lifetimes of the C60  negative
ions. So far, the possible structure of the new isomer
remains unclear. Nonetheless, it is evident that our new
data on the hydrogenated analogs of C60F18 cannot be
explained without resorting to two C60H(D)18 isomers.

D( )18
–

F18
–
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Indeed, the semiempirical calculations performed in
the present work demonstrate that the ground state of
the negative ion of the well-studied C60H18 isomer with
the C3v symmetry is doubly degenerate. In this case,
according to the statistical theory, the electron autode-
tachment rate constant (the reciprocal of the negative
ion lifetime) for this ion should be equal to twice the
rate constant for the nondegenerate state (all other fac-
tors being the same, for example, approximately the
same electron affinities). Consequently, the lifetime of
the doubly degenerate state should be halved. There-
fore, either an increase in the molecular beam tempera-
ture should lead to isomerization of the symmetric C3v

isomer with the formation of a nonsymmetric isomer or
the initially existing nonsymmetric isomer should have
a higher sublimation temperature and begin to manifest
itself only at high molecular beam temperatures.
According to our theoretical calculations, there exist a
few C60H(D)18 isomers that are more thermodynami-
cally stable than the aforementioned isomer with the
C3v symmetry. However, the formation of these isomers
in nature can involve purely chemical difficulties,
which were described by Darwish et al. [3]. It is more
reasonable to assume that there exists a polar isomer
that is similar to the C3v isomer but has a lower sym-
metry.

An important problem arising in the study of the
negative ions of the C60Hx hydrogenated fullerenes is
associated with the possible formation of negative
hydrofullerene ions at high hydrogen contents x.
According to Hettich et al. [4], the maximum degree of
hydrogen saturation at which negative hydrofullerene
ions can be formed does not exceed 10. In our recent
work [5], the existence of the long-lived negative ion
C60  was proved using the laser desorption and res-
onant electron capture mass spectrometric techniques.
In order to determine the maximum degree of hydroge-
nation x at which negative hydrofullerene ions can be
formed, we calculated the electron affinities for the
C60Hx molecules in the range 0 ≤ x ≤ 60. The calcula-

H18
–
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tions were performed using the quantum-chemical
semiempirical AM1 method. For each molecule, the
geometry was optimized for both the neutral state and
the negative molecular ion. The electron affinity was

calculated from the formula Ea(x) =  – , where

 is the total energy of the ion and z is the ion charge.
The calculated electron affinities were reduced to the
experimental electron affinity for the C60 fullerene
(2.65 eV at x = 0). It should be noted that the electron
affinity thus evaluated for C60  (1.18 eV) is in good
agreement with the experimentally obtained estimate
(1.4 eV). As follows from the calculated electron affin-
ities, the maximum degree of hydrogenation xmax at
which the hydrofullerene negative ions can be formed
is approximately equal to 30.
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Abstract—The formation and decay of negative molecular ions of azafullerenes and their hydrogenated deriv-
atives are investigated by mass spectrometry. The mechanisms of resonant electron capture and the lifetimes of
negative molecular ions with respect to the electron autodetachment in azafullerene molecules are discussed. A
comparative analysis of the data obtained for azafullerenes and hydrogenated fullerene derivatives is carried
out. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Nitrogen-based heterofullerenes, in particular, diaz-
afullerene (C59N)2, have attracted considerable atten-
tion of many researchers. Investigation of these com-
pounds allows one to elucidate how the modification of
the fullerene cage can affect the physicochemical prop-
erties of fullerenes. In the present work, we applied dif-
ferent mass spectrometric techniques to the investiga-
tion of the (C59N)2 diazafullerene, its monomer analog
C59N that exists only in a gas phase, and hydrogenated
derivatives of the azafullerene monomer. The hydroge-
nated derivatives used in our experiments were
obtained upon in situ thermal decomposition of the
azafullerene dimer in a mass spectrometer and subse-
quent hydrogenation through the transfer of hydrogen
atoms from different hydrogen-containing compounds.

2. RESULTS AND DISCUSSION

Before proceeding to measurements, the purity of
the initial diazafullerene sample was checked by nano-
spray mass spectrometric analysis in the positive and
negative ion modes. The mass spectra recorded in both
modes demonstrated that, within the detection limits of
the mass spectrometer used, the compound contained
no impurities, except for diazafullerene oxides. These
oxides either were formed in storage of the material in
air prior to the insertion into the mass spectrometer or
were the products of ion-molecular reactions proceed-
ing in a solution prior to or in the course of spraying. It
is interesting to note that the diazafullerene oxides were
identified only in the negative ion nanospray mass spec-
tra and virtually did not manifest themselves in the pos-
itive ion nanospraying mass spectra. The same effect
1063-7834/02/4403- $22.00 © 20554
was observed in the laser desorption–ionization mass
spectra with a sole exception: we succeeded in reveal-
ing only the peaks associated with ions of the C59N
monomer. This can be explained by the fact that laser
desorption is a technique that operates in a relatively
severe mode for the analysis of thermolabile
azafullerenes. It should also be noted that electrospray-
ing and nanospraying are the gentlest ionization mass
spectrometric techniques used for azafullerenes and do
not lead to their decomposition into monomers.

Moreover, the azafullerene dimer was examined
using the resonant electron capture and electron impact
mass spectrometric techniques. The positive and nega-
tive ion mass spectra contain peaks attributed to the

C59N±, C59NH±, and C59N  ions. The origin of the last
two ions is unambiguously explained by the attachment
of hydrogen atoms to the C59  radical monomer in an

ionization chamber. Since the C59  radical monomer
is isoelectronic with the radical anion of the C60
fullerene [1], we can make the inference that the C59NH
hydroazafullerene is the simplest azafullerene with a
completely filled electron shell, whereas the C59N

hydroazafullerenes are isoelectronic with the C60

hydrofullerenes. Therefore, the comparative analysis of
the behavior of hydrofullerene and hydroazafullerene
molecules upon electron capture and electron ioniza-
tion makes it possible to reveal the specific features in
the formation of positive and negative ions of these
molecules and to elucidate the mechanisms of their
decomposition through different decay channels.

The negative ion effective yield curves for the
azafullerene monomer and two hydrogenated deriva-
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Fig. 1. Negative ion effective yield curves for (a) the C59N– azafullerene monomer and two azafullerene hydrides and (b) the 

fullerene and two fullerene hydrides and the mean lifetime curves for (c)  and (d) C59N– negative molecular ions as functions

of the incident electron energy at different molecular beam temperatures.

C60
–

C60
–

(a) (b)

(c) (d)

C59N–
tives of this monomer as functions of the incident elec-
tron energy are depicted in Fig. 1a. For comparison,
Fig. 1b displays the negative ion effective yield curves
for the C60 fullerene and two fullerene hydrides,
namely, C60H2 and C60H6. As can be seen from Fig. 1,
an increase in the number of hydrogen atoms attached
to the azafullerene and fullerene cages leads to a sub-
stantial decrease in the energy range of electron cap-
ture.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
It is of interest to compare the mean lifetimes of the
negative molecular ions of fullerene and azafullerene
with respect to the electron autodetachment. Figures 1c
and 1d depict the mean lifetime curves for these ions at
different temperatures of the molecular beam. It is
clearly seen that the mean lifetime curves have two
characteristic portions. In the first portion (at low ener-
gies of incident electrons), the mean lifetime remains
nearly constant and amounts to several milliseconds. In
2
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the second portion (at high energies of incident elec-
trons), the mean lifetime obeys a conventional expo-
nential decay law due to fast electron autodetachment.
Most likely, the plateaulike behavior of the mean life-
time curve at low electron energies is associated with
the neutralization of the negative ions through their col-
lision with molecules of the residual gas in the second
field-free region of the mass spectrometer.

As is known, these processes are independent of the
internal ion energy but depend on the pressure in the ion
source of the mass spectrometer. The plateaulike
behavior of the mean lifetime curve is observed in the
case when, for some reason (for example, owing to the
competition with one more monomolecular process of
the negative ion decay, such as radiation cooling), the
rate constant of negative ion decay due to electron auto-
detachment becomes less than the rate constant of col-
lision-induced neutralization of the negative ions. In
contrast with the plateaulike behavior, the energy range
in which the negative ion lifetime obeys the exponential
decay has found to be strongly dependent on the ther-
mal excitation of the molecule. The lower the tempera-
ture, the wider the energy range. This pattern is qualita-
tively identical for both azafullerene and pure fullerene,
P

even though the energy range for the negative
azafullerene ion has found to be wider. By assuming
identical experimental conditions, this finding can be
explained by the lower internal energy of azafullerene,
because some part of the internal energy is expended in
forming the monomer from the dimer.
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Abstract—The kinetics of fullerene solid-phase dimerization proceeding through the 2 + 2 cycloaddition of
C60 at a pressure of 1.5 GPa is investigated by vibrational spectroscopy in the temperature range 373–473 K.
Kinetic curves for the formation of (C60)2 dimers are obtained using the analytical band at 796 cm–1 in the IR
spectra of the (C60)2 dimer molecule. Under the assumption that the pressure-induced dimerization of C60 is an
irreversible second-order reaction, the reaction rate constants are determined at different temperatures. The acti-
vation energy and the preexponential factor are found to be equal to 134 ± 6 kJ/mol and (1.74 ± 0.24) × 1014 s–1,
respectively. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

High-temperature treatment of carbon-containing
systems under a high pressure with the use of the C60

fullerene as an initial compound offers strong possibil-
ities of producing new types of carbon materials, for
example, one-, two-, and three-dimensional poly-
fullerenes formed by the 2 + 2 cycloaddition of C60

molecules [1, 2]. The active interest expressed by
researchers in comprehensive investigation of this reac-
tion has stimulated attempts to construct a complete
diagram of energy transitions. This requires knowledge
of the activation energies Ea for both the direct and
inverse reactions, i.e., in our case, the activation ener-
gies for polymerization and depolymerization. To date,
many works have been performed to determine the acti-
vation energies Ea for the depolymerization of C60 poly-
fullerenes [3–8]. However, as far as we know, only two
works have dealt with the determination of the activa-
tion barrier to polymerization. In particular, the activa-
tion energy (Ea = 38.6 kJ/mol) for pressure-induced
polymerization of C60 was indirectly obtained by Sol-
datov et al. [9] from the experimental data on thermal
conductivity. Ozaki et al. [10] used the molecular
dynamics approach to determine the activation energy
(Ea = 400.4 kJ/mol) for the dimerization of C60 mole-
cules. Comparison shows that these (theoretical and
experimental) activation energies differ drastically.
1063-7834/02/4403- $22.00 © 20557
This work is the first attempt, directly from the
experiment, to determine the activation energy for an
elementary act of pressure-induced 2 + 2 cycloaddi-
tion of the C60 fullerene. For this purpose, the kinetics
of formation of (C60)2 dimer molecules under a pres-
sure of 1.5 GPa was investigated by vibrational spec-
troscopy.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

The dimerized samples were synthesized by treating
the initial fullerite in Maksim (piston–cylinder-type)
and Toroid high-pressure chambers under a pressure of
1.5 GPa at temperatures of 373, 383, 393, 403, 413,
423, 433, 453, and 473 K for different times (from 1 to
50000 s). The samples synthesized were stabilized
under normal conditions through quenching under
pressure and were then analyzed using IR spectroscopy.
The IR spectra of the samples prepared in the form of
pellets with KBr were recorded on a Specord M80
spectrophotometer.

3. RESULTS AND DISCUSSION

The kinetic curves for dimerization were con-
structed using the 796-cm–1 band in the IR spectra as an
analytical band of the dimer molecule (for more details,
see [11]). The figure displays the time dependences of
the optical density for the analytical band of the dimer
002 MAIK “Nauka/Interperiodica”
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molecule at different temperatures. These dependences
characterize the changes in concentration of (C60)2
dimers with variations in temperature. As is clearly
seen from the curves shown in the figure, the dimeriza-
tion of C60 molecules occurs through different mecha-
nisms at temperatures above and below 423 K. In the
temperature range below 423 K, which corresponds to
the orientationally ordered phase of the fullerite [12,
13], the time dependences of the optical density are
characterized by a pronounced induction period and
represent S-shaped curves typical of autocatalytic reac-
tions. At temperatures above 423 K, which correspond
to the orientationally disordered phase of the fullerite,
the induction period is absent and the formation of
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(3) 413, (4) 423, and (5) 453 K.

Reaction rate constants for C60 dimerization at 1.5 GPa

T, K k, s–1

373 1.8 × 10–5

383 1.0 × 10–4

393 3.3 × 10–4

403 4.4 × 10–4

413 1.8 × 10–3

423 5.8 × 10–3

433 8.5 × 10–3

453 5.2 × 10–2
P

(C60)2 dimers in appreciable amounts due to isothermal
treatment occurs in a matter of seconds. It should also
be noted that the kinetic curves exhibit maxima. This
suggests that the dimers formed at the given parameters
(pressure and temperature) are intermediate (rather
than ultimate) products of the transformation of C60 lin-
ear polymers [11]. In view of the above features in the
kinetic curves, their processing was performed only in
portions corresponding to neither the induction periods
nor the formation of C60 linear polymers. In order to
determine the content of dimer molecules in the studied
samples, we measured the optical density at a maxi-
mum of the analytical band. Then, this value was nor-
malized to the optical density of the band for a pellet
containing a specified amount of pure (C60)2. This pro-
cedure made it possible to determine the degree of
dimerization α. The reaction rate constants at different
temperatures (see table) were determined under the
assumption that the pressure-induced dimerization is an
irreversible second-order reaction for which the inte-
gral kinetic equation can be represented in the form kt =
α/(1 – α), where k is the reaction rate constant and t is
the treatment time.

By using the data obtained and the Arrhenius equa-
tion k = Aexp(–Ea/RT), we determined the preexponen-
tial factor A = (1.74 ± 0.24) × 1014 s–1 and the activation
energy Ea(dim) = 134 ± 6 kJ/mol for dimerization of the
C60 fullerene.

In conclusion, we should note that the activation
energy Ea(dim) for the dimerization of C60 molecules,
which was directly determined in the present work,
seems the most reliable among currently available data.
In actual fact, unlike the activation energies obtained in
[9, 10], the value of Ea(dim) = 134 ± 6 kJ/mol is in good
agreement with experimental and theoretical estimates
of the activation energy Ea for the dissociation of (C60)2
dimers [3–6].
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Abstract—The 2,2,5,5-tetramethyl-3-imidazoline-3-oxy-1-oxyl-4-(azidophenyl) derivatives of the C60
fullerene with one (compound I), two (compound II), and three (compound III) nitroxyl groups are synthesized
and studied by EPR spectroscopy. It is demonstrated that successive addition of nitroxyl radicals to C60 leads
to a decrease in the rotational mobility of molecules. Chromatographically inseparable isomers are found for
compounds II and III. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Fullerenes and their derivatives have attracted con-
siderable interest because they are promising materials
for use in biology and medicine [1, 2]. A fullerene mol-
ecule has a size sufficiently large (d ≥ 7 Å) for incorpo-
ration of several functional groups simultaneously,
including bioactive groups [3] and radicals. The intro-
duction of spin labels into fullerene molecules trans-
forms them into objects convenient for EPR studies and
substantially extends the range of problems solvable
with their participation. For example, EPR oximetry [4]
provides a means of monitoring the oxygen content in
biological objects. This is one of the most important
problems in molecular biology and modern medicine.
The same is also true for controlled transport of bioac-
tive groupings into specified regions of a particular cell
or macromolecule [5, 6]. The use of spin labels offers a
key to executing in vivo observations of the aforemen-
tioned processes. The labels most suitable for this pur-
pose are 3-imidazoline nitroxyl radicals that possess
unique properties and are traditionally used in molecu-
lar biology and biophysics [7].

The [3 + 2] cycloaddition reactions provide a conve-
nient way of functionalizing the C60 molecule, which,
in this case, manifests itself as a 1,3-subpolarophilic
compound [8, 9]. These reactions, with the participa-
tion of the azomethine [10] and diazo [10, 11] com-
pounds serving as 1,3-dipoles, were used to prepare
fullerene derivatives with nitroxyl radicals in the
2,2,5,5-tetramethyl substituted piperidine ring. In the
present work, we synthesized and performed an EPR
study of the nitroxyl derivatives of C60 with 2,2,5,5-tet-
ramethyl-3-imidazoline-3-oxy-1-oxyl-4-(azidophenyl)
(RN3 [12]):

C60 RN3 C60 RN( ) C60 RN( )2 C60 RN( )3.+ ++ –N2

I II III
1063-7834/02/4403- $22.00 © 20560
2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

2.1. Instrumentation. The EPR measurements
were performed using a Varian E-109 spectrometer
operating in the X band. The UV spectra were recorded
on a Specord UV–Vis spectrophotometer. The IR spec-
tra were measured on a Specord M-80 spectrometer
with the use of KBr pellets. The reaction products were
separated by thin-layer chromatography on an
LSL2545/40 silica gel (Lachema–Chemapol). The
progress of the reactions was monitored by thin-layer
chromatography using Silufol UV 254 plates.

