
Abstract. Phenomena and processes related to the behavior of
fullerenes in solutions are reviewed. Data on the solubility of
C60 and C70 fullerenes in a large number of solvents at various
temperatures are presented as well as on diffusion coefficient of
fullerenes in solutions. The relation between the factors control-
ling the behavior of dissolved fullerenes and the clustering
tendency they show is analyzed. This tendency, which sets full-
erenes apart from other large molecules, underlies many aspects
of fullerene behavior in solutions, such as the recently discov-
ered nonmonotone temperature dependence of fullerene solubi-
lity in various solvents, the nonlinear concentration dependence
of nonlinear optical susceptibility, the sharp dependence of the
color of a fullerene solution on the solution composition (the
solvatochromatic effect), the concentration dependence of the
heat of solution of fullerenes in organic solvents, etc. Growth
mechanisms of fractal clusters in fullerene solutions are ana-
lyzed along with similarity laws determining the thermody-
namic characteristics of fullerite crystals.

1. Introduction

One of the most rapidly developing directions of contempor-
ary chemical physics is associated with the discovery and

study of fullerenes, which represent a novel allotrope of
carbon [1 ± 6]. Carbon atoms in fullerene molecules are
located at the vertices of regular hexagons and pentagons,
which cover in a regular manner the surface of a sphere or
spheroid. The most spread and elaborated of molecules
belonging to the fullerene family is C60, whose structure is a
regular truncated icosahedron. The surface of this molecule is
constructed from twenty regular hexagons and twelve regular
pentagons so that each pentagon is adjacent only to
hexagons, whereas each hexagon is adjacent to three
pentagons and three hexagons alternately. The fullerene
family also includes along with C60 the molecules C70, C76,
C78, C84, etc., distinguished by a lower symmetry and larger
number of hexagons on the surface. Thus, the fullerenes form
a unique class of molecules having a closed two-dimensional
structure.

The interest in studying fullerenes rose considerably after
the development of the technology for their synthesis in
macroscopic (gram) quantities [2, 3]. This interest has two
main reasons. Firstly, fullerenes as a new object of chemical
physics are characterized by unusual properties, which are
displayed in various conditions. Between these properties
should be mentioned primarily the geometry of the molecule
itself, the peculiar crystal structure of solid fullerenes which
can be drastically changed as a result of relatively small
variations in the temperature and pressure, as well as their
extraordinary behavior in solutions and chemical processes.
Secondly, the fullerenes are of considerable interest for
applications as a novel material having wide prospects for
scientific and technological purposes. Noteworthy are a new
class of superhard materials produced recently on the base of
fullerenes; superconducting compounds of fullerenes with
alkali and alkali-earth metals; thin films and fullerene
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solutions, having nonlinear optical properties; various full-
erene-based compounds and polymers, having unique physi-
cal, chemical and mechanical characteristics. A detailed
review of the present state of the art of research and
development in the field of fullerenes can be found particu-
larly in Refs [5, 6].

The interest in studying the behavior of fullerenes in
solutions is twofold. It has both basic and applied aspects.
The basic interest in this problem is mainly motivated by the
fact that the fullerene is the only one of the three presently
known allotropic form of carbon (graphite, diamond, full-
erenes) which exhibits a marked solubility in organic solvents
of a wide class. Such a peculiarity is due to the extraordinary
structure of fullerenes, which as distinct from other carbon
modifications has no sharp ridges and dangling bonds
characterized by an enhanced chemical reactivity. This
determines the relatively weak interaction of fullerene
molecules inside a crystal with one another and, in turn,
promotes the dissolution of fullerene molecules in organic
solvents whose molecular structure contains aromatic six-
membered carbon rings similar in form to elements of the
surface structure of fullerenes.

The exotic structure of fullerenes also determines their
extraordinary behavior in solutions. Since the specific surface
energies of interaction of fullerene molecules with one
another and with solvent molecules are close in magnitude,
fullerenes in solutions display a trend to the formation of
aggregates or clusters consisting of a number of molecules. In
a quite highly concentrated solution in the state of thermo-
dynamic equilibrium, the overwhelmingmajority of dissolved
substance is in the cluster form. To the best of the author's
knowledge, this is the only example of a situation, when
essentially the whole of substance is in `cluster' state. The
situation, when the portion of substance involved in clusters is
relatively low, seems as more typical. Thus, the study of the
behavior of fullerenes in solutions not only provides new
information on fullerene properties, but also extends our
notions about macroscopic characteristics of a substance
consisting mainly of clusters.