2.2. Materials. The C60 fullerene was prepared
using a laboratory setup according to the modified pro-
cedure [13]. The product was isolated through extrac-
tion with benzene and (or) toluene followed by chroma-
tography on a carbon sorbent with benzene used as an
eluent. The fullerene purity was checked by high-per-
formance liquid chromatography with spectrophoto-
metric detection (λ = 330 nm) and by IR spectroscopy
(KBr). Phenyl azide RN3 was synthesized at the
Novosibirsk Institute of Organic Chemistry, Siberian
Division, Russian Academy of Sciences [12].

Nitroxyl derivatives I–III were prepared by the
reaction of C60 (100 mg, 0.14 mmol) with the RN3 azide
(115 mg, 0.42 mmol) in a benzene solution (100 ml) at
temperatures in the range from 75 to 80°C for four
weeks. The reaction mixture was separated by chroma-
tography on Silufol UV 254 plates with benzene and a
benzene–ethanol mixture (10 : 1) used as eluents. The
ultimate products isolated from the mixture were as fol-
lows: compound I (13 mg, 18 wt % with respect to the
reacted C60 fullerene), compound II (3 mg, 3 wt %),
compound III (1 mg, 0.9 wt %), and unreacted C60
fullerene (46 mg, 46 wt %). Compound I: UV (ethanol)
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(λmax, nm) 258, 327, 480; IR (KBr) (ν, cm–1) 1534,
1461, 1437, 1358, 1289, 1189, 585, 576, 545, 526.

For C73H16O2N3 · 2EtOH, anal. calcd. (wt %):
C, 87.32; H, 2.67; N, 3.97.

Found (wt %): C, 87.36; H, 2.62; N, 3.90.

3. RESULTS AND DISCUSSION

The reaction between C60 and RN3 can result in one
(compound I) or more (compounds I–III) products,
depending on the reaction conditions (temperature,
time, and reactant ratio). According to the chromato-
graphic data, the polarity of the sequentially formed
reaction products increases when changing over from I
to III. As follows from the elemental analysis, com-
pound I is the product of addition of an RN3 molecule
to the C60 molecule followed by the release of N2.

The UV–Vis spectrum of compound I in ethanol
exhibits bands at λ = 258 and 327 nm and a low-inten-
sity broad absorption in the range of λ = 480 nm, which
is typical of fullerene derivatives with an open annu-
lene-like structure [14]. It has been demonstrated theo-
retically and experimentally that the [3 + 2] cycloaddi-
tion of azides to C60, as a rule, leads to the formation of
open 5,6-adducts of the annulene type [15]; however,
there are exceptions [16].

The IR spectrum of compound I contains the vibra-
tional bands assigned to its constituent molecules (C60
and RN3), except for two intense bands associated with
vibrations of the azide group at 2125 and 2094 cm–1.
The vibrational spectra of 3-imidazoline-3-oxide
nitroxyl radicals are characterized by the bands attrib-
uted to the ν(C=N) and ν(N  O) stretching vibra-
tions of the nitro group [7]. In particular, the ν(C=N)
band in the spectra of compounds I and RN3 is observed
at the same frequency (1534 cm–1), even though this
band for the former compound has a lower intensity.
The vibrations of the N  O bond, which is sensitive
to vibrations of the imidazoline ring (1380–1350 cm–1

[7]), are most pronounced in the range of 1289 cm–1. In
the spectrum of RN3, these vibrations are responsible
for a strong band at 1289.5 cm–1. The band associated
with the stretching vibrations of the nitroxyl group is
often masked by an intense band corresponding to the
bending vibrations of the geminal methyl groups in the
2-position of the imidazoline ring. In the spectrum of
compound I, the broadened intense band with a maxi-
mum at 1437 cm–1 can be attributed to the stretching
vibrations of the N–O group and the geminal CH3
groups in the 2-position of the imidazoline ring. The
spectrum of the initial azide shows a relevant band at
1421 cm–1 and a doublet at 1448 and 1466 cm–1. By
analogy with ternary aromatic amines (1360–1310 cm–1

[17]), an intense band at 1358 cm–1 can be assigned to
the C–N vibrations at the junction of the fullerene frag-
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ment and the phenyl ring. In the spectrum of RN3, the
relevant intense band is observed at 1354 cm–1.

Of the four characteristic bands of the C60 fullerene
(1428, 1182, 575, and 526 cm–1), the spectrum of its
derivative I contains only the narrow intense band
attributed to the breathing vibrations of the C60 carbon
cage at 526 cm–1. The addition of RN3 to the C60
fullerene brings about a lowering of the symmetry of
the resulting compound and gives rise to a number of
bands assigned to the bending vibrations (585, 576, and
545 cm–1). The vibrations of C–C single bonds in the
fullerene are observed in the range of 1189 cm–1 against
the background of the carbon–carbon vibrations of the
geminal CH3 group (1195–1120 cm–1). The vibrations
of C=C double bonds in the C60 fragment (1428 cm–1)
contribute to the aforementioned broad band at
1437 cm–1.

Compounds I–III were investigated by EPR spec-
troscopy in a benzene–ethanol (5 : 1) solution at room
temperature. The mobility of these compounds was
analyzed within the correlation time formalism [18].
The correlation times (table) were calculated from the

formula τ = 6.65∆H+(  – 1) × 10–10 s, where ∆H+

is the width of the low-field component (in G) and I+

and I– are the intensities of the low-field and high-field
components, respectively. A decrease in the mobility in
the order τ(RN3) < τ(I) < τ(II) < τ(III) corresponds to
successive additions of 3-imidazoline nitroxyl radicals
to the bulk molecule of C60.

The EPR spectra of compound I and the RN3 azide
exhibit a hyperfine structure due to the nitroxyl nitro-
gen splitting and are characterized by the hyperfine
structure parameter AN(I) = 14.61 G. The EPR spectrum
of adduct II is a superposition of two spectra, namely,
the spectrum of a monoradical and a weaker spectrum
of a biradical with the hyperfine structure parameter
AN(II) = AN(I)/2 = 7.3 G. Investigations into the isom-
erism of C60 fullerene bisadducts [19, 20] give grounds
to believe that the second nitroxyl radical can be
attached to compound I either in a polar position or in
a mutually perpendicular equatorial position (more
closely spaced) with respect to the already existing rad-
ical in the molecule. In the first two cases (the monorad-
ical and the biradical with a polar arrangement), the dis-
tance between unpaired nitroxyl electrons is relatively
large (>10 Å), the exchange interaction is absent, and

I+/I–

Correlation times of nitroxyl radicals

No. Compound τ × 1010, s

1 RN3 3

2 C60(RN), I 5.4

3 C60(RN)2, II 9.5

4 C60(RN)3, III 18.9
2
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these electrons manifest themselves as single electrons
in the EPR spectra. The weak spectrum of the biradical
indicates the formation of small amounts of an isomeric
C60(RN)2 compound with a close arrangement of radi-
cal fragments for which the exchange interaction is sig-
nificant.

The EPR spectrum of adduct III is also a superposi-
tion of two spectra, namely, an intense spectrum of the
monoradical and a weak spectrum whose hyperfine
structure parameter is three times less than that for the
monoradical [AN(III) = AN(I)/3 = 4.87 G]. This suggests
that there are two trisadduct isomers with different spin
states. The spectrum with a lower intensity corresponds
to the energetically less favorable isomer with S = 3/2.
This situation is observed when three nitroxyl radicals
are closely spaced with respect to each other on the sur-
face of the C60 fullerene. The isomer with S = 1/2 is
formed in larger amounts. In this case, the radicals are
arranged in such a way that the total spin S of two rad-
icals is equal to zero and the third radical is free.

4. CONCLUSION

The above investigation demonstrated that spin
labels can be introduced into fullerene molecules
through the [3 + 2] cycloaddition of 3-imidazoline
nitroxyl radicals. The synthesis of these compounds
provides insight into the interaction between two and
more paramagnetic centers in the same molecule. It was
shown that EPR spectroscopy offers unique possibili-
ties of revealing and examining microscopic amounts
of inseparable isomers.
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Abstract—The donor–acceptor complexes of the C60 fullerene with cycle-containing polymers, namely,
poly(2,6-dimethyl-1,4-phenylene oxide) (PPhO) and poly(N-vinylpyrrolidone) (PVP), are studied. A compar-
ative analysis of the hydrodynamic and electrooptical properties of the initial polymers and their complexes
with C60 in solutions demonstrates that the C60 fullerene has a restructuring effect on the polymer macromole-
cule, thus decreasing the degree of asymmetry of the macromolecular structure. © 2002 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

In recent years, increased interest has been
expressed by researchers in the biological aspects of
practical application of fullerene-containing com-
pounds. This explains the considerable increase in the
number of works dealing with the synthesis of donor–
acceptor (especially, water-soluble) complexes of the
C60 fullerene [1–3], among which are C60 complexes
with polymers [4–6]. However, the majority of publica-
tions concerning polymer complexes of the C60
fullerene are reduced only to a description of the syn-
thesis procedure and the determination or refinement of
their composition. The available data on the molecular
and physical properties of polymer complexes with
fullerenes are very scarce, even though compounds of
this class offer undeniable advantages over other
fullerene-containing materials. First, compared to
covalent bonds, coordination bonds involved in the
structure of the new chemical compound are substan-
tially more favorable to the retention of unique physical
properties of the fullerene. Second, from the practical
point of view, the polymer complex can serve as a
matrix that is able to retain the fullerene during transfer
in media that undissolve this fullerene and to release the
fullerene in required small amounts under special
actions that destroy the complex.

In the present work, we carried out a comparative
investigation of the molecular properties of C60 com-
plexes with two cycle-containing polymers, namely,
poly(2,6-dimethyl-1,4-phenylene oxide) (PPhO) and
poly(N-vinylpyrrolidone) (PVP), and the properties of
the initial samples of PPhO and PVP. Moreover, we
made an attempt to elucidate how the fullerene involved
1063-7834/02/4403- $22.00 © 20563
in the structure of the complexes affects the molecular
characteristics of the initial polymers. For this purpose,
we used traditional techniques of evaluating the hydro-
dynamic size, shape, and mobility of macromolecules
in solutions, such as translational diffusion, velocity
sedimentation, viscometry, and the electrooptical Kerr
effect.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The C60 complexes with PPhO and PVP at different
molecular weights of the initial polymers were pre-
pared by vacuum recondensation of a mixture of a C60
solution in toluene and a polymer solution in chloro-
form [6]. The formation of C60 complexes with these
polymers was confirmed by spectral methods in our
earlier works [4, 5]. The structural formulas of the ini-
tial polymers are depicted in Fig. 1. The degrees of
polymerization n and the ratios of the number of
fullerene molecules to the number of polymer mole-

O

CH3

CH3 H2C CH2

H2C C O
N

CH CH2 n

n

PPhO PVP

Fig. 1. Structural formulas of the initial polymers.
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cules in the composition of the complexes under inves-
tigation are listed in Table 1.

The electrooptical and hydrodynamic properties of
PPhO polymers and their complexes with C60 were
examined in benzene solutions. The PVP samples and
their complexes with C60 were studied in two solvents:
the translational diffusion and viscosity characteristics
of PVP-1 and its complex with C60 were determined
using aqueous solutions, and the electrooptical and vis-
cosity characteristics of PVP-2 and its complex with
C60 were obtained using chloroform.

The electrooptical Kerr effect in solutions of the ini-
tial polymers and their complexes was investigated in a
rectangular-pulsed electric field. The compensation
technique of measuring the Kerr effect was described in
detail in [7]. The specific parameters of the setup used
in our measurements are given in [8]. The equilibrium
electrooptical properties of the studied polymers are
characterized by the specific Kerr constant K defined as

K ∆n ∆n0–( )/E2c[ ]
c 0→
E 0→

lim .=

Table 1.  Degree of polymerization n of the initial PPhO and
PVP samples and the fullerene-to-polymer molecule ratio m
in the donor–acceptor complexes of C60 with PPhO and PVP

Sample n m

PPhO-1 530 1 : 1

PPhO-2 1500 1 : 1

PVP-1 90 1 : 6

PVP-2 110 1 : 6
P

Here, (∆n – ∆n0) is the difference between the birefrin-
gences induced by an electric field in a solution of the
studied compound and in the solvent, respectively; E is
the electric field strength; and c is the solute concentra-
tion.

The intrinsic viscosity [η] of the polymers and their
complexes with C60 was determined using Ostwald
capillary viscometers [9].

The translational diffusion was studied by the con-
ventional method of forming the polymer solution–sol-
vent interface in a Tsvetkov diffusiometer at a temper-
ature of 25°C [9]. The diffusion coefficients D were cal-
culated from the spreading of the diffusion boundary
according to the standard algorithm [9]. Specifically,
the diffusion coefficients were determined from the
time change in the variance σ2 of the diffusion curve:
D = (1/2)(dσ2/dt). The diffusion coefficients D0 =

 were obtained by extrapolating the calculated

coefficients D to zero concentration of the solution. The
values of D0 are presented in Table 2.

The velocity sedimentation was investigated using a
MOM 3180 analytical ultracentrifuge (Hungary) with a
two-section cell at a rotational speed n = 5 × 104 min–1.
The technique of recording the sedimentation boundary
and the method of measuring the translational diffusion
were described in detail in [7, 9]. The sedimentation
coefficients S were calculated from the shift in the con-
centration boundary with time. The sedimentation coef-
ficients S0 =  were determined by extrapolating

the calculated coefficients S to zero concentration of the
solute in the solution.

D
c 0→
lim

S
c 0→
lim
Table 2.  Intrinsic viscosity [η], diffusion coefficient D0, sedimentation coefficient S0, molecular mass M, refractive index
increment dn/dc, effective hydrodynamic volume V, and shape asymmetry function f(p) of an equivalent spheroid for mole-
cules of the initial polymers and their complexes with the C60 fullerene in solutions at 25°C

Sample (solvent) [η], cm3/g D0 × 107, 
cm2/s S0 × 1013, s M × 10–3 dn/dc , cm3/g V × 1020, 

cm3 f(p)

PPhO-1 (benzene) 59 ± 1 6.1 ± 0.5 – 30 ± 5 0.1 88 3.3

C60–PPhO-1 (benzene) 47 ± 2 6.0 ± 0.4 – 37 ± 5 0.09 93 3.1

PPhO-2 (benzene) 99 ± 2 3.0 ± 0.3 4.0 ± 0.1 140 ± 40 0.1 720 3.2

C60–PPhO-2 (benzene) 86 ± 1 2.5 ± 0.5 3.8 ± 0.2 160 ± 20 0.09 1250 2.0

PVP-1 (H2O) 12 ± 1 8.9 ± 0.5 – 12 ± 2 0.16 6.0 4.0

C60–PVP-1 (H2O) 9.5 ± 0.5 8.1 ± 0.5 – 12 ± 2 0.15 8.0 2.4

PVP-2 (CHCl3) 15 ± 1 – – 12 – – –

C60–PVP-2 (CHCl3) 12.5 ± 0.8 – – – – – –

Note: The molecular masses M of the PPhO-2 and C60–PPhO-2 samples are calculated from the Svedberg equation [9] MSD = [RT/(1 –
νρ0)](S0/D0) at the buoyancy factor (1 – νρ0) = 0.24 [6]; the molecular masses M of the PPhO-1, C60–PPhO-1, PVP-1, and

C60−PVP-1 samples are determined from the relationship [9] MDη = (A0T/η0D)3/[η] at the hydrodynamic invariant A0 = 3.2 ×
10–10 g cm2 K–1 mol–1/3; and the molecular mass M of the PVP-2 sample is taken from the manufacturer (Serva) data.
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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3. RESULTS AND DISCUSSION

The electrooptical Kerr effect in polymer solutions
is a very sensitive technique with respect to any
changes in intramolecular interactions in the macromo-
lecular chains [7]. The birefringence that arises in the
polymer solution in an external electric field directly
depends on the dipole moment and polarizability of the
polymer macromolecules. Hence, it follows that the
birefringence is determined by the conformation and
flexibility of the macromolecular chains. In the case
when the weight fraction of the polymer involved in the
complex is predominant (as follows from Table 1, this
is true for the studied complexes), the complex forma-
tion between polymer molecules and a small number of
C60 molecules can also be treated as a factor affecting
the character of intramolecular interactions in PPhO
and PVP. For this reason, we could assume beforehand
that the electrooptical properties of C60 complexes with
PPhO and PVP should change compared to those of the
initial polymers. However, the similarity observed in
these changes for both polymers that strongly differ in
structure and molecular parameters proved unexpected.

Figure 2 shows the concentration dependences of
the Kerr constant K for C60 fullerene complexes with
PPhO and PVP and for the initial polymer samples. As
can be seen from this figure, the formation of the C60
coordination compounds with PPhO and PVP leads to
a decrease in the magnitude of the electrooptical con-
stant. Close values of K are observed for C60 fullerene
complexes with the PPhO-1 and PPhO-2 polymers,
which have different molecular weights but are charac-
terized by the same ratio of the number of fullerene
molecules to the number of polymer molecules in the
corresponding complexes (Table 1). This can indicate
that the C60 fullerene interacts with a specific number of
PPhO monomer units, because the initial polymers
PPhO-1 and PPhO-2 exhibit identical electrooptical
properties. Observations of the translational diffusion
demonstrate that the hydrodynamic size of diffusing
particles increases upon formation of the C60 com-
plexes with PPhO and PVP. The obtained data on
changes in the volume V of equivalent spheres simulat-
ing the macromolecules are listed in Table 2. The vol-
ume V = πa3/6 (where a is the diameter of a sphere) was
calculated from the Stokes–Einstein relationship a =
kT/3πη0D0 with the use of the experimental diffusion
coefficients D0. In our previous work [6], we performed
a comparative investigation of the diffusion and sedi-
mentation processes in benzene solutions of the PPhO-
2 polymer and the C60 complex with PPhO-2. It was
found that the molecular mass M and translational
mobility (the coefficients S0 and D0, respectively) of the
PPhO complex with a single fullerene molecule virtu-
ally do not differ from those for the PPhO initial poly-
mer [6]. However, for all the complex–initial polymer
pairs considered in the present work, the hydrodynamic
investigations clearly revealed small changes in the dif-
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
fusion coefficients and electrooptical properties (see
systematic changes in the refractive index increment
dn/dc in Table 2) of the PPhO and PVP macromolecular
complexes with C60 fullerene.