Extraordinary physical and chemical peculiarities in the
behavior of fullerenes in solutions are related on the one hand
to their exotic structure and on the other hand to the
possibility of cluster formation. This makes fullerene solu-
tions an interesting object of chemical physics, possessing
unusual thermodynamic, kinetic, optical and other proper-
ties. Among these unusual properties should be mentioned
the recently discovered nonmonotone temperature depen-
dence of solubility of fullerenes in some solvents [7] as well
as the nonlinear concentration dependence of the third-order
nonlinear optical susceptibility [8]. Of considerable scientific
interest is the observed recently solvatochromatic effect [9,
10], which is exhibited in a sharp alteration in the spectrum of
the optical absorption of C70, dissolved in a mixture of
organic solvents, as a result of a slight change in the solvent
content. These and some other peculiarities in the behavior of
fullerenes in solutions are attributable to the phenomenon
recently predicted theoretically [11, 12] and revealed in
experiments [13 ± 15] of the formation of clusters (consisting
of a number of fullerene molecules) in a solution. A
thermodynamic approach to the description of this phenom-
enon based on a droplet model of a cluster [11, 12, 16] enables
one to uniquely describe numerous peculiarities in the
behavior of fullerenes in solutions and on this basis to predict
new effects such as the concentration and temperature

dependences of the diffusion and thermal diffusion coeffi-
cients of fullerenes in solutions as well as the concentration
dependence of the heat of solution of fullerenes.

Another reason for an enhanced interest in the study of
the behavior of fullerenes in solutions lays in the existing
methods for production and purification of fullerenes in
macroscopic quantities, which are based on the use of
solvents [2, 3]. As a result of intense thermal action on a
crystal graphite surface a soot is formed, containing up to
20% fullerenes. The most convenient method for thermal
action is based on the use of an arc discharge between graphite
electrodes in an atmosphere of a buffer gas which is usually
helium.

The fullerenes are separated from the soot due to their
capacity, unlike other components of soot, to dissolve quite
well in organic and some other solvents (toluene, benzene,
xylene, CS2, etc.). Themost generally employed technology of
further separation of fullerenes of different sorts and their
subsequent purification is based on the concept of liquid
chromatography [3, 17]. A fullerene solution is passed under
pressure through a sorbent whose sorption properties are
characterized by marked differences with respect to fullerene
molecules of different sizes. Fullerene molecules are sorbed
on the surface of a porous sorbent such as carbon black, silica
gel, or alumina. The subsequent flow of a pure solvent
through the sorbent filled with fullerene molecules results in
washing out these molecules. In view of the differences in the
sorption capacity of the sorbent with respect to fullerene
molecules, the washing out of fullerene molecules of different
types occurs successively, so that at each moment of time
fullerene molecules of a certainmass predominate in the given
unit volume of solvent. The efficiency of the above-described
technology of separation and purification of fullerenes
depends both on the sorbent properties and on features in
behavior of fullerene molecules in the solvent.

Another generally employed method for separation and
purification of fullerenes is based on the phenomenon of
fullerene crystallization in solutions [18, 19]. The evaporation
of solvent from a solution containing fullerenes of different
sorts with drastically different concentrations causes the
crystallization of fullerenes of the sort whose concentration
is maximum and close to saturation. This provides the
production of crystals involving predominantly the fullerene
molecules of a certain sort.

Obviously, in order to fully realize all of the capabilities of
the above-described methods of preparation, separation, and
purification of fullerenes, one needs both a profound under-
standing of the peculiarities of their behavior in solutions and
the knowledge of important parameters such as the solubility,
diffusion and thermal diffusion coefficients, etc., which
determine this behavior. The results of measuring the above-
identified parameters are given in this review.

In this article a wide class of phenomena accompanying
the behavior of fullerenes in solutions is reviewed from a
unique point of view, taking into account the tendency of
fullerenes to cluster formation in solutions. The available
experimental data are given concerning the solubility of
fullerenes C60 and C70 in a variety of solvents at various
temperatures as well as the diffusion coefficient of fullerenes
in solutions. Experiments revealing extraordinary peculiari-
ties in the behavior of fullerenes in solutions are analyzed.
Those peculiarities are considered on the basis of a droplet
model of cluster, in which frames it is performed a consistent
thermodynamic description of the behavior of fullerenes in
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solutions. This provides a quantitative examination for
observed unusual thermodynamic and optical characteristics
of fullerene solutions and the prediction of new effects in the
solutions of fullerenes in organic solvents such as concentra-
tion and temperature dependences for diffusion and thermal
diffusion coefficients, as well as concentration dependence for
the heat of solution. Based on modern approaches to the
description of mechanisms of fractal cluster growth, the
recently performed experiments concerning the kinetics of
fractal cluster formation in fullerene solutions are considered.
Similarity laws determining the thermodynamic properties of
fullerite crystals which are characterized by the close-packed,
face-centered cubic structure and short-range intermolecular
interaction are analyzed. In this review, the data contained in
the recent review article of one of the authors are partly used
[20].