The viscometric measurements also indicate that the
hydrodynamic behavior of the PPhO and PVP mole-
cules differs from that of their fullerene complexes. It
should be noted that, compared to the initial polymers,
the effective hydrodynamic size V of the polymer com-
plexes with the C60 fullerene increases, whereas the
intrinsic viscosity [η] of the complexes decreases (see
the corresponding column in Table 2). This hydrody-
namic characteristic of the macromolecule depends on
the rotational mobility and shape of the particles
involved. According to [9], the general relationship for
the intrinsic viscosity of solid nondeformable spheroi-
dal particles with a shape asymmetry p can be written
as [η] = NAVf(p)/M, where NA is the Avogadro number
and f(p) is the shape asymmetry function of a spheroid.
From this relationship and the above findings, we can
conclude that the initial polymers and their complexes
with the C60 fullerene differ in molecular shape asym-
metry. It seems likely that the polymer complexes are
more symmetric in shape, because the value of f(p) for
the C60 fullerene complexes with PPhO and PVP
decreases compared to that for the initial polymers (see
the last column in Table 2). This result of hydrody-
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Fig. 2. Concentration dependences of the specific Kerr con-
stant K for initial samples of PPhO-1 and PPhO-2 in ben-
zene (circles), PVP-2 in chloroform (closed squares), and
complexes of these polymers with C60 in the same solvents
(triangles and open squares).
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namic investigations qualitatively explains the experi-
mentally observed decrease in the magnitude of the
electrooptical effect in solutions of the polymer com-
plexes, because a more symmetric distribution of chain
units should lead to a decrease in the total optical
anisotropy and polarity of the coiled macromolecule.

4. CONCLUSIONS

Thus, the basic results obtained in this work can be
summarized as follows.

(1) It was shown that the PPhO and PVP polymers
form stable complexes with the C60 fullerene. The
hydrodynamic characteristics of the C60 fullerene com-
plexes with PPhO (the initial fullerene-to-polymer mol-
ecule ratio is 1 : 1) and C60 complexes with PVP (the ini-
tial fullerene-to-polymer molecule ratio is 1 : 6) were
determined in the concentration range 0.004–0.06 g cm–3.

(2) No aggregates in solutions of the C60 complex
with PPhO in benzene and the C60 complex with PVP
in water and chloroform were revealed by the experi-
mental techniques used in the present work.

(3) It was found that the effective hydrodynamic
size of the C60 complexes with PPhO and PVP is
slightly larger and the particle shape asymmetry for
these complexes in solutions is smaller than those of the
initial polymer molecules.

(4) A decrease in the magnitude of the electrooptical
Kerr constant for polymer complexes with the C60
fullerene, as compared to that for the initial polymers,
is in qualitative agreement with the hydrodynamic data,
according to which the particles of the complexes in
solutions exhibit a higher symmetry.
PH
ACKNOWLEDGMENTS

This work was supported by the Russian Research
Program “Fullerenes and Atomic Clusters” (project
no. 98076) and the Federal Program “Integration”
(project no. 326.38).

REFERENCES

1. D. V. Konarev and R. N. Lyubovskaya, Usp. Khim. 68
(1), 23 (1999).

2. M. Sundahl, T. Andersson, K. Nilsson, et al., Synth. Met.
55–57, 3252 (1993).

3. R. Bensasson, E. Bievenue, M. Dellinger, et al., J. Phys.
Chem. 98, 3492 (1994).

4. L. V. Vinogradova, E. Yu. Melenevskaya, A. S. Kha-
chaturov, et al., Vysokomol. Soedin. 40 (11), 1854
(1998).

5. G. Torok, V. T. Lebedev, L. Scer, et al., in Proceedings of
the 4th Biennial International Workshop “Fullerenes
and Atomic Clusters,” St. Petersburg, 1999, p. 59.

6. P. N. Lavrenko, N. P. Yevlampieva, D. M. Volokhova,
et al., Vysokomol. Soedin., Ser. A 44 (3), 289 (2002).

7. V. N. Tsvetkov, Rigid-Chain Polymer Molecules
(Nauka, Leningrad, 1986; Plenum, New York, 1989).

8. Yu. F. Biryulin, N. P. Yevlampieva, E. Yu. Melenevskaya,
et al., Pis’ma Zh. Tekh. Fiz 26 (15), 39 (2000) [Tech.
Phys. Lett. 26, 662 (2000)].

9. V. N. Tsvetkov, V. E. Éskin, and S. Ya. Frenkel, Structure
of Macromolecules in Solutions (Nauka, Moscow, 1964;
Butterworths, London, 1970).

Translated by O. Borovik-Romanova
YSICS OF THE SOLID STATE      Vol. 44      No. 3      2002



  

Physics of the Solid State, Vol. 44, No. 3, 2002, pp. 567–568. Translated from Fizika Tverdogo Tela, Vol. 44, No. 3, 2002, pp. 541–542.
Original Russian Text Copyright © 2002 by Popov, Bazhin

                                  

PROCEEDINGS OF THE V INTERNATIONAL WORKSHOP 
“FULLERENES AND ATOMIC CLUSTERS”

 

(St. Petersburg, Russia, July 2–6, 2001)

            
Formation of Polymer Complexes of Transition Metals 
with Fullerene

A. P. Popov and I. V. Bazhin
Don State Technical University, Rostov-on-Don, 344010 Russia

e-mail: ib_rnd@mail.ru

Abstract—This paper reports on the results of ab initio unrestricted Hartree–Fock (UHF) calculations of the
equilibrium geometry and binding energy for the transition-metal complexes Me(C5H5)2 and Me(C6H6)2 and the
energetically stable metallofullerene complexes Me(C60)2, where Me = Ti, V, Cr, Fe, and Ni. The calculation
technique is worked out using the ferrocene molecule. The calculated geometry and binding energy agree sat-
isfactorily with the experimental data. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, a large number of works have been
devoted to the investigation of metal complexes with
fullerenes. The considerable interest expressed in these
compounds is motivated by their unique physicochem-
ical properties and possible use in nanoelectronics. The
majority of these works are concerned with description
of the syntheses of metal complexes with fullerenes and
the investigation of their properties [1–3]. So far, theo-
retical studies have been performed only with com-
plexes of alkali metals with fullerenes. As far as we
know, there are few works that deal with the calcula-
1063-7834/02/4403- $22.00 © 20567
tions of the structure and electronic properties of iron
complexes with fullerene [4]. However, by analogy
with the properties of transition metal carbides, we can
assume that fullerene complexes with other transition
metals also exist.

In the present work, we carried out quantum-chem-
ical calculations of the equilibrium geometry, total
energy, and binding energy for fullerene complexes
with Ti, V, Cr, Fe, and Ni. These compounds were cho-
sen as the objects of investigation because they have
been most frequently mentioned in published papers.
Me Me Me

(a) (b) (c)

(d)

Fig. 1. Possible types of sandwich structures: (a) ferrocene type, (b) rutenocene type, (c) Me(C6H6)2 type, and (d) metallofulerene
complex.
002 MAIK “Nauka/Interperiodica”
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2. OBJECTS OF INVESTIGATION
AND CALCULATION TECHNIQUE

At the initial stage of this work, we studied transi-
tion-metal complexes of the sandwich type with penta-
dienyl, Me(C5H5)2 (Figs. 1a, 1b), and benzene,
Me(C6H6)2 (Fig. 1c). It is reasonable to assume that the
chemical bond in these comparatively simple com-
plexes is of the same nature as the chemical bond in

Table 1.  Results of the calculation of Me(C5H5)2 metal-
locenes in the configuration shown in Fig. 1a

Me r5–5, nm Etot, arb. units ∆Ebind, kcal/mol

Ti 0.299 –1235.426 20.311

V 0.274 –1329.587 247.564

Cr 0.334 –1429.475 –25.675

Fe 0.326 –1647.586 160.343

Ni 0.329 –1891.043 –27.591

Table 2.  Results of the calculation of Me(C5H5)2 metal-
locenes in the configuration shown in Fig. 1b

Me r5–5, nm Etot, arb. units ∆Ebind, kcal/mol

Ti 0.306 –1235.424 11.311

V 0.298 –1329.507 210.154

Cr 0.341 –1429.531 –8.901

Fe 0.299 –1647.177 135.875

Ni 0.345 –1890.543 102.624

Table 3.  Results of the calculation of Me(C6H6)2 complexes
in the configuration shown in Fig. 1c

Me r6–6, nm Etot, arb. units ∆Ebind, kcal/mol

Ti 0.277 –1304.508 307.896

V 0.298 –1398.687 –50.719

Cr 0.287 –1503.193 –16.793

Fe 0.283 –1716.775 105.864

Ni 0.368 –1959.384 2.775

Table 4.  Results of the calculation of the most stable com-
plexes Me(C60)2

Me Type of
the complex r, nm Etot, arb. units ∆Ebind, kcal/mol

Ti Fig. 1c 0.291 –5332.512 87.314

V Fig. 1b 0.302 –5427.054 56.572

Cr Fig. 1c 0.293 –5566.637 7.023

Fe Fig. 1a 0.328 –5745.023 89.921

Ni Fig. 1b 0.317 –5744.998 74.615
P

Me(C60)2 complexes. This is experimentally confirmed
by the fact that the metal atoms in Me(C60)2 complexes
are located either between a pair of pentagons or
between a pair of hexagons.

The calculations of the equilibrium configuration
and electronic structure of the metal complexes under
investigation were performed using the GAMESS soft-
ware package [5]. The calculation technique, including
justification of the choice of the ab initio unrestricted
Hartree–Fock (UHF) method and procedures providing
stable convergence of the self-consistency process, was
worked out on a well-studied object, namely, the fer-
rocene molecule.

3. RESULTS AND DISCUSSION

Tables 1–3 represent the basic parameters of transi-
tion-metal complexes with pentadienyl, Me(C5H5)2
(metallocenes), and benzene, Me(C6H6)2, including the
distance between the ligands, total energy, and binding
energy. The calculations demonstrated that satisfactory
agreement between our results and the available exper-
imental data was achieved with mixed basis sets,
namely, MINI (the minimal Huzinaga basis) for transi-
tion metals, STO-6G for carbon, and STO-3G for
hydrogen. The calculated data presented in Tables 1–3
correspond to the mutual orientation of the ligands
shown in Figs. 1a–1c. The binding energies listed in
Tables 1 and 2 differ by 5–30 kcal/mol. This agrees
with experimental data on the rotation potential barrier
between two possible orientations of the pentadienyl
rings. The results of calculations indicate that not all of
the studied complexes are energetically stable.

The energy parameters of the metallofulerene com-
plexes were calculated using available data on the
mutual orientation and distances between the ligands in
complexes with pentadienyl and benzene. Table 4 pre-
sents the geometric and energy characteristics of the
most stable metallofulerene complexes. Figure 1d
shows the typical arrangement of the metal and ligands
in the complex.
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Abstract—Methods of small-angle and inelastic neutron scattering were used to study star-shaped polymers
obtained by grafting polystyrene to fullerene C60 (six arms with an elementary mass M = 5 × 103). The behavior
of stars in the solution and bulk was compared with the dynamics of free molecules of polystyrene with a mass
equal to the mass of an arm. The slow dynamics of arms in the ranges of times t = 0.01–20 ns, momentum trans-
fers q = 0.2–0.6 nm–1, and temperatures T = 20–60°C does not obey the simple models of Rouse and Zimm.
The interaction of the rays with the C60 fullerene under the conditions of the specific geometry of the macro-
molecule leads to unusual oscillations of time correlations in the arms of stars. © 2002 MAIK “Nauka/Interpe-
riodica”.
INTRODUCTION

Fullerene derivatives can reveal extraordinary phys-
ical and chemical properties (such as superconductiv-
ity, ferromagnetism, and solubility anomalies) that are
not observed in the initial substances [1, 2]. In particu-
lar, the bonding of polymer chains to a spherical surface
of the fullerene C60 makes it possible to synthesize
macromolecules in the form of stars with various num-
bers of arms [3]. These arms are not only covalently
bonded to the fullerene through their end links but also
can interact with the fullerene surface by the mecha-
nism of charge transfer and van der Waals forces. This
unusual combination of covalent bonds and possible
donor–acceptor complexes in a single macromolecule
can strongly change the polymer dynamics and its
behavior in both solution and bulk. Thus, recently,
when studying stars built of polyethylene oxide grafted
to C60, we revealed in D2O an unusual dynamics of its
arms, which is rather inherent of block polymers in the
glass-transition range [4]. Based on the data on the sol-
ubility of fullerene C60 [5], it might be expected that an
efficient interaction of the arms with fullerene would
1063-7834/02/4403- $22.00 © 20569
occur if the arms contain six-term cycles similar to
hexagons present in C60. Therefore, we synthesized and
investigated just polystyrene stars.

1. STRUCTURE OF STARS FOUND 
FROM SMALL-ANGLE NEUTRON SCATTERING

The polystyrene (PS) molecules (six arms, each of
mass M = 5 × 103) were grafted to the fullerene core
using the method of living chains [6] and then were
studied using neutron diffraction in comparison with
free PS molecules in deuterated benzene (C6D6) in the
range of momentum transfers q = (4π/λ)sin(θ/2) = 0.2–
5 nm–1 (θ is the scattering angle and λ = 0.6 nm is the
neutron wavelength). In addition, we prepared deuter-
ated stars, which were dissolved in an analogous ordi-
nary (hydrogenated) polymer matrix in order to ensure
maximum contrast in the scattering amplitudes in neu-
tron diffraction experiments. To the first approxima-
tion, the scattering in solutions and in the bulk for
labeled macromolecules of the stars and PS obeys the
law I(q) = I0[1 + (rCq)2]–1, where I0 is the scattering
002 MAIK “Nauka/Interperiodica”
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intensity in the limit q  0 and rC is the correlation
length of a molecule related to its radius of gyration

RG = rC (see table). At low concentrations of labeled
molecules (C = 1 wt %), their experimentally measured
dimensions in benzene and in the polymer matrix are
virtually the same, which indicates the same virtually
undisturbed conditions (θ conditions, under which no
long-range interactions of chain units are observed).
Indeed, both in the solution and in the bulk, the gyration
radius of polystyrene RGPS = 1.7–2.0 nm agrees with the
estimate for a Gaussian chain RGauss = 2.0 nm. The
experimentally measured radius of the star RGST =
4.7 nm approaches the distance between the ends of the

PS chain: RGST ≈ hPS = RGPS = 4.9 nm. This means
that the arms do not condense onto the surface of the
fullerene but rather tend to move from it. At the same

3

6

Correlation radii of stars and PS

Concentration of labeled 
molecules, wt %

rC , nm

PS stars

1.0 (protonated molecules in 
deuterated benzene C6D6)

1.35 ± 0.16 2.74 ± 0.14

1.0 (deuterated molecules in 
protonated matrix)

1.16 ± 0.20 2.69 ± 0.18

10.0 (deuterated molecules 
in protonated matrix)

1.00 ± 0.03 2.32 ± 0.09

0.5

0 10

P
ns

e

t, ns

1.0

q = 0.27 nm–1
20°C
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PS
ST
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0.5

1.0

q = 0.27 nm–1
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0.5

1.0

q = 0.55 nm–1
20°C
1.8 wt %

PS
ST

0 10 0 10

Dynamics of PS and stars in solution at various tempera-
tures, polymer concentrations, and momentum transfers.
P

time, the measured ratio of the dimensions of the “star”
and an arm in the bulk RGST/RGPS = 2.3 is larger by 40%
than the calculated value for the Gaussian distribution
of the elements of the chain [6]: RGST/RGPS = [(3f –
2)/f]1/2 = 1.6, where f = 6 is the number of star arms.
Thus, the star-shaped molecule is somewhat expanded
as compared to the undisturbed conformation. Below,
based on the above data, we studied the dynamics of
these stars.

2. DYNAMICS OF STARS

Neutron spin-echo (NSE) experiments were per-
formed in the L. Brillouin Laboratory, Saclay, using PS
and stars in deuterated benzene (C6D6) at 20–60°C with
characteristic momentum transfers q1 = 0.27 and q2 =
0.55 nm–1 in a range of times t = 0.1–20 ns. On the scale
of R ~ 1/q1 ~ 3.7 nm > RGPS ~ 2.3 nm, which is greater
than the dimensions of a PS arm but smaller than the
“star” size, we can observe the dynamics of arms
bonded to the fullerene core and interacting between
themselves. On a smaller scale of R ~ 1/q2 ~ 1.8 nm ≤
LS ~ 2 nm, only segmental dynamics (LS is the length of
a PS segment) should mainly be observed. On the seg-
mental level, the dynamics in stars is somewhat sup-
pressed. In benzene at 20°C and a polymer concentra-
tion of C = 1.8 wt %, the coefficient of diffusion of arm
segments DST = (1.23 ± 0.11) × 10–6 cm2/s is 20%
smaller than the diffusion coefficient for free PS: DPS =
(1.52 ± 0.17) × 10–6 cm2/s (see figure). On the scale of
an arm radius, the effect of the arm bonding to the
fullerene surface is revealed more strongly (see figure).
Even at a low concentration of the polymer in the solu-
tion (C = 1 wt %), the stars distinctly reveal a crossover
to an oscillating dynamics (see figure). In the Gaussian
approximation for the self-correlations of units, the
spin-echo signal follows the function Pnse(q, t) =
S(q, t)/S(q, t = 0) = exp[–q2Γ(t)/2], where the root-mean
square displacement of the scattering particle Γ(t) =
A2[1 – cos(Ωt)] for the time t has the character of oscil-
lations with an amplitude A = 2.0 ± 0.1 nm and fre-
quency Ω = (0.28 ± 0.02) × 109 rad/s. Under the same
conditions, the chains of free polystyrene take part in
intense diffusive motion, when the displacement
increases with time as Γ(t) = DPSt + a2[1 – cos(ωt)]. In
the case of free chains, the dominating process is diffu-
sion with a diffusion coefficient DPS = (8.1 ± 1.1) ×
10−6 cm2/s. The oscillations have the same amplitude
a = 2.0 ± 0.2 nm, but their frequency ω = (0.60 ± 0.05) ×
109 rad/s is twice as large as that characteristic of
“stars.” An increase in the polymer concentration leads
to an increase in the molecular interaction, and the dif-
ference between the dynamics of PS and stars becomes
less pronounced. At C = 1.8 wt %, no noticeable tem-
perature variations in the dynamics are observed at T =
20–60°C in both solutions. The dynamics follows the
same model. Under these conditions, PS has a smaller
HYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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diffusion coefficient DPS(q1) = (3.1 ± 0.7) × 10–6 cm2/s,
showing oscillations with a smaller frequency ω =
(0.37 ± 0.05) × 109 rad/s and a smaller amplitude a =
1.5 ± 0.3 nm. As was expected, an increase in the con-
centration by a factor of 1.8 produced a smaller effect
on the internal dynamics of “stars,” since the concentra-
tion of the polymer in their volume is already quite high
(~30 wt %). At 20–60°C, the values of the correspond-
ing parameters for the stars are smaller as compared to
PS: DST(q1) = (1.9 ± 0.7) × 10–6 cm2/s, Ω = (0.30 ±
0.02) × 109 rad/s, and A = 1.3 ± 0.2 nm.

Then, we studied stars and PS at a higher tempera-
ture T = 90°C near the glass temperature of the poly-
mers (TG = 89°C for PS and 94°C for stars). In the bulk,
the diffusive mobility of the polymers is strongly sup-
pressed. Thus, on the segmental scale, the diffusion
coefficient in stars DST(q2) = (2.0 ± 1.2) × 10–7 cm2/s is
of an order of magnitude smaller than that in the solu-
tion. On a larger scale (R ~ 1/q1), the oscillating dynam-
ics is dominating, as in the solution. The PS chains have
an amplitude of the oscillating motion a = 2.52 ±
0.12 nm, which exceeds the segment length, and a fre-
quency ω = (0.34 ± 0.01) × 109 rad/s, which is close to
that in the solution. Stars have smaller amplitudes and
frequencies (A = 1.66 ± 0.09 nm, Ω = (0.30 ± 0.02) ×
109 rad/s), which are close to the dynamical parameters
obtained for these characteristics in the solution.

The dynamics of the polymers studied in this work,
which strongly differ in their molecular structure from
one another, reveals common regular features upon
transition from the solution to the bulk state near the
glass-transition temperature, when the diffusive
motions are strongly slowed and the dynamic correla-
tions between chain links oscillate with a period T =
2π/ω ~ 20 ns. In the case of stars, the period is longer
by 10–20%. Effectively, the complex dynamics of the
polymer is described as an oscillation of a fragment of
the chain with an amplitude of an order of the segment
length. In a star, the amplitude is smaller by 10–30% as
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
compared to free PS. The covalent bonding of an arm
with the fullerene, as well as the van der Waals and
donor–acceptor interactions with its surface, increase
the energy of activation of molecular motion by a quan-
tity of an order of ∆E ~ [ln(ω/Ω)](kT) ~ 0.5 kJ/mol.
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Abstract—This paper reports on a small-angle neutron-scattering study (in the momentum transfer range q =
0.005–0.08 Å–1) of the structure of C60 fullerene clusters in a saturated toluene solution at 20°C. Large-scale
fractal structures formed by small clusters with radius RC ~ 30 Å are shown to persist in the solution after pro-
longed storage (for one year) at 20°C. The results are discussed in terms of the well-known fullerene aggrega-
tion models. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The discovery by Ruoff [1] of the anomalous tem-
perature dependence of solubility of the C60 fullerene in
a number of solvents stimulated both experimental and
theoretical studies of the unusual behavior of fullerenes
in solutions, because this problem, besides being of
fundamental significance, has considerable application
potential in the technologies involved in the separation
of fullerenes in mass in the course of their production.
A good idea of the state of the art in this area of
fullerene research can be gained from review [2]. This
review presents a drop model of fullerene clusterization
and puts forward a concept of long-lived structural
relaxation of its solution, which gives rise to growth of
large-scale fractal structures. The structural features of
C60 solutions on the scale of tens of nanometers can be
directly investigated using small-angle neutron diffrac-
tion. However, the low fullerene content in a solution
(usually, at a level of a few tenths of 1 wt %) and the
strict requirements on the solvent aimed at providing
the maximum possible fullerene contrast make such
experiments difficult. Another aspect of these experi-
ments is that the solution has to reach the equilibrium
state, which makes its prolonged storage in stationary
conditions necessary (constant temperature, absence of
perturbations due to vibrations). We succeeded in meet-
ing these requirements in our experiment and in observ-
ing C60 fractal structures in toluene.

2. SMALL-ANGLE NEUTRON DIFFRACTION 
FROM A C60 SOLUTION IN TOLUENE

To obtain reliable information on fullerene cluster-
ization in solution, we carried out small-angle diffrac-
tion measurements on a C60 sample dissolved in proto-
1063-7834/02/4403- $22.00 © 20572
nated toluene to saturation at 20°C (fullerene concen-
tration C ~ 2.8 mg/ml). Next, the system was
maintained for one year at the same temperature, after
which it was studied again. The range of momentum
transfers, q = (4π/λ)sin(θ/2) = 0.005–0.08 Å–1, was
chosen large enough to cover the scale region from r ~
1/qmax ~ 10 Å, comparable to the fullerene diameter, to
distances R ~ 1/qmin ~ 200 Å two orders of magnitude
larger than the C60 radius within which molecular cor-
relations inherent in fractal structures are observable.
The neutron wavelength was varied from λ = 3 to 10 Å.

Figure 1 displays typical patterns of neutron scatter-
ing from clusters. It can be seen from the figure that the
scattering intensity I(q) is noticeably greater in the
region of small momenta, q < 0.02 Å–1, and that there is
a broad local maximum of intensity within the interval
qm = 0.03–0.04 Å–1. The first feature is indicative of the
presence of large associates (not less than ~100 Å in
size) in the solution. The second feature shows that the
clusters do not scatter independently of one another;
they are separated by a characteristic distance L ~
2π/qm ~ 200 Å. These two features are described by the
scattering law

(1)

where Iinc is the intensity of incoherent scattering (pri-
marily, from the solvent). The coherent part is deter-
mined by the form factor of a scattering particle
(fullerene, cluster) and by the structural factor of the
system. The parameter I0 characterizes forward scatter-
ing, I(q  0) = I0, where there is no interference in
scattering from single particles (Γ = 0). The length RC

is the correlation length of the particles, which may be

I q( ) I0 1 RCq( )2+[ ] D/2–
=

× 1 Γ q/L( )/ qL( )sin+[ ] I inc,+
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Parameters of the scattering function in Eq. (1)

Experiment no. q, Å–1 RC, Å L, Å Γ D

1 0.01–0.08 33.3 ± 3.6 221 ± 8 3.2 ± 0.4 4

2 0.01–0.07 25.5 ± 3.6 200 ± 15 6.7 ± 4.1 4

3 0.005–0.04 1 × 103 201 ± 55 1.2 ± 1.0 2.95 ± 0.96
fractal clusters of dimension D spaced at a distance L.
For the wavelengths λ = 3, 6, and 10 Å, the data are
approximated by Eq. (1) with the fitting parameters
given in the table.

Scattering in the region q = 0.01–0.08 Å–1 is domi-
nated by small clusters of radius RC = 25–30 Å, which
form fractal structures such that there is interference
from neutrons scattered from different structures. Judg-
ing from the magnitude of the parameter Γ = 3–7, this
interference is fairly strong (for pairs of particles, we
would have Γ = 1). The distance L ~ 200 Å, correspond-
ing to the interference maximum, exceeds the size of a
single cluster by an order of magnitude. An analysis
made of the region of smaller momenta q = 0.005–
0.04 Å–1 by the same model estimates the correlation
length of fractal clusters as RC ~ 1 × 103 Å and their
fractal dimension as DF ~ 2.9, which supports the pres-
ence of interference in the scattering from clusters (see
table). As seen from the parameters in the table, the
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Fig. 1. Small-angle neutron scattering from C60 clusters in
toluene. Measurements were made (a) over the period of a
week on an as-prepared sample at 20°C (λ = 3 Å) and (b, c)
on a sample stored for one year at 20°C (λ = 6 and 10 Å,
respectively). The lines are fitting functions given by Eq. (1).
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structure reaches a close-to-equilibrium state practi-
cally during the first week of measurements (the first
experiment) on an as-prepared sample. After this, small
clusters change gradually during a year to become more
compact, in the course of which their correlation and
interference lengths decrease.

The results obtained lend support to the idea of the
C60 fullerene being a unique cluster form of matter.
Our experiments have established that, in solution,
fullerene forms compact clusters with a characteristic
radius RC ~ 25–30 Å which produce fractal structures.
In Fig. 1a, the scattering from clusters is seen to be
superposed on the background of incoherent scatter-
ing from the solvent protons. The intensity of the lat-
ter is Iinc = 0.35 arb. units. By crossing to absolute
units, we obtained the cluster cross section and,
knowing the scattering amplitude from one fullerene
aF, found the number of molecules per cluster n =

(I0/Iinc)NP(σP/4π)(NF ) ≈ 50, where NP and NF are the
proton and fullerene concentrations in the sample,
respectively, and σP is the total proton cross section.
Assuming a cluster of radius R ~ RC ~ 30 Å to contain

50 molecules, its volume V = (4π/3)  will be filled
only to ~30%. The results obtained agree qualitatively
with the figures derived from the drop model of cluster-
ization. A comprehensive comparison would require
measurements with inclusion of an analysis of the clus-
ter size distribution.
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Abstract—Polyaniline–fullerene composites were prepared by the introduction of fullerene during polymer-
ization of aniline. An investigation of the composites using FTIR and 13C NMR spectroscopy indicated inter-
action between fullerene and the imine groups of polyaniline. The formation of a polyaniline–fullerene complex
with a structure corresponding to a doped polyaniline was proved by wide-angle x-ray scattering analysis. The
conductivity of composites is more than four orders of magnitude higher than that of undoped polyaniline and
that of fullerene. Improvement in the thermal stability of composites was evaluated using TGA. © 2002 MAIK
“Nauka/Interperiodica”.
1 Fullerene-C60–conducting-polymer systems possess
unique physical characteristics, including electronic
conductivity and magnetic, optical, and photoinduced
electron transfer properties. Ultrafast photoinduced
electron transfer from polymeric donors, such as
poly(p-phenylene vinylene) and polythiophene, to C60
enables the construction of plastic solar cells with
energy conversion efficiencies of up to 3% [1–3].
Large-scale electro- and photodevices based on poly-
aniline (PANI) have been developed [4–6]. Combined
with C60, PANI is used in polymer grid triodes in which
the current is controlled by the grid potential [7]. The
efficiency of the devices is dramatically affected by the
molecular morphology of C60 composites and, conse-
quently, by the procedure of their preparation. The most
commonly used method of blending solutions of both
components is limited, because the solubility of these
substances is very poor.

The procedure based on mixing N-methylpyrroli-
done solutions of PANI and C60 reported in the litera-
ture [8–10] is complicated by the competitive reaction
of C60 with the solvent. We developed a new method for
preparing fullerene-containing PANI composites
(PANI–C60) that excludes the use of organic solvents.

1. PREPARATION OF PANI–C60 COMPOSITES 
AND BLENDS

The method for preparing PANI–C60 composites
uses aniline polymerization for the introduction of C60

1 This article was submitted by the authors in English.
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into growing polyaniline chains [11]. The oxidation of
aniline with ammonium peroxydisulfate in an acidic
aqueous medium can be summarized in the stoichio-
metric relation

Fullerene (2–10 wt % relative to aniline) was injected
into an aqueous solution of aniline and sulfonic acid
(HA, A denotes the corresponding anion). 4-Toluene-
sulfonic acid or dodecylbenzenesulfonic acid was used
as the stabilizing and acidic agent. Polymerization was
started through the addition of an aqueous solution of
ammonium peroxydisulfate in an amount equimolar to
that of aniline. The mixture was stirred or placed into an
ultrasonic bath at room temperature for several hours.
After polymerization, sulfonic acids were neutralized
and repeatedly washed with an excess of aqueous
(1 mol l–1) ammonium hydroxide. This procedure
excludes PANI doping with acids. The precipitates
were separated by centrifugation, washed by acetone,
and dried in vacuum at 25°C.

The PANI–C60 blends were prepared by mechanical
mixing of both components with subsequent heat treat-
ment at 85°C for 1 h.

4 NH2HA + 5(NH4)2S2O8

2 NH NH
A

+ 2HA

+ 5H2SO4 + 5(NH4)2SO4.
002 MAIK “Nauka/Interperiodica”
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2. CHARACTERIZATION OF PANI–C60 
COMPOSITES

Properties of the composites are compared with
those of corresponding blends and with two forms of
neat PANI: emeraldine salt (PANIh) and emeraldine
base (PANIb).

In the FTIR spectra of PANI–C60 composites, the
peak corresponding to quinone-ring deformation shows
a red shift to 1580 cm–1 in comparison with the spec-
trum of PANIb (1590 cm–1), whereas the benzenoid-
ring absorption peak remains virtually in the same posi-
tion (at 1500 cm–1 in PANIb). The 1240 cm–1 band char-
acteristic of the conducting polaron structure C–N+ and
the characteristic vibration mode of the quinone ring at
about 1165 cm–1 appear (both observed in the spectrum
of PANIh) and confirm the presence of an interaction
between PANI and C60 [12]. Absorption at 1610 cm–1

observed in PANIh and corresponding to the N=ring
stretching vibration mode is absent in the spectrum of
PANI–C60 composites.

The 13C NMR spectrum of C60 contains a single
peak at 143 ppm. In the spectra of PANI–C60 compos-
ites, this signal shifts to 141 ppm. The main signal of
neat PANIb at 121 ppm is assigned to the C–H groups
of the quinoid rings. This peak shifts from 121 to
129 ppm as a result of acidic doping. Injection of C60
into polyaniline shifts the quinoid-ring carbon peak to
127 ppm.

The spectral investigation suggests the presence of
an interaction between fullerene and the imine groups
of PANI upon injection of C60 into PANI. Partial
ground-state charge transfer, PANI + C60  PANIδ+ –

, where δ ~ 0.05, takes place in this system. How-
ever, there is no evidence of fullerene radical-anion for-
mation.

The observed increase in the electrical conductivity
caused by interaction of the components also reflects
the charge transfer being associated with the doping of
PANI. The conductivity of PANI–C60 composites (7 ×
10−5 S cm–1) increases by four orders of magnitude over
the conductivities of the constituents (4 × 10–9 S cm–1

for PANIb and less than 10–9 S cm–1 for C60) and by two
orders of magnitude over the conductivity of the blend
(1.5 × 10–7 S cm–1).

Wide-angle x-ray diffractograms of a PANI–C60
composite are composed of the diffraction curve of C60

C60
δ–
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crystallites and a diffraction curve identical to that of
the protonated form of PANI. This suggests that
fullerene is a Lewis acid and acts as a dopant of PANI.

Photoluminescence spectra of PANIh and PANIb

excited by 300-nm light exhibit a very similar shape in
the range 350–510 nm. We observed PANI photolumi-
nescence quenching upon addition of C60. This fact
points to photoinduced electron transfer in PANI–C60
blends and composites.