2. Solubility of fullerenes

2.1 Experimental data
As already mentioned in the Introduction, the possibility of
effective extraction of fullerenes from fullerene-containing
soot formed as a result of thermal sputtering of graphite is due
to the relatively high (as compared with other components of
soot) solubility of fullerenes in numerous organic solvents.
The most efficient method of separation of fullerenes is based
on the differences in the solubility of different fullerenes in a
number of solvents, as well as on the differences in the
effectiveness of their washing out from sorbents with the aid
of a solvent. Due to those differences, the extraction of
various fullerenes from sorbents using solvent is character-
ized by varied effectiveness. Therewith, at a proper choice of a
sorbent ± solvent pair the time delay in the extraction of
different kinds of fullerene molecules can reach tens of
minutes. The principles underlying the most efficient meth-
ods of separation and purification of fullerenes are analogous
to those which lie at the basis of liquid chromatography.

Tables 1 ± 3 give the results of measurements of the
solubility of fullerenes at room temperature in a number of
solvents. (Many of these data are summarized in the review
article [21]). As seen from the tabular data, the solubility of
fullerenes of different sorts (C60 and C70) are of the same

Table 1. Solubility of fullerene C60 at room temperature.

Solvent Solubility, mg mlÿ1

Nonaromatic hydrocarbons:

Noncyclic:

n-pentane

n-hexane

octane

isooctane

n-decane

dodecane

tetradecane

Cyclic:

cyclopentane

cyclohexane

decalin (3:7 cis and transmixture)

cis-decalin

trans-decalin

1, 5, 9-cyclododecatrien

0.005 [22]; 0.004 (303 K) [23]
0.043 [22]; 0.040 (303 K) [23];
0.052 [7]
0.025 (303 K) [23]
0.026 (303 K) [23]
0.071 [22]; 0.070 (303 K) [23]
0.091 (303 K) [23]
0.126 (303 K) [23]

0.002 [23]
0.036 [22]; 0.035 [24];
0.051 (303 K) [23]
4.60 [22]
2.20 [22]
1.30 [22]
7.14 [25]

Table 1 (Continued)

Solvent Solubility, mg mlÿ1

Cyclic derivatives:
cyclopentyl bromide
cyclohexyl chloride
cyclohexyl bromide
cyclohexyl iodide
(+ÿ)-trans-
1, 2-dibromocyclohexane

cyclohexane

1-methyl-1-cyclohexane

methylcyclohexane

1, 2-dimethylcyclohexane

(cis and transmixture)

ethylcyclohexane

Halogen-containing alkanes:
dichloromethane
tetrachloromethane
chloroform
carbon tetrachloride
dichloroethane
bromoform
iodomethane
bromochloromethane
bromoethane
iodoethane
Freon TF
(dichlorodiêuoroethane)
1, 1, 2-trichlorotriêuoroethane
1, 1, 2, 2-tetrachloroethane
1, 2-dichloroethane
1, 2-dichloromethane
1, 1, 1-trichloroethane
1-chloropropane
1-bromopropane
1-iodopropane
2-chloropropane
2-bromopropane
2-iodopropane
1, 2-dichloropropane
1, 3-dichloropropane
(+ÿ)ë1, 2-dibromopropane
1, 3-dibromopropane
1, 3-diiodopropane
1, 2, 3-trichloropropane
1, 2, 3-tribromopropane
1-chloro-2-methylpropane
1-bromo-2-methylpropane
1-iodo-2-methylpropane
2-chloro-2-methylpropane
2-bromo-2-methylpropane
2-iodo-2-methylpropane
1, 2-dibromoethylene
trichloroethylene
tetrachloroethylene
1-chloro-2-methylpropane