Thermogravimetric analysis shows an ordinary
three-step decomposition pattern in the case of neat
PANI forms and more complex degradation of compos-
ites. Blends and composites exhibit higher thermal sta-
bility than their parent polymers.
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Abstract—Efficient quenching of eosin phosphorescence by amino-acid derivatives of fullerene (AADFs) such
as C60–alanine and C60–glycine in aqueous solutions indicates the possibility of transferring electrons from
eosin to fullerene upon collisions or in the exciplex state. To investigate electron transfer in the protein structure,
we studied the process of incorporation of C60–alanine and C60–glycine into the heme pocket of myoglobin
by controlling Förster quenching. The dissociation constant for the protein–AADF complex was estimated.
© 2002 MAIK “Nauka/Interperiodica”.
Unique physical and chemical properties of
fullerenes have attracted considerable interest from
researchers. In recent years, special attention has been
paid to the investigation of their effect on biological
objects. Fullerenes were found to possess a cytotoxic
activity [1], affect the selective cleavage of DNA [2],
and exhibit antiviral activity, in particular, against the
AIDS virus [3]. Many bioenergetic and biosynthesis
processes include oxidation enzymatic reactions with
stages of long-range electron transfer, in which an elec-
tron can tunnel distances of 5–20 Å from a donor to an
acceptor along a protein molecule. Fullerenes, owing to
their redox properties, can be used as efficient partners
in such reactions. Recently, Kurz et al. [4] studied azu-
rine with a covalently bound fullerene and revealed an
efficient electron exchange between the copper-con-
taining center of azurine and the fullerene. In some
studies of electron transfer in proteins (in particular, in
myoglobin), eosin was used as a photostimulated donor
of electrons [5, 6]. Thus, eosin and fullerene can be
used as an efficient donor–acceptor pair for the investi-
gation of reactions of electron transfer in proteins and
membranes. Such investigations can be performed
using water-soluble amino-acid derivatives of fullerene
(AADFs) [6, 7].

In this work, we studied photostimulated transfer of
electrons between triplet-excited eosin and amino-acid
derivatives of fullerene C60 in a solution and the inter-
action of these compounds with apomyoglobin to ana-
lyze reactions of long-range transfer of electrons in the
protein.
1063-7834/02/4403- $22.00 © 20576
To generate a donor–acceptor pair, we investigated
the possibility of electron transfer between triplet-
excited eosin (donor) and amino-acid derivatives of
fullerene C60 (acceptors) in aqueous solutions by con-
trolling the kinetics of the eosin-phosphorescence
quenching using various concentrations of C60–alanine
and C60–glycine. The samples were excited by pulse
lasers with wavelengths λex = 337 and 532 nm. The
energy of a laser pulse was 70 mJ, which was sufficient
for the complete excitation of the chromophores in the
sample.

It was found that at λex = 337 nm, the intensity and
the lifetime of phosphorescence of the chromophore
decreased with increasing concentration of the AADFs.
In the case of eosin, the rate constant of quenching
phosphorescence is Kq = 0.4 × 10–9 M–1 s–1, which is
close to that characteristic of the process of quenching
the triplet-excited state of erythrosin by the mechanism
described in [7]. At λex = 532 nm, the intensity of the
eosin phosphorescence decreased but the lifetime of the
excited chromophore remained unaltered (see figure).
This difference can be explained by the fact that at λex =
377 nm, there occurs a simultaneous excitation of both
eosin and the fullerene derivatives. The excited
fullerene derivatives are efficient oxidation agents, and
the quenching of the probe can occur by the mechanism
of electron transfer upon diffusional collisions. When
irradiating the sample with a laser with λex = 532 nm,
only eosin is excited, whereas the AADFs virtually do
not absorb at 532 nm. In this case, the quenching of the
002 MAIK “Nauka/Interperiodica”



        

CREATION OF A DONOR–ACCEPTOR PAIR 577

                                                               
eosin phosphorescence appears to occur as a result of
the formation of an exciplex.

The most important task in solving the problem of
electron transfer in proteins is the production of a
donor–acceptor pair in the protein structure. In this
work, we studied the possibility of incorporating C60–
alanine and C60–glycine into the heme pocket of myo-
globin (instead of the removed heme) with the purpose
of further realizing electron transfer from eosin bound
to the terminal amino group of myoglobin. To solve this
task, it was necessary to incorporate C60–alanine and
C60–glycine into apomyoglobin. To this end, we
removed the heme from the myoglobin by the tech-
nique described in [8]. Then, C60–alanine and C60–gly-
cine were added to the solution of apomyoglobin. The
process of incorporation of these compounds into
apomyoglobin was controlled by changes in the inten-
sity of fluorescence of the tryptophan residue of myo-
globin. It is known that the tryptophan residue of myo-
globin is located in the immediate proximity of the
heme and that the spectrum of absorption of the C60
derivatives and the spectrum of fluorescence of the
tryptophan residue overlap. This can result in the
quenching of the fluorescence of the tryptophan residue
by the mechanism of dipole–dipole resonance energy
transfer at a distance not exceeding the Förster radius of

0

ln
I p

h

Time, µs
5 10 15 20

0

2

–2

0

10

1530
40

60
70

Effect of the concentration of C60–alanine (in µM) on the
kinetic of quenching of the eosin phosphorescence in a
solution of tris-HCl (0.1 M, pH 7.2), λex = 532 nm.
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quenching, which is 10 Å for the tryptophan–fullerene
pair. When having been added to apomyoglobin in
equimolar concentrations, the C60–alanine and C60–gly-
cine were shown to quench the fluorescence of tryp-
tophan by more than 50%. This permitted us to estimate
the dissociation constant for the complexes of C60

derivatives with apomyoglobin to be K ~ 10–5 M.
Thus, it is shown in this work that in aqueous solu-

tions, there occurs a transfer of electrons from photoex-
cited eosin to C60–alanine and C60–glycine. The process
of incorporation of amino-acid derivatives of the
fullerene C60 into the heme pocket of apomyoglobin
was effected, and the equilibrium constant for this com-
plex was estimated.
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Abstract—A microinjection of C60/poly-(N-vinyl-pyrrolidone) (C60/PVP) adduct into the dorsal hippocampus
is shown to prevent the disturbance of spatial memory consolidation induced by the administration of a high
dose of cycloheximide, which inhibits protein synthesis in the central nervous system by more than 90%. It is
supposed that microinjections of the C60/PVP adduct into the hippocampus suppress the death of its neurons,
which may be one of the essential factors that prevent the disturbance of long-term memory consolidation by
protein-synthesis inhibition. Other mechanisms of the fullerene action are also possible; however, they remain
as yet unknown. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In the late 1990s, it was demonstrated on several
experimental models, in vitro and in vivo, that
fullerenes and their derivatives have a high antioxidant
activity and protect neurons from genetically pro-
grammed cell death (apoptosis) [1, 2]. These findings
suggest that these compounds may be efficient neuro-
protectors useful in treating neurodegenerative human
diseases such as amyotrophic lateral sclerosis and Par-
kinson’s disease [1–3] and can prevent radiation dam-
age [4].

Many diseases of the brain (Alzheimer’s disease,
atherosclerosis, and craniocerebral injuries) are accom-
panied by disturbances of long-term memory consoli-
dation [5]. The suppression of protein synthesis in the
brain by protein-synthesis inhibitors is one of the most
thoroughly studied models of disturbances of long-term
memory consolidation. Protein-synthesis inhibitors do
not affect learning but strongly disturb information
storage [6]. It was shown recently [7, 8] that high doses
of protein-synthesis inhibitors lead to neuronal apopto-
sis [7, 8]. The hippocampus plays the key role in long-
term memory consolidation; bilateral damage of the
hippocampus disturbs this process in both humans and
animals [5]. The aim of this work was to determine
whether or not fullerenes and their derivatives injected
into the hippocampus prevent the disturbance of long-
term memory consolidation in rats induced by inhibi-
tors of protein synthesis.
1063-7834/02/4403- $22.00 © 20578
2. EXPERIMENTAL

Chronic experiments were performed on Wistar
male rats (250–300 g). The spatial memory was tested
using a modified Morris technique. In the Morris pro-
cedure, an animal is set to find an invisible platform in
a circular tank filled with opaque water [9]. The time
moment at which a rat was placed into the water maze
and the time at which the rat found the platform were
automatically registered with a recorder. The learning
was carried out in one session consisting of six trials. In
each trial, the rat was placed into the same sector of the
maze. In the first trial, the animal, while trying to save
itself from the water, finds the platform by chance.
Using extramaze landmarks, the rats learned in six tri-
als to find the invisible platform ten time more rapidly
than in the first trial. After 24 h, the session was
repeated. In the second session, the rats found the plat-
form two to three times faster than in the first session.
This indicated that the animals learned to find the target
in space and retained information on its position in
memory traces.

The memory disturbance was induced by a bilateral
injection of a high dose (400 µg) of a protein-synthesis
inhibitor (cycloheximide) 3 h before a learning session.
This led to the suppression of protein synthesis in the
brain and spinal cord by more than 90% during 4 h [10].

We used the adduct of the C60 fullerene with poly(N-
vinyl-pyrrolidone) (C60/PVP), which was synthesized
002 MAIK “Nauka/Interperiodica”
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in the Institute of Experimental Medicine, Russian
Academy of Medical Sciences. The compound con-
tained 0.8% C60; the molecular weight of the PVP was
about 10000. C60/PVP and C60 were dissolved in 0.9%
NaCl. Cannulae were stereotaxically implanted bilater-
ally into the lateral ventricles and dorsal hippocampus
(field CA1). In the control experiments (n = 3D 10), a
PVA solution (208 µg/1 µl/cannula) was administered
into the hippocampus, and in the experiment (n = 3D
11), a fullerene preparation (1.7 µg C60/206.3 µg PVP/1
µl/cannula) was injected 1 h before the cycloheximide
administration (200 µg/10 µl/cannula). The teaching
was performed three hours after the cycloheximide
injection. The localization of the cannulae was deter-
mined by cutting a frozen brain on a freezing micro-
tome. The statistical significance of the results was esti-
mated by the Student t test.

3. RESULTS AND DISCUSSION
In the control, PVP was bilaterally administered into

the hippocampus 1 h before the cycloheximide injec-
tion. The rats were taught to find the platform in six tri-
als (the differences in the escape latencies between tri-
als 1–3, 1–5, and 1–6 are statistically significant with
p < 0.05). The second session of learning, which was
carried out 24 h after the first session, showed no reten-
tion of the acquired information (graphs 1 and 2 in
Fig. 1a are statistically indistinguishable).

By contrast, the rats that received a small dose of
fullerene C60 (1.7 µg) injected into the hippocampus
showed normal learning and retention of the memory
traces (the differences between curves 1 and 2 are sta-
tistically significant with p < 0.01, see Fig. 1b). Thus,
the preliminary bilateral microinjection of fullerene C60
into the dorsal hippocampus prevented the disturbance
of spatial memory induced by cycloheximide adminis-
tration.

How can we explain this result? According to mod-
ern concepts, long-term memory consolidation criti-
cally depends on the protein synthesis de novo, which
contributes to the establishment of new connections
between neurons [5]. It is generally accepted that long-
term memory consolidation is disturbed by high doses
of protein-synthesis inhibitors which suppress protein
synthesis by no less than by 90% [6]. Cycloheximide in
high doses possesses a toxic effect and causes apoptosis
in various tissues, including nervous tissue [7, 8]. This
permitted us to suggest that protein-synthesis inhibitors
cause amnesia not only by the suppression of protein
synthesis but also by apoptosis and/or necrosis of cells
of the central nervous system. Fullerene derivatives
prevent apoptosis in the culture of cells of the hippoc-
ampus, cerebellum, and substantia nigra, protecting
them from the toxic effect of active forms of oxygen [2,
3, 11, 12].

We suggest that microinjections of fullerene C60 into
the hippocampus prevent neuronal cell death, and this
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
effect can be an important factor that prevents the dis-
turbance of long-term memory consolidation caused by
protein-synthesis inhibition. Other mechanisms of
fullerene action are also possible; however, they remain
unknown as yet.
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Abstract—A new type of nonlinear (anharmonic) excitations—bushes of vibrational modes—in physical sys-
tems with point or space symmetry is discussed. All infrared-active and Raman-active bushes for C60 fullerene
are found by means of special group-theoretical methods. © 2002 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Vibrations of many fullerenes and fullerites were
investigated using different experimental and theoreti-
cal methods (see [1, 2] and references therein).
Although the majority of such studies are based on the
harmonic approximation only, some nonlinear (anhar-
monic) effects have also been discussed in a number of
papers. For example, second-order combination modes
brought about by the anharmonicity of interactions in
the C60 fullerene are discussed and the corresponding
lines in infrared transmission spectra are reported in
[3]. The above effects do not exhaust the influence of
anharmonicity on the fullerene and fullerite vibrational
spectra, and we will consider these objects using the
consistent group-theoretical approach developed in [4–
7] for studying nonlinear vibrations in arbitrary physi-
cal systems with discrete (point or space) symmetry.
This approach reveals the existence of new nonlinear
dynamical objects (or a new type of anharmonic excita-
tions) in systems with discrete symmetry, which we call
bushes of normal modes. The concept of the bush of
modes can be explained as follows.

In the harmonic approximation, a set of normal
modes can be introduced which are classified in terms
of irreducible representations of the symmetry group G
of the physical system in equilibrium. In this harmonic
approximation, normal modes are independent of each
other, while interactions between them appear when
some anharmonic terms in the Hamiltonian are taken
into account. We note that a very specific pattern of
atomic displacements corresponds to each normal
mode. As a consequence, we can ascribe a definite sym-
metry group GD to a given mode, which is a subgroup
of the symmetry group G. The group GD is a symmetry
group of an instantaneous configuration of our system
in its vibrational state.

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 0581
Let us excite, at the initial instant t0, only one, arbi-
trarily chosen mode, which will be called the root
mode. We suppose that all other modes have zero
amplitude at the initial moment. Let the symmetry
group GD and an irreducible representation Γ0 corre-
spond to this root mode. Then, we can pose the follow-
ing question: to which other modes can this initial exci-
tation spread from the root mode? We will refer to those
initially sleeping modes, belonging to different irreduc-
ible representations Γj (j ≠ 0), as secondary modes.

A very simple answer to the above question was
found in [4, 5]. It turns out that initial excitation can
spread from the root mode only to those modes whose
symmetry is higher than or equal to the symmetry
group GD of the root mode. We will refer to the com-
plete collection containing the root mode and all sec-
ondary modes that corresponded to it as a bush of
modes. Since no other modes are excited, the energy is
trapped in the given bush. As a consequence of the
above idea, we can ascribe the symmetry group GD

(remember that this is a group of the root mode) to the
whole bush; in this sense, we can consider the bush as
a geometrical object.

It was proved in [4–6] that all modes belonging to a
given bush B [GD] are coupled by force interactions. It
is very important that the structure of a given bush is
independent of the type of interactions between parti-
cles of our physical system.

A bush of normal modes can also be considered as a
dynamical object. Indeed, the set of modes correspond-
ing to a given bush B [GD] does not change in time,
while the amplitudes of these modes do. We can write
exact dynamical equations for the amplitudes of the
modes contained in bush B [GD], if interactions
between particles of our physical system are known.
Thus, bush B [GD] represents a dynamical system
whose dimension can be essentially less than that of the
original physical system.
2002 MAIK “Nauka/Interperiodica”
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The above properties of bushes of normal modes can
be summarized in the following manner. A normal
mode represents a specific dynamical regime in a linear
physical system, which, upon being excited at the ini-
tial instant t0 continues to exist for any time t > t0. Sim-
ilarly, a bush of normal modes represents a specific
dynamical regime in a nonlinear system, which can
exist as a certain object for any time t > t0.

2. SOME MATHEMATICAL ASPECTS 
OF BUSHES OF NORMAL MODES

Let us examine a nonlinear mechanical system of N
mass points (atoms) whose Hamiltonian is described by
a point or space group G. Let three-dimensional vectors
xi(t) (i = 1, 2, …, N) determine the displacement of the
ith atom from its equilibrium position at time t. The 3 ×
N-dimensional vector X(t) = {x1(t), x2(t), …, xN(t)},
describing the full set of atomic displacements, can be
decomposed into the basis vectors (symmetry-adapted
coordinates) of all irreducible representations Γj of the
group G contained in the mechanical representation2 Γ:

(1)

Here,  is the ith basis vector of the nj-dimensional
irreducible representation Γj . The X(t) depends on time
only through the coefficients µji(t), while the basis vec-
tors are time-independent. Thus, a given nonlinear
dynamical regime of the mechanical system described
by the specific vector X(t) can be written as a sum of the
contributions Dj from the individual representations Γj

of the group G.

Each vibrational regime X(t) can be associated with
a definite subgroup GD (GD ⊆  G) describing the sym-
metry of the instantaneous configuration of the system.
Now, the following essential idea is proposed. The sub-
group GD is invariant in time; its elements cannot disap-
pear during time evolution, except for the case of spon-
taneous breaking of the symmetry, which we will not
consider in the present paper. This is the direct conse-
quence of the principle of determinism in classical
mechanics.

We introduce operators  ∈   acting on the 3N-
dimensional vectors X(t), which correspond to the ele-
ments g ∈  G acting on the three-dimensional vectors
xi(t), and write the above condition of invariance of GD

as a condition of invariance of the vector X(t) under the
action of the elements of the group GD:

(2)

2 Considering vibrational regimes only, we can treat Γ as a (3N –
6)-dimensional vibrational representation of the group G.

X t( ) µ ji t( )ji
j( )

ji

∑ D j.
j

∑= =

ji
j( )

ĝ Ĝ

ĝX t( ) X t( ), g GD.∈=
P

Combining Eqs. (1) and (2), one obtains (for details,
see [6]) the following invariance conditions for individ-
ual representations Γj:

(3)

Here, Γj ↓  GD is the restriction of the representation Γj

of the group G to the subgroup GD, i.e., the set of matri-
ces of Γj which correspond to the elements g ∈  GD only.
The nj-dimensional vector cj in Eq. (3) is the invariant
vector in the carrier space of the representation Γj cor-
responding to the given subgroup GD ⊂  G. Note that
each invariant vector of a given Γj belongs to a certain
subspace of the carrier space of this representation and
the total number of arbitrary constants upon which the
vector depends is equal to the dimensionality of this
subspace. If, in solving Eq. (3), we find that cj ≠ 0, then
the representation Γj will contribute to the dynamical
regime X(t) with symmetry group GD. Moreover, the
invariant vector cj determines the explicit form of the
mode of the representation Γj belonging to the bush of
modes associated with the given nonlinear dynamical
regime.

We will illustrate the general statements of the bush
theory using the C60 fullerene with a buckyball struc-
ture and the icosahedral symmetry group G = Ih. There
are 10 irreducible representations of dimensions 1 (Ag,
Au), 3 (F1g, F1u, F2g, F2u), 4 (Gg, Gu), and 5 (Hg, Hu)
associated with the group Ih. The infrared (IR) active
modes belong to the representation F1u, and the modes
that are active in Raman (R) experiments belong to Ag

or Hg. We found all bushes of modes for the C60
fullerene. There are 22 different bushes for this
fullerene. Let us consider bush B7, corresponding to the
symmetry group GD = C5v ⊂  Ih. Only four representa-
tions, namely, Ag, Hg, F1u, and F2u, contribute to this
bush (the invariant vectors are zero for all other irreduc-
ible representations of the icosahedral group G = Ih)

3 

B7 [symmetry C5v]:

(4)

The arbitrary constants involved in the description of
different invariant vectors are not connected with each
other. As all invariant vectors listed in Eq. (4) are one-
parametric (their arbitrary constants are denoted by the
same symbol a only for clarity), it is clear that bush B7
depends on four arbitrary constants (one constant for
each of the four representations). The structure of bush
B7 [see Eq. (4)] shows that there are only four contribu-
tions Dj to the corresponding dynamical regime X(t).

3 Since some elements of the matrices of multidimensional irreduc-
ible representations of the group G = Ih are irrational numbers,
we keep only three digits after the decimal point when we write
the invariant vectors.

Γ j ↓ GD( )c j c j.=

Ag a( ) Ih Hg a 0.577a 0 0.516a 0.258a–,, ,,( ) D5d,–,–

F1u 0 0 a, ,( ) C5v– F2u a 0.258a 0.197a,,( ) C5v .–,
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We denote them4 as D[Ag], D[Hg], D[F1u], and D[F2u].
The invariant vectors listed in Eq. (4) permit us to write
an explicit form of the dynamical regime X(t) corre-
sponding to bush B7 by replacing the arbitrary con-
stants with four functions of time µ(t), ν(t), γ(t), and
ξ(t):

(5)

Equation (5) is a consequence of the relation
between the group G and its subgroup GD only, and now
we should take into account the specific structure of our
physical system to find an explicit form of the basis

vectors  of the representations entering into Eq. (5).
These basis vectors can be obtained using conventional
group-theoretical methods, for example, using the pro-
jection operation method. The basis vectors of the irre-
ducible representations determine the specific patterns
of the displacements of all 60 atoms of the C60 fullerene
structure.

It is important to note that each of the representa-
tions Ag, Hg, F1u, and F2u is contained several times in
the vibrational representation of the C60 fullerene,
namely, 2, 8, 4, and 5 times, respectively. (These num-
bers are equal to the numbers of fundamental frequen-
cies of the normal modes associated with these repre-
sentations.) As a consequence, we must treat the time-
dependent coefficients in Eq. (5) as vectors of the
appropriate dimensions. Because of this, we ascribe a
new index (k) to the basis vectors, which indicates the
number of times (mj) the representation Γj enters into
the vibrational representation. Each contribution Dj

splits into mj copies Djk, where k = 1, 2, …, mj and,
therefore,

(6)

For the case of bush B7, we have D[Ag] = D1[Ag] +
D2[Ag], D[F1u] = D1[F1u] + D2[F1u] + D3[F1u] + D4[F1u],
etc.

Bush B7 in the C60 fullerene structure forms a
19-dimensional dynamical object; its evolution is
described by the dynamical variables listed below as
components of the four vectorial variables m(t), n(t),
g(t), and x(t): µ(t) = [µ1(t), µ2(t)], n(t) = [ν1(t), …,
ν8(t)], g(t) = [γ1(t), …, γ4(t)], x(t) = [ξ1(t), …, ξ5(t)].

Thus, although only four of the ten representations
contribute to bush B7, its dimension is equal to 19,

4 Hereafter, we write the symbol j of the irreducible representation
Γj generating the contribution Dj in square brackets next to sym-
bol D .

X t( ) D Ag[ ] D Hg[ ] D F1u[ ] D F2u[ ]+ + +=

=  µ t( )j Ag[ ] ν t( ) j1 Hg[ ] 0.577j2 Hg[ ]+{+

+ 0.516j4 Hg[ ] 0.258j5 Hg[ ]– } γ t( )j3 F1u[ ]+

+ ξ t( ) j1 F2u[ ] 0.258j2 F2u[ ] 0.197j3 F2u[ ]+ +{ } .

ji
j( )

X t( ) D j

j

∑ D jk

k 1=

m j

∑ 
 
 

.
j

∑= =
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because several copies of each of these four representa-
tions are contained in the full vibrational representation
of the C60 fullerene. We cannot predict the specific evo-
lution of the amplitudes of the bush modes without spe-
cific information on the nonlinear interactions in the
physical system at hand, but we can assert that there is
a nonlinear regime which involves only the modes
belonging to a given bush.

3. OPTICAL BUSHES
FOR THE C60 FULLERENE

As already noted, there are 22 bushes of vibrational
modes for the C60 fullerene structure. Five of them are
infrared active and six are Raman active. These bushes
will be termed optical. The root modes of the optical
bushes belong to the infrared-active representation F1u

or to the Raman-active representations Ag and Hg. We
want to emphasize that some modes associated with
representations that are not active in optics can be con-
tained in a given optical bush.

All optical bushes with their symmetry groups (in
square brackets), as well as the numbers of the irreduc-
ible representations contributing to them and their
dimensions (in parentheses), are listed below.

Infrared active bushes:

B7[C5v](4, 19); B11[C3v](6, 31); B15[C2v](7, 46);

B19[Cs](9, 89); B22[C1](10, 174).

Raman-active bushes:

B1[Ih](1, 2); B4[D5d](2, 10); B5[D3d](3, 16);

B10[D2h](3, 24); B16[C2h](5, 45); B20[Ci](5, 87).

Supposing the nonlinearity of the system at hand to
be weak,5 we can estimate the relative values of the
contributions from different irreducible representations
to a given bush. For example, for infrared-active bush
B7, discussed above, we have

Here, ε is an appropriate small parameter characteriz-
ing the magnitude of the root mode.

Thus, in the case of weak nonlinearity, the contribu-
tions of different representations can be of essentially
different values. This property seems to be important
for interpretation of the vibrational spectra of bushes of
modes.

5 According to the results obtained in [3], this hypothesis is valid
for C60 fullerene vibrations.

D F1u[ ] root( ) O ε( ),=

D F1u[ ] secondary( ) O ε3( ),=

D F2u[ ] O ε3( ), D Ag[ ] O ε2( ), D Hg[ ] O ε2( ).= = =
2
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4. CONCLUSIONS
In the present paper, we considered a new type of

possible nonlinear excitations—bushes of normal
modes—in vibrational spectra of fullerenes and fuller-
ites using, as an example, the C60 buckyball structure.
We believe that special experiments for revealing the
bushes of vibrational modes in their pure form will
prove important for further elucidation of the role of
these fundamental dynamical objects in various phe-
nomena in fullerenes and fullerites. It seems that such
experiments may be similar to those reported in [3].
However, unlike these experiments, monochromatic
incident light with a frequency close to that of the root
mode and with polarization along the symmetry axis of
the bush chosen must be used.

First-principles calculations are desirable in obtain-
ing the coefficients of the anharmonic terms in the C60
fullerene for a more detailed description of the bush
dynamics to be made.

The concept of bushes of normal modes and the
appropriate mathematical methods for their analysis are
valid for both molecular and crystal structures. Such a
possibility can simplify the assignment of the different
PH
optical lines in fullerites brought about by both internal
and external vibrations in the C60 molecular clusters.

It will be of interest to study interactions between
bushes of vibrational modes and electron subsystems in
fullerenes and fullerites. 
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and vibrational properties of the C60, C60F24, C60Cl24, C60Br24 molecules. © 2002 MAIK “Nauka/Interperiod-
ica”.
Recently, the properties of doped fullerenes have
attracted considerable interest [1, 2]. Studies of the
C60Xn halofullerenes (X = F, Cl, Br) have revealed that
halogen atoms change the character of chemical bond-
ing in the carbon cage and noticeably affect the optical
spectra of these compounds [3–8]. This work used
ab initio cluster calculations to study the equilibrium
geometry, electronic structure, and the nature of the
chemical bonding, as well as the vibrational spectra, of
1063-7834/02/4403- $22.00 © 20585
the C60, C60F24, C60Cl24, and C60Br24 molecules. The
geometry was optimized assuming that the halogen
atoms occupied positions 1 and 4 on the fullerene sur-
face [4]. This structure is realized for C60Br24 [4]; how-
ever, for C60F24 and C60Cl24, the structure with positions
1 and 2 occupied is apparently preferable [8]. Based on
the results of [4, 9], we chose the Th point group for all
molecules. The calculations were carried out using the
Table 1.  Mulliken atomic charges and distances from atoms to the fullerene center

Compound Atom Mulliken charge R0, Å

C1 –0.000017
C60 C2 0.000016 3.52 (Expt: 3.5)

C3 0.000009

C60F24

F –0.329 5.145
C1 0.240 3.766
C2 0.082 3.574
C3 0.048 3.406

C60Cl24

Cl 0.160 5.597
C1 –0.555 3.740
C2 0.262 3.551
C3 0.265 3.435

C60Br24

Br 0.221 5.722
C1 –0.623 3.745
C2 0.263 3.537
C3 0.271 3.433

Note: Atoms C1 occupy the C1 and C4 positions, atoms C2 are in the C5 and C6 positions, and atoms C3 are in the C2 and C3 positions
following the notation in [4]. R0 is the distance from the atom to the fullerene center.
002 MAIK “Nauka/Interperiodica”
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PC GAMESS version [10] of the GAMESS (US) QC
quantum-chemical code package [11], with a 3–21 G
basis set employed in the restricted Hartree–Fock
(RHF) formalism.

Tables 1 and 2 present the parameters of the equilib-
rium structure, as well as the Mulliken atomic charges
and bond orders. The quantum-chemical determination
of the bond order is given in [12]. As seen from Table 1,
the fluorine atoms in C60F24 are negatively charged, in
accordance with Pauling’s electronegativity rule,
whereas in C60Cl24 and C60Br24, the halogens are posi-
tive and the C1 carbon atoms act as anions, in contrast
to Pauling’s rule. As follows from our calculations
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Fig. 1. Vibrational IR spectrum of the C60X24 molecules:
(a–c) calculations (this work) and (d) experiment [4].
(a) C60F24, (b) C60Cl24, and (c, d) C60Br24.
PH
(Table 2), the pattern of chemical bonding in the carbon
cage of the C60X24 molecules differs substantially from
that for the pure fullerene molecule C60; this is in full
agreement with the experimental data [4] available for
C60Br24. Moreover, it was found that the character of
single and double bonds in the carbon cage changes
strongly as one crosses over from the pure fullerene C60
to the halofullerenes C60X24; indeed, the bond order for
single bonds decreases and that for double bonds grows
simultaneously with the decrease in the double-bond
length. This means that double bonds in C60X24 become
considerably stronger and more localized than is the
case with the pure fullerene. These results are in quali-
tative agreement with quantum-chemical calculations
[13]. To test the validity of our method, we calculated
the vibrational spectrum of the pure fullerene C60. The
frequencies and intensities of the four IR-active modes
of symmetry T1u (575, 610, 1242, 1549 cm–1 and 1.01,
0.14, 0.29, 0.36 D2/Å2 amu, respectively) obtained by
us are in satisfactory agreement with the results of ab
initio DFPT calculations [8] and experimental values
[14]. Figure 1 displays IR spectra of C60F24, C60Cl24,
and C60Br24. A comparison of Figs. 1c and 1d shows
that the calculated IR spectrum of C60Br24 satisfactorily
reproduces the structure of the corresponding experi-
mental IR spectrum [4].

The most interesting features of the calculated spec-
tra are the following:

(1) The spectra of C60Cl24 and C60Br24 are similar
but differ from the C60F24 spectrum at frequencies
below 1500 cm–1.

(2) The spectra of all C60X24 molecules have a gap in
the 1500- to 1800-cm–1 frequency interval.

(3) At high frequencies, 1800–2000 cm–1, the spec-
tra of all C60X24 molecules derive from double-bond
vibrations (involving only the C2 and C3 atoms). There
are eight vibrational modes in this region altogether
(neglecting degeneracy), including three IR-active
modes. This is in accord with a group-theoretical anal-
ysis and the experimental data available on C60Br24 [4].

(4) All vibrational modes of C60F24 above 1400 cm–1,
those of C60Cl24 above 700 cm–1, and those of C60Br24

above 450 cm–1 involve, to a high accuracy, only carbon
atoms (the halogens do not participate in these vibra-
tions).

(5) All vibrational modes of C60Cl24 below 140 cm–1

and those of C60Br24 below 100 cm–1 involve only halo-
gen atoms.

(6) All stretching and other mixed halogen–carbon
modes lie in the frequency regions 140–700 cm–1 for
C60Cl24 and 100–450 cm–1 for C60Br24.

Note that the calculated frequencies exceed the fre-
quencies of the experimental spectrum by about 10%.
One interesting result of our analysis consists in that the
YSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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Table 2.  Bond lengths and bond orders in the fullerene and halofullerene molecules

Compound Bond Bond length, Å Bond order

C60

C1–C2, 3 1.45 (Expt: 1.44 [2]) 1.13

C3–C3

C2=C2 1.37 (Expt: 1.39 [2]) 1.48

C1=C3

C60F24

C1–Cn 1.531–2, 1.521–3, 1.501–3 0.851–2, 0.821–3, 0.811–3

Cn=Cn 1.312–2, 1.313–3 1.892–2, 1.833–3

C1–F 1.385 0.96

C60Cl24

C1–Cn 1.511–2, 1.511–3, 1.491–3 0.871–2, 0.861–3, 0.851–3

Cn=Cn 1.312–2, 1.323–3 1.922–2, 1.843–3

C1–Cl 1.86 1.05

C60Br24

C1–Cn 1.511–2, 1.511–3, 1.491–3 (Expt: 1.50 [4]) 0.871–2, 0.861–3, 0.861–3

Cn=Cn 1.312–2, 1.323–3 (Expt: 1.34 [4]) 1.922–2, 1.843–3

C1–Br 1.98 (Expt: 1.99 [4]) 1.02
group of seven strongest IR-active modes observed in
C60Br24 in the 550–1250 cm–1 region is associated with
the carbon cage vibrations. Thus, the three IR-active T1u

modes, which, in terms of symmetry, originate from the
bromine–carbon bond stretching vibration [4, 6],
should lie in the 100- to 400-cm–1 region.
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Abstract—An analysis of the global and local aromaticity was made for a series of hydrogenated fullerenes of
the type C60H2n (n = 1–6) at the ab initio HF(Hartree–Fock)/3-21G level of theory, the isomers considered being
obtained with an octahedral addition pattern. The relation between this addition pattern and the magnetic prop-
erties was established, showing low aromatic regions to be preferred for addition. These results show that local
aromaticity, as shown in the nucleus-independent chemical shift, can be used to predict addition sites in these
systems. © 2002 MAIK “Nauka/Interperiodica”.
1 In many chemical reactions, fullerenes behave as
electron-deficient alkenes [1–3]. In terms of its chemi-
cal properties, no global aromaticity is expected for C60
and computed magnetic properties of closed-shell
fullerenes show an overall diamagnetic behavior with
significant variations in the local ring currents [4–10].

After computational studies of the chemical reactiv-
ity of hydrofullerenes and substituted hydrofullerenes
of the type C60Hn [11], C60HR [12], and C70HR [13]
were performed, the delocalization that occurred upon
deprotonation of these systems was analyzed [13, 14].
With C60H2 and C60Ht-Bu already being proven to
belong to the most acidic hydrocarbons [15, 16], further
modeling of the chemical behavior can be achieved
upon modification of the functional group R and serve
as a starting material for further synthesis [17].