Halogen-containing alkynes:
bromopropin

Aromatic hydrocarbons:
benzene

Benzene derivatives:
toluene

1, 2-dimethylbenzene
1, 3-dimethylbenzene
1, 4-dimethylbenzene
1, 2, 3-trimethylbenzene
1, 2, 4-trimethylbenzene
1, 3, 5-trimethylbenzene
1, 2, 3, 4-tetramethylbenzene

0.41 [24]
0.53 [24]
2.20 [24]
8.06 [24]
14.28 [25]

1.21 [25]
1.03 [25]
0.17 [25]
0.13 [25]

0.25 [25]

0.26 [22]; 0.23 [24]; 0.25 (303K) [23]
0.32 [22]; 0.45 [26]
0.16 [22]; 0.17 [25]; 0.25 [26]
0.32 [22]; 0.45 (303 K) [23]
0.36 [24]
5.64 [24]
0.13 [24]
0.75 [25]
0.07 [25]
0.28 [25]
0.02 [22]

0.01 [22]
5.30 [22]
0.08 [24]
0.50 [22]
0.15 [24]
0.02 [25]
0.05 [24]
0.17 [24]
0.01 [25]
0.03 [25]
0.11 [24]
0.10 [24]
0.12 [24]
0.35 [24]
0.40 [25]
2.77 [24]
0.64 [24]
8.31 [24]
0.03 [24]
0.09 [25]
0.34 [24]
0.01 [25]
0.06 [25]
0.23 [25]
1.84 [24]
1.40 [22]
1.20 [22]
0.21 [25]

0.22 [25]

1.70 [22]; 1.50 [27]; 0.88 [25];
0.89 [28]; 1.44 (303 K) [23]

2.80 [22]; 2.90 [27]; 0.54 [27];
2.90 [29]; 2.15 (303 K) [23]
8.70 [27]; 7.35 [24]; 9.30 [29]
1.40 [27]; 2.83 [24]
5.90 [27]; 3.14 [24]
4.70 [27]
17.90 [27]
1.50 [22]; 1.70 [27]; 1.00 (303 K) [27]
5.80 [27]

November, 1998 Fullerenes in solutions 1093



order, however, these quantities can differ from one another
as much as several times. This difference makes up the basis
for one of the most effective methods for separation of
fullerenes. Fullerenes are almost insoluble in polar solvents
such as alcohols, in acetone, tetrahydrofurane, etc. They are
weakly soluble in alkanes of normal structure (pentane,
hexane, and decane); their solubility in alkanes increases
with the number of carbon atoms. As revealed by the analysis
performed by the authors of Ref. [22], fullerenes are best
dissolved in solvents for which the value of specific enthalpy
of vaporization, referred to the volume of solvent molecule, is
close to the corresponding value for a molecule of C60

(approximately 100 cal cmÿ3). This peculiarity can be
regarded as a possible quantitative manifestation of the old
empirical rule `like dissolves in like'. The complicated
behavior of fullerenes in solutions shows up, in particular, in
the data on the solubility of C60 in decalin. As follows from
these measurements, the solubility of fullerenes in normal
decalin consisting of a 3:7 mixture of the cis- and trans- forms
appreciably exceeds the respective values for each form
separately.

The data presented in Tables 1 ± 3 permit formulation of
some general regularities which might help to illuminate the
nature of the solubility of fullerenes in one or another type of
solvents. First of all it should be noted the extraordinary low
solubility of fullerenes in polar solvents. This points to
unessential role of the solvation mechanism of solution,
involving the formation of long-lived complexes (solvates),
i.e. the solute molecule surrounded by a shell of correspond-
ingly orientedmolecules of a solvent. Themost high solubility
of fullerenes is shown by aromatic hydrocarbons and their
derivatives, the first positions in the list occupied by
naphthalene derivatives. Since aromatic compounds are
built on the basis of one or several benzene rings, whose
structure is close to that of regular hexagons inherent to
fullerene surfaces, this feature is hardly occasional. It might
be supposed that the high solubility of fullerenes in com-

Table 1 (Continued)

Solvent Solubility mg mlÿ1

1, 2, 3, 5-tetramethylbenzene
ethylbenzene
n-propylbenzene
isopropylbenzene
n-butylbenzene
hexabutylbenzene
tributylbenzene
tetrahydronaphthalene

Halogen derivatives:
êuorobenzene
chlorobenzene
bromobenzene
iodobenzene
1, 2-dichlorobenzene
1, 2-dibromobenzene
1, 3-dichlorobenzene
1, 3-dibromobenzene
1, 2, 4-trichlorobenzene