Based on the expansion of C60 upon its three rota-
tional axes, three distinct series of cylindrical fullerenes
can be constructed. The C5, C3, and C2 axes yield arm-
chair, zigzag, and chiral cylinders (“capped nano-
tubes”) of signatures (5,5), (9,0), and (8,2), respectively
[18]. These series have provided useful test sets for
exploration of the electronic structure [19–21] and elas-
tic properties [22]. Global and local aromaticities were
also recently described for these series [23]. The local
aromaticity of a ring is described by its ability to sup-
port diamagnetic ring (i.e., diatropic) currents, which
can be described by the nucleus-independent chemical
shift (NICS) [24]. A more generally applicable model
for local aromaticity, the so-called Pentagon-Proximity
Model, could be derived, where the positioning of the
pentagons in the system is seen to influence the whole
pattern of local aromaticity for each system, as shown
in ab initio NICS calculations. The overall magnetic
structure can be understood in terms of a mechanical

1 This article submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20588
assembly of the counter-rotating rim and hub currents
characteristic of circulene systems such as coronene
and corannulene [25].

In this work, we analyze the global and local aroma-
ticity upon multiple octahedral addition of hydrogen to
C60 in the series C60H2n (n = 1–6). The relation between
the local aromaticity, as denoted by NICS, and the addi-
tion pattern is highlighted.

After describing the computational details in Sec-
tion 2, the results are detailed in Section 3 for the global
(Subsection 3.1) and local aromaticities (Subsection 3.2)
and the relation with the addition pattern is discussed
(Subsection 3.3). Conclusions are drawn and perspec-
tives for further investigations are discussed in Section 4.

1. COMPUTATIONAL DETAILS

Structures were fully optimized at the AM1 (Austin
Model 1) semiempirical level [26] using the MNDO
(Modified Neglect of Differential Overlap) program
[27] as a part of the graphical user interface UNICHEM
[28].

Global aromaticities were analyzed by considering
HOMO–LUMO gaps and molecular magnetizabilities.
To investigate local aromaticities, NICS were calcu-
lated at all geometrical ring centers [24].

All property calculations were performed at the
ab initio HF/3-21G level using GAUSSIAN98 [29].
The NICS values for all rings were computed at sym-
metry-distinct ring centers using the GIAO (gauge-
independent atomic orbital) method (for a review of the
different methods for analyzing magnetic properties,
see [30] and the references therein), and magnetizabili-
ties were evaluated at the same level using the CSGT
(continuous set of gauge transformation) methodology
[30].
002 MAIK “Nauka/Interperiodica”
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2. RESULTS AND DISCUSSION

2.1. Global Aromaticity

All the systems studied in this work are a part of the
C60H2n (n = 1–6) series that considers octahedral-addi-
tion patterns. They are listed in Table 1 together with
their symmetries and numbering [31]. All systems are
constructed from the addition of one or more of the six
octahedrally positioned hexagon–hexagon edges, each
being part of a distinct pyracyclenic unit. The calcu-
lated energies are also given in Table 1, with isomers
listed in order of increasing energy, and found to be
consistent with previous semiempirical calculations
[32]. As different isomers can be formed from the pre-
vious series member, the following relations exist
between isomers: starting from 1,2-C60H2, two distinct
isomers for C60H4 (systems (3), (4)) can be formed.
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
Further addition to the former can yield all three
C60H6 isomers, but the latter can only give (6) and (7).
Finally, the first C60H6 isomer (5) can only form (8),
whereas the others can each form both C60H8 isomers,
which, in turn, yield unique isomers for C60H10 and
C60H12 upon further hydrogenation.

The global aromaticity for these systems was
described in terms of the HOMO–LUMO gap, the
kinetic stability T [33], and molecular magnetizabili-
ties, as given in Table 2. As the HOMO–LUMO gap ∆
is an estimate of the chemical hardness [34] and the lat-
ter property has been proposed as a measure of the glo-
bal aromaticity [34–38] (for recent reviews on the use
of DFT (density function theory)-based reactivity and
stability descriptors, see [39–41]), we can see from
Table 2 that the trend shown in the energy (Table 1)
coincides with that of the band gap. Indeed, the lower
the energy, the higher the band gap, indicating a higher
Table 1.  Symmetries and numbering [31] for all studied systems, together with their energies (in au), calculated at the ab initio
3-21G level

System Symmetry Numbering Energy

C60 (1) Ih –2259.0405

C60H2 (2) C2v 1, 2 –2260.2050

C60H4 (3) Cs 1, 2; 22, 23 –2261.3770

C60H4 (4) D2h 1, 2; 55, 60 –2261.3758

C60H6 (5) C3 1, 2; 16, 36; 22, 23 –2262.5491

C60H6 (6) C2v 1, 2; 22, 23; 31, 32 –2262.5474

C60H6 (7) C2v 1, 2; 22, 23; 55, 60 –2262.5466

C60H8 (8) Cs 1, 2; 18, 36; 22, 23; 27, 45 –2263.7187

C60H8 (9) D2h 1, 2; 22, 23; 31, 32; 55, 60 –2263.7157

C60H10 (10) C2v 1, 2; 18, 36; 22, 23; 27, 45; 55, 60 –2264.8872

C60H12 (11) Th 1, 2; 18, 36; 22, 23; 27, 45; 31, 32; 55, 60 –2266.0552

Table 2.  HOMO and LUMO energies, band gap ∆ (au), number of conjugated atoms, T value in au, and magnetizabilities in
ppm, calculated at the ab initio 3-21G level

System εHOMO εLUMO ∆ # Conjugated 
atoms T value Magnetizability

C60 (1) –0.3061 –0.0247 0.2814 60 16.9 –342

C60H2 (2) –0.2863 –0.0240 0.2623 58 15.2 –360

C60H4 (3) –0.2786 –0.0138 0.2648 56 14.8 –381

C60H4 (4) –0.2761 –0.0206 0.2555 56 14.3 –362

C60H6 (5) –0.2879 –0.0076 0.2803 54 15.1 –401

C60H6 (6) –0.2680 –0.0020 0.2660 54 14.4 –380

C60H6 (7) –0.2710 –0.0104 0.2606 54 14.1 –376

C60H8 (8) –0.2808 –0.0137 0.2671 52 13.9 –396

C60H8 (9) –0.2600 +0.0010 0.2609 52 13.6 –369

C60H10 (10) –0.2760 –0.0242 0.2518 50 12.6 –385

C60H12 (11) –0.2728 0.0424 0.2304 48 11.1 –369
2
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–7.8 –7.8
–7.7–7.7
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–7.2

–7.7–7.7

–7.8–7.8

–9.4 –9.4

–9.4 –9.4

+1.1

+1.1

+1.1

+1.1

+4.1+4.1

+4.1 +4.1

+5.1+5.1 +0.7+0.7–6.9 –6.9

+3.4

+3.4

–8.6

–9.0 –8.1
–7.7–10.1

––9.0 –8.1

–8.6

–8.6–10.1

–8.4+0.0

–11.1 – 10.1

–11.1 –10.1

–0.5

–0.3
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–3.6

–1.4
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–3.6

–9.5

–1.8 –1.0
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–11.3 –11.5

–3.3

–1.5
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–3.3

–1.7–3.4

–3.4 –1.7
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–8.7 –8.7
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+0.0+0.0

–11.2 –11.2

–11.2 –11.2

–1.7

+0.0

+0.0

–1.7

+0.5+0.5

+0.5 +0.5

–0.2–0.2 –3.2–3.2+0.6 –0.6

+0.7

+0.7

+1.0

–7.5 –7.5
–9.7–9.7

–7.5 –7.5

+1.0

–9.7–9.7

–7.5– 7.5

–9.7 –9.7

–9.7 –9.7

+1.0

+1.0

+1.0

+1.0

+3.2+3.2

+3.2 +3.2

+0.7+0.7 –1.4+0.7–7.5 –7.5

+1.0

+1.0

(7)(6)

(8) (9)

(5)(4)

(3)(2)

(11)(10)

NICS values calculated for various fullerenes in the 3-21G basis in the AM1 geometries (ppm) (numbering, see Table 1). 
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global aromaticity. From these most stable isomers, we
can see a clear increase in the band gap up to C60H6
(system (5)), followed by a decrease with increasing
hydrogenation. The magnetizabilities show exactly the
same trend and also show decreasing global aromaticity
with increasing energy when comparing isomers.

The size dependence of the band gap can be
removed by simple multiplication of ∆ by the number
of conjugated atoms to give the so-called “kinetic sta-
bility” T [33]. This quantity was recently found to cor-
relate with the minimum bond resonance energy (min
BRE) in a fullerene, and both T and min BRE have been
proposed as useful measures for the chemical reactivity
of fullerene systems [33]. The kinetic stability (given in
Table 2 together with the number of conjugated atoms)
shows a general decrease within series and isomers, but
with (5) again as a more aromatic exception.

In the next subsection, local aromaticity is analyzed
in order to gain insight into the possible addition pat-
terns.

2.2. Local Aromaticity

In the figure, modified Schlegel forms are presented
with the NICS calculated for all rings at the geometri-
cal ring centers as an evaluation of the local aromatic-
ity. In comparing these values with the respective val-
ues for C60, significant differences can be seen in the
addition region (the NICS of C60 are +5.1 ppm for the
pentagons and –6.8 ppm for the hexagons). Starting
from the picture of diamagnetic hexagons and para-
magnetic pentagons, the addition of two hydrogens on
a bond to form 1,2-C60H2 makes the four rings of the
pyracyclenic unit become nonaromatic. On the other
hand, four benzenoid rings adjacent to this pyracy-
clenic unit are created. The addition of another pair of
hydrogens can now be expected to occur in such a way
as to reinforce this local magnetic pattern rather than
undo it. As seen from the NICS for C60H4, again four
benzenoid rings are now created around the second
added pair. Two of these are shared with the first addi-
tion in (3), indeed showing higher NICS compared to
(4). The same applies to the possible isomers of C60H6
and C60H8, showing more negative NICS and thus
higher local aromaticity for the isomers with higher
global aromaticity (see Subsection 2.1). Furthermore,
we can see three benzenoid rings, with the highest
NICS value found (–11.6 ppm) being for isomer (5) of
C60H6, which is consistent with the results found for the
global aromaticity (see Table 1).

Upon increasing octahedral addition, a pattern
appears where eight isolated benzenoid rings are cre-
ated, surrounded by nonaromatic pentagons and hexa-
gons at the hydrogenated pyracyclenic units. Such sub-
structures have already been detected in analyzing the
local aromaticity for cylindrical fullerenes [23]
described in terms of recent results for coronene and
corannulene [25].
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2.3. Relation with the Addition Pattern

From a chemical point of view, addition to the C60
cage will occur at the most reactive bond, which is
expected to be situated in the electronically most local-
ized region of the system. In terms of its magnetic prop-
erties, such a region could be expected to show the low-
est local aromaticity or antiaromaticity, which is
marked by higher NICS values for the hexagons and
lower NICS values for the pentagons involved in the
corresponding addition site. From the results of the fig-
ure, it is seen that consecutive octahedral addition,
indeed occurring at the pyracyclenic site with the pen-
tagon with lowest NICS, will yield the isomer with the
highest global aromaticity. Furthermore, in most cases,
this addition site also involves the hexagon with lowest
aromaticity (less negative NICS). In this way, the site
with the lowest local delocalization is indeed found to
yield, upon addition, the stablest isomer, being the
addition product with the highest global aromaticity.

3. CONCLUSIONS

The global and local aromaticities were described
for a number of hydrogenated fullerenes of the type
C60H2n (n = 1–6) obtained by octahedral addition. After
an increase in the global aromatic character upon
increasing hydrogenation, a decrease is noted from
C60H6, considering the stablest isomer of each series
member and its having the highest global aromaticity,
as well as the lowest energy. From the results for the
local aromaticity, as predicted by NICS, calculated at
all geometrical ring centers, significant variations can
be seen for the hydrogenated fullerenes as compared to
C60. Upon higher hydrogenation, a set of benzenoid
rings can be detected, with higher local aromaticities
occurring for the isomers with higher global aromatic-
ity. Furthermore, the additions are seen to occur at the
site with lowest local delocalization, as described by
NICS. Indeed, consecutive octahedral additions occur-
ring at the site comprising the less antiaromatic penta-
gon gives the stablest isomer of the next series member.

From these results, one can conclude that consider-
ation of the local aromaticity, as monitored by NICS,
can contribute to the prediction of multiple addition
sites for substituted closed-shell fullerenes. As NICS
describes the local aromaticity of the system, regions
with smaller aromaticity and thus with smaller delocal-
ization are mapped. Together with considerations of the
aromaticity pattern of the addition product, a clear eval-
uation of the preferential isomer can be made. In our
further investigations, this methodology will be applied
to a broad range of functionalized fullerenes, including
C70 and C76 derivatives, as well as charged fullerenes.
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Abstract—The molecular and electronic structures of a number of C20 fullerene complexes (CpFe–C20–FeCp,
CpFe–C20H10–FeCp, H5C20–Fe–C20H5, C20H5–Fe–H5C20, C20–Fe–C20, Fe@C20, and Cr@C20, where ·Cp is the
·C5H5 cyclopentadienyl radical) are simulated using the density functional theory (DFT) method in the
PBE/3z.bas approximation. © 2002 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Fullerene C20 (molecule 1) is the smallest polyhe-
dral carbon cluster among the fullerenes consisting of
five- and six-membered rings. Quantum-mechanical
calculations demonstrate that fullerene C20 has the most
strained structure. Moreover, according to some theo-
retical predictions [1–3], the C20 carbon cluster should
be a chemically active particle with an unfilled electron
shell. For this reason, it has been assumed that the
dodecahedral C20 fullerene is unlikely to occur as an
individual species. However, quite recently, this
fullerene was chemically produced in a gas phase by
Prinzbach et al. [4]. The initial product was the C20H20

dodecahedron (molecule 2): it is a saturated hydrocar-
bon molecule that was synthesized well before the dis-
covery of fullerenes [5]. Molecule 2 was subjected to
bromination with the formation of the C20HBr13 bro-
mide (compound 3), which, in turn, was transformed
into cluster 1. Owing to the high reactivity, fullerene 1
should readily form compounds of different types,
including exo- and endohedral ηn-type complexes with
metals.

The present paper is concerned with the quantum-
chemical design of the molecular and electronic struc-
tures of these hypothetical systems. We considered the
possible existence of the following derivatives of the
C20 fullerene: CpFe–C20–FeCp (compound 4), CpFe–
H5C20H5–FeCp (compound 5), H5C20–Fe–C20H5 (com-
pound 6), C20H5–Fe–H5C20 (compound 7), C20–Fe–C20

(compound 8), Fe@C20 (compound 9), and Cr@C20

(compound 10), where Cp is the ·C5H5 cyclopentadie-
nyl radical. The calculations were performed in terms
of the density functional theory (DFT) within the
PBE/3z.bas approximation [6] using the PRIRODA
program [7].
1063-7834/02/4403- $22.00 © 20593
2. RESULTS AND DISCUSSION

2.1. Fullerene C20. The calculations demonstrated
that the ground state of the C20 fullerene (molecule 1) is
the singlet state of molecule 1a with a structure of the
D3d symmetry. However, the lower-lying triplet state of
molecule 1b differs energetically from the singlet state
by only 1.8 kcal/mol and, structurally, is also character-
ized by the D3d symmetry. In the former state, the spin
population is predominantly localized on six atoms
(0.24 au per atom) adjacent to the atoms arranged along
the threefold axis. The state with a multiplicity of five
has a structure of the C2h symmetry and exhibits a rela-
tively high energy (48 kcal/mol higher than the ground-
state energy). The calculated energy characteristics of
states 1a and 1b for cluster 1 are listed in the table.

The calculations of the  radical anion and the

 radical cation made it possible to estimate the elec-
tron affinity (2.3 eV) and the ionization potential
(10.0 eV) of molecule 1.

2.2. Exohedral complexes of the h5 type. For com-
plexes 4–8, the local energy minima on the potential
energy surfaces were found from the optimization of
the corresponding energies by the geometric parame-
ters. The structures that correspond to these minima are
shown in Figs. 1a and 1b. The total energies of com-
plexes 4–8 and the energies of the relevant η5 bonds are
presented in the table. The Fe–C (Cpent*) distances in
complexes 4–8 are approximately equal to 2.04 Å and
almost coincide with those in FeCp2 (complex 11). For
complex 11, the calculated Fe–C distance (2.05 Å)
coincides with the experimental value.

It was revealed that the energies of the η5 Fe–C(Cpent*)
bonds in complexes 4–7 are comparable to the energy
of the η5 Fe–Cp bond in the stable molecule 11. The
stabilization of the η5 complexes through the introduc-
tion of additional hydrogen atoms into the α positions

C20
–

C20
+
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Energy characteristics of the C20 fullerene and its complexes (calculations according to the DFT–PBE/3z.bas method)

Molecule, complex Designation m Symmetry –Et/au ZPVE
kcal/mol

Ea(Fe–pent*), 
kcal/mol

Ed(Fe–pent*), 
kcal/mol

C20 1a 1 D3d 760.8795 69.9 – –

C20 1b 3 D3d 760.8761 68.8 – –

η5-CpFe–C20–FeCp 4 1 D5d 3574.7448 173.3 77.5 81.5

η5-CpFe–H5C20H5–FeCp 5 1 D5d 3681.0935 247.0 101.3 102.7

η5-H5C20–Fe–C20H5 6 1 D5h 2791.6737 215.4 91.7 99.6

η5-C20H5–Fe–H5C20 7 1 D5h 2791.5836 213.8 63.5 87.6

η2-C20–Fe–C20 8 3 Ci 2785.3782 138.5 37.0 52.8

η5-Fe@C20 9a 1 C5v 2024.2673 68.2 32.5a) –

η2-Fe@C20 9b 3 C2v 2024.2403 65.7 49.5a) –

η5-Cr@C20 10a 1 C5v 1805.0804 67.9 14.7a) –

η2-Cr@C20 10b 3 C2v 1805.0616 65.9 25.5a) –

FeCp2 11 1 D5h 1650.3022 103.1 97.9b) 135.3

Designations: Et is the total energy, ZPVE is the deviation from the total energy due to the inclusion of zero-point nuclear oscillations in the
calculation, Ea(M–pent*) is the mean energy of the M–pent* bond, Ed(M–pent*) is the energy of homolytic dissociation into two fragments,
and m is the multiplicity.
(a) The energies used in the calculations: E(5Fe) = –1263.4397 au and E(7Cr) = –1044.2243 au.
(b) The experimental value is 76 kcal/mol.
with respect to the coordinated pent* face, which was
proposed earlier for the fullerenes C60, C70, and C40 (see
[8] and references in [3]) and verified experimentally in
[9], leads to a substantial increase in the length of cer-
tain bonds involved in the carbon skeleton and is thus
less efficient in the case under consideration.
PH
2.3. Endohedral complexes. For the Fe@C20 (9)
and Cr@C20 (10) complexes, the local energy minima
for singlet and triplet states were found from the opti-
mization of the corresponding energies by the geomet-
ric parameters. In the case of singlet states, these min-
ima correspond to the η5-type structures in complexes
(a) (b) (c)R2
R2
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H
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Fig. 1. Structures of complexes (a) 4 (R = –) and 5 (R = H); (b) 6 (R1 = –, R2 = H), 7 (R1 = H, R2 = –), and 8 (R1 = R2 = –); (c) C5v—

η5-M@C20 (complex 9) and C2v—η2-M@C20(complex 10). Designations of the complexes are given in the table.
YSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
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9a and 10a of the C5v symmetry (Fig. 1c). For triplet
states (with energies 12–15 kcal/mol higher than those
for the singlet states), the local energy minima corre-
spond to the η2-type structures in complexes 9b and
10b of the C2v symmetry. The M–Cpent* distances are
found to be considerably shorter than those in the com-
plexes FeCp2 (2.05 Å) and CrCp2 (2.15 Å), namely,
1.80 (Fe–Cpent*) and 1.91 Å (Cr–Cpent*) for singlet states
and shorter distances of 1.837 (Fe–C[η5]) and 1.897 Å
(Cr–C[η2]) for triplet states. It should be noted that this
coordination brings about a substantial increase (by
~0.2 Å) in the C–C bond lengths in the pent* five-mem-
bered ring. The lengths of the remaining C–C bonds in
the polyhedral carbon cage also increase. The energies
of dissociation of the M@C20 complexes into the C20
cluster and the M atom in the ground state are given in
the table. These energies are found to be negative but
small in magnitude.
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Abstract—The effect of electronic correlations on the electron-impact induced ionization spectrum of free
fullerene clusters is investigated. The unperturbed valence states of the clusters are described within the Har-
tree–Fock scheme based on a jellium shell model. To account for the many-body response of the cluster to an
external perturbation, we utilize the random-phase approximation with exchange in order to describe the inter-
action of an incoming projectile with the metallic cluster, which leads to nonlocal screening of the interelec-
tronic interaction. Within this model, we evaluate the ionization transition amplitudes numerically and compare
the results with available experimental data for a C60 cluster. We point out that the neglect of the collective
response of the cluster leads to results that are at variance with experimental findings. © 2002 MAIK
“Nauka/Interperiodica”.
1 In this work, we study the single ionization of a
fullerene cluster from its (single-particle) ground state
|ϕ2j〉  upon the impact of an electron with wave vector
k0. In the final channel, two electrons recede from the
residual cluster to emerge with asymptotic momenta k1

and k2. The transition amplitude for such a reaction is
given by

(1)

where E0 is the total kinetic energy of the two electrons
and Π = G0 + G0VΠ is the total Green operator of the
projectile–cluster system with total potential V. The
interaction between the projectile and the knocked-out
electron is designated by V12. Here, we report on a cal-
culation of the first-order term of Eq. (1), as well as of
the next terms due to the electron–hole excitations. In
the presence of an external electron with momentum k0,
the self-consistent cluster potential changes. Taking
into account the polarization of the electronic cloud, we
write the amplitude of the process as the sum of two
terms. The direct term corresponds to the excitation of
the cluster’s electron, labeled by index 2, from the j th

bound state ϕ2j to a continuum state with the asymptotic
momentum k2.

The second correlation term describes a correction
appearing from electron–hole excitations. Thus, in the
random-phase approximation with exchange (RPAE),
the matrix element reads

1  This article was submitted by the authors in English.

T k0 k1 k2 ϕv, , ,( ) E0 k1k2 V12Π ϕ 2 jk0〈 〉 ,=
1063-7834/02/4403- $22.00 © 20596
(2)

where Veff is an effective interelectron interaction; 1/r13
is the bare Coulomb interaction between the impact
electron and intermediate electrons; α, β are the inter-
mediate electron and hole states with energies εα, εβ;
and ε0 and εF are the initial energy of the projectile and
the Fermi energy, respectively. The different terms in
the sum describe electron–hole excitation and deexcita-
tion.

The differential electron-impact ionization cross
section is to be summed over ionization events from all
initial bound states ϕ2j accessible within the energy
conservation; i.e.,

(3)

The quantum states of the fullerene cluster are con-
structed within the Hartree–Fock approximation and
within the spherical jellium model. The potential of

T k1k2 V eff ϕ2 jk0〈 〉∼ k1k2 V12 ϕ2 jk0〈 〉=

+
αk2 V eff ϕ2 jβ〈 〉 β k1〈 | 1

r13
------ k0α| 〉

ε0 εα εβ– iδ–( )–
-----------------------------------------------------------------------






εα εF εβ<≤
∑

–
βk2 V eff ϕ2 jα〈 〉 α k1〈 | 1

r13
------ k0β| 〉

ε0 εα εβ– iδ–( )+
-----------------------------------------------------------------------






,

d2σ
d3k1d3k2

---------------------- 2π( )4

k0
-------------=

× T k0 k1 k2 ϕ2 j, , ,( ) 2δ ε0 ε j
ion k1

2/2 k2
2/2+ +( )–( ).

j

∑
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CORRELATION EFFECTS IN THE (e, 2e) PROCESS ON C60 597
Fig. 1. Integrated electron impact ionization cross section of C60 as a function of the projectile energy: (a) present calculations in
the Thomas–Fermi model (dashed curves) with different values of the inverse screening length and in the random-phase approxi-

mation with exchange (solid curve); dots are the experimental cross section for the production of  ions [4]; (b) the solid line is
a calculation in the plane-wave Born approximation for the jellium-shell model [5], the dashed line is the result of semiempirical

model calculation [6], and dots are the experimental cross section for the production of  ions [4].
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C60, which is a superposition of atomic potentials, is
replaced by a potential of a fullerene shell. The latter is
formed by delocalized valence electrons of carbon
atoms and modeled by a potential well: V(r) = V0 within
the region R – ∆ < r < R + ∆, and V = 0 elsewhere. Here,
R ≈ 6.7a0 is the radius of the fullerene and the thickness
of the shell is 2∆ ≈ 2a0, a0 being the Bohr radius. The
height of the well is chosen such that the experimental
value of the electron affinity of C60 and the number of
valence electrons are correctly reproduced.

Numerical calculation of the Hartree–Fock states is
based on the nonlocal variable phase approach [1–3].
This method allows one to find the eigenfunctions and
eigenvalues through the scattering phase (which is built
for the set of cutoffs of the potentials at different dis-
tances) and through the poles of the scattering ampli-
tude in the complex plane of the wavevector of the par-
ticle. Such a choice of numerical realization of the self-
consistent procedure allows one to accelerate its con-
vergence significantly.

To gain qualitative insight into the effect of screen-
ing on the ionization cross section, we compare our
RPAE calculations with calculations in the following
intuitively transparent approximation: due to the pres-
ence of there being a large number of mobile electrons
on the surface of the fullerene, the interaction of an
incident electron with the cluster electrons is screened.
A simple model to account for this effect is the Tho-
mas–Fermi approach, which yields a local screen elec-
tron–electron interaction described by the one-parame-
ter Yukawa potential V(r12) = exp(–λr12/r12), where λ is
the inverse screening length. The results of our calcula-
tions are presented in Fig. 1a, where the total cross sec-
tion of the process σ(ε0) is plotted as a function of the
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      2002
impact energy. Dashed curves correspond to different
values of the inverse screening length, and the solid
curve is the RPAE result.

Despite their conceptual simplicity, these models of
electronic correlation yield encouraging results. We
compare them with available experimental data [4] and
with the theoretical calculations of [5, 6], where the
bare Coulomb interaction was taken into account and
the (e, 2e) total cross section was calculated in the
plane-wave Born approximation (see Fig. 1b). Compar-
ison with the calculations that neglect the screening
effect shows that the screening results in a flattening of
the total ionization cross section at lower energies. This
effect can be traced back to the fact that, for the
unscreened Coulomb interaction, the main contribution
to the cross section originates from collisions with large
impact parameters, whereas in the case of screening,
there is a cutoff impact parameter beyond which the
contribution of collisions to the cross section dimin-
ishes.
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Abstract—Recently, fullerene structures with symmetrically arranged pairs of pentagonal–heptagonal defects
were proposed to explain the round shape of giant multilayer fullerene cages. Even though those proposed cages
are defective, they belong to the icosahedral point group. Using the Tersoff–Brenner potential, we calculated
the shape of the defective fullerenes. It is found that these fullerenes have a rounder shape than structures with-
out defects. The electronic structure of the fullerenes with defects is also calculated within the Hückel approach.
The electronic structures are closed and the energy gaps between bonding and antibonding orbitals are higher
than those for fullerenes with no defects in almost all cases considered. © 2002 MAIK “Nauka/Interperiodica”.
1 Multilayer fullerene cages (MFC) have been
obtained by intense electron-beam irradiation of carbon
soot particles [1]. It was shown in [2] that these multi-
layer molecules are stabler than single-cage molecules
above a certain critical number of atoms (about
6000 atoms). This stability is a consequence of van der
Waals interactions between different shells. Transmis-
sion electron micrographs of MFC show that these mol-
ecules have an almost perfect round shape, while it is
well known that large isolated fullerene cages have a
polyhedral shape. Fullerene cages prefer a polyhedral
shape, because planar arrangements of carbon atoms,
such as those in graphite sheets, are stabler due to the
fact that covalent bonds are less strained. This strain
comes from the bending of sp2 orbitals. The fullerene
formation is possible due to the energy decrease pro-
duced when removing dangling bonds. It seems that, in
order to keep round shapes, the strain of the lattice must
be reduced.

Some authors have proposed that the addition of
defects to fullerene structures could help in reducing
the strain of covalent bonds [3–5]. In [5], defective
fullerene structures were indicated to belong to the
icosahedral point group, even though they were defec-
tive. Such fullerene structures are obtained after dualiz-
ing solutions to Thomson’s problem (see [5] for
details). Fullerenes with icosahedral symmetry have a
number N of carbon atoms given by the expression N =
60(k2 + hk + h2), where k and h are integers. When h =
k or h > k = 0, the structure belongs to the Ih point group.
On the other hand, when h > k > 0, the structure has
chirality and belongs to the pure rotational point group

1 This article was submitted by the authors in English.
1063-7834/02/4403- $22.00 © 20598
I. Molecules of this kind (whether they have chirality or
not) have 12 five-membered rings, with the rest of the
rings have six carbon atoms each. Henceforth, we name
disclinations to each one of these 12 five-membered
rings. We focus, in this work, on fullerenes with h = k;
thus, the number N of carbon atoms is equal to N =
60k2. These structures can be divided into 60 equivalent
triangular patches of k2 carbon atoms. Patches are
formed by k zigzag lines. Disclinations are surrounded
by five of these triangular patches. Each zigzag line has
2i – 1 carbon atoms, where i is the ordinal number of
the zigzag line.

1. DEFECTS IN FULLERENES

Basically, defects are bound pairs of seven- and five-
membered rings. The defects can be symmetrically
arranged around each disclination (one defect per trian-
gular patch), with five defects being around each discli-
nation and at the same distance. We say that we put
defects on the ith line if this line is the first which does
not have 2i – 1 carbon atoms as in defect-free
fullerenes. We study defects on the second and third
lines. The structures obtained for the former case
belong to the pure rotational point group I, while in the
latter case, the structures belong to the point group Ih.

2. THE ELECTRONIC STRUCTURE

To calculate the electronic structure of fullerenes,
we use the Hückel approximation with the improve-
ment developed by Tang and Huang [6]. This method
allows calculation of the electronic structure of giant
fullerenes with I symmetry to be made at a low cost of
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computer time and resources. It consists of solving five
secular equations, one for each irreducible representa-
tion of the I point group (A, T1, T2, G, H).

We found that fullerenes with defects either on the
second line or on the third line have closed electronic
shells, i.e., shells with an equal number of bonding and
antibonding orbitals and without any nonbonding
orbital. The difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is larger for fullerenes with
defects than for defect-free fullerenes for a sufficiently
large number of carbon atoms. In Fig. 1a, this energy
difference, HOMO–LUMO, is shown versus the num-
ber of carbon atoms for defect-free fullerenes (solid cir-
cles), for fullerenes with defects on the second line
(solid squares), and for fullerenes with defects on the
third line (empty diamonds). Some authors take this
energy gap as a measure of chemical stability. Using
this criteria, defective fullerenes seem to be stabler than
defect-free fullerenes for a sufficiently large number of
carbon atoms.

3. GEOMETRY OF FULLERENES
WITH DEFECTS

To carry out a numerical study of the shapes of
fullerene structures, we use the Tersoff–Brenner poten-
tial [7, 8]. This potential allows one to numerically cal-
culate the energies of covalent bonds of carbon com-
pounds. We minimize the Tersoff–Brenner energy using
a conjugated gradient algorithm to obtain stable shapes
for each structure. The energy landscape of this potential
has many metastable minima. For this reason, we also
use a simulated annealing-like method to improve the
search for the lowest minimum for each case.

Pictures of the fullerene structures obtained after
energy minimization show that defective fullerenes
have a more spherical shape than defect-free fullerenes.
The latter adopt a perfect polyhedral shape, as many
other authors have already calculated. We found that
the standard deviation (SD) of the radii is smaller for
fullerenes with defects than for isolated defect-free
fullerenes. Figure 1b shows the standard deviation of
the radii as a function of the number of carbon atoms
for defect-free fullerenes (solid circles), for fullerenes
with defects on the second line (solid squares), and for
fullerenes with defects on the third line (empty dia-
monds). In the figure, we can check that the type of
defective fullerene with a rounder shape (lower SD)
depends on the number N of carbon atoms; it is
expected that as this number grows, new arrangements
of defects could appear.

Thus, our numerical results indicate that the defec-
tiveness of fullerenes could explain why multilayer
fullerene cages exhibit an almost perfect spherical
PHYSICS OF THE SOLID STATE      Vol. 44      No. 3      200
shape while isolated fullerenes have flat faces. We
found that the electronic structures of defective
fullerenes are closed for the cases considered and that
the HOMO–LUMO gap is larger for defective
fullerenes than for defect-free fullerenes for a suffi-
ciently large number of carbon atoms. We also found
that the standard deviation of the radii is lower for
defective fullerenes, indicating that they are rounder
than in the defect-free case.
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Fig. 1. (a) Energy gap, HOMO–LUMO, and (b) the stan-
dard deviation of the radii as a function of the number of
carbon atoms. Solid circles correspond to defect-free
fullerenes; solid squares, to fullerenes with defects on the
second line; and empty diamonds, to fullerenes with defects
on the third line.
2


	399_1.pdf
	405_1.pdf
	410_1.pdf
	413_1.pdf
	419_1.pdf
	424_1.pdf
	427_1.pdf
	429_1.pdf
	432_1.pdf
	434_1.pdf
	437_1.pdf
	441_1.pdf
	444_1.pdf
	447_1.pdf
	450_1.pdf
	454_1.pdf
	459_1.pdf
	461_1.pdf
	463_1.pdf
	467_1.pdf
	470_1.pdf
	473_1.pdf
	475_1.pdf
	478_1.pdf
	480_1.pdf
	482_1.pdf
	485_1.pdf
	487_1.pdf
	490_1.pdf
	493_1.pdf
	497_1.pdf
	500_1.pdf
	503_1.pdf
	506_1.pdf
	509_1.pdf
	511_1.pdf
	515_1.pdf
	518_1.pdf
	521_1.pdf
	525_1.pdf
	527_1.pdf
	529_1.pdf
	531_1.pdf
	534_1.pdf
	536_1.pdf
	539_1.pdf
	542_1.pdf
	545_1.pdf
	548_1.pdf
	551_1.pdf
	554_1.pdf
	557_1.pdf
	560_1.pdf
	563_1.pdf
	567_1.pdf
	569_1.pdf
	572_1.pdf
	574_1.pdf
	576_1.pdf
	578_1.pdf
	581_1.pdf
	585_1.pdf
	588_1.pdf
	593_1.pdf
	596_1.pdf
	598_1.pdf