Other derivatives:
o-creosol
benzonitrile
nitrobenzene
methoxybenzene
benzaldehyde
pentylisooctane
2-nitrotoluene
3-nitrotoluene
thiophenol

Benzyl derivatives:
benzylchloride
benzylbromide
a, a, a-trichlorotoluene

Naphthalene derivatives:
1-methylnaphthalene
dimethylnaphthalene
1-phenylnaphthalene
1-chloronaphthalene
1-bromo-2-methylnaphthalene

Polar solvents:
methanol
ethanol
1-propanol
1-butanol
1-pentanol
1-hexanol
1-octanol
nitromethane
nitroethane
acetone
acetonitrile
acrylonitrile
n-butylamine
monomethylglycol ether
N, N-dimethylformamide
dioxane

Miscellaneous:
CS2

tetrahydrofuran
thiophene
tetrahydrothiophene
2-methylthiophene
N-methyl-2-pyrrolidone
pyridine
methithilol
quinoline

Inorganic solvents:
water
silicon (IV) chloride

20.80 [27]
2.60 [27]; 2.16 [24]
1.50 [27]
1.20 [27]
1.90 [27]
1.10 [27]
0.90 [27]
16.00 [22]

0.59 [22]; 1.20 [27]
7.00 [22]; 5.70 [27]
3.30 [22]; 2.80 [27]
2.10 [27]
27.00 [22]; 24.60 [27]; 7.11 [30]
13.80 [27]
2.40 [27]
13.80 [27]
8.50 [22]; 10.40 [27]; 4.85 [30]

0.01 [22]
0.41 [22]
0.80 [22]
5.60 [22]
0.42 [24]
2.44 [24]
2.43 [24]
2.36 [24]
6.91 [25]

2.46 [24]
4.94 [24]
4.80 [24]

33.00 [22]; 33.20 [27]
36.00 [22]
50.00 [22]
51.00 [22]
34.80 [27]

0.000 [27]; 0.000035 [31]
0.001 [22]; 0.0008 [31]
0.0041 [31]
0.094 [31]
0.030 [31]
0.042 [31]
0.047 [31]
0.000 [22]
0.002 [22]
0.001 [22]
0.000 [22]
0.0040 [25]
3.688 [30]
0.032 [24]
0.027
0.041 (303 K) [23]

7.90 [22]; 7.70 [29]; 7.90 [23];
5.16 (303 K) [23]
0.00 [22]; 0.06 [30]
0.40 [27]; 0.24 [30]
0.03 [22]; 0.11 [30]
6.80 [22]
0.89 [22]
0.89 [22]; 0.30 [27]
1.5 [22]; 1.0 [26]
7.20 [27]

1.3�10ÿ11 [31]
0.09 [25]

Table 1 (Concluded)

Solvent Solubility mg mlÿ1

germanium (IV) chloride
hexachlorodisilan
silicon (IV) bromide
germanium (IV) bromide
tin (IV) bromide

0.50 [25]
0.38 [25]
0.74 (305 K) [25]
0.68 (305 K) [25]
0.17 (305 K) [25]

Table 2. Solubility of fullerene C70 at room temperature.

Solvent Solubility, mg mlÿ1

n-penthane
n-hexane
n-decane
dodecane
dichloromethane
tetrachloromethane
isopropanol
acetone
benzene
toluene
xylene
methithilol
1, 2-dichlorobenzene
carbon disuléde (CS2)

0.002 [26]
0.013 [26]
0.053 [26]
0.098 [26]
0.08 [26]
0.12 [26]
0.0021 [26]
0.0019 [26]
1.3 [26]
1.4 [26]
14.3 [29]
1.47 [26]
36.2 [26]
9.9 [26]
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pounds, whose structure includes six-membered carbon rings,
is caused by themagnetic interaction between the ring current
in a solvent molecule and that in a fullerene molecule. The
specific surface energy for such an interaction is of the same
order of magnitude as the interaction energy of adjacent
fullerene molecules in a crystal. For this reason, the heat of
solution of fullerenes is rather low. The magnetic field caused
by the intramolecular current in a six-membered fullerene
ring aligns an aromatic compoundmolecule in such amanner
that the inner current of this molecule is directed opposite to
that in a fullerene ring. The energy of magnetic interaction of
these currents determines the positive thermal effect of
dissolving fullerene molecules.

2.2 Temperature dependence of the solubility of fullerenes
One of the most striking peculiarities in the behavior of
fullerenes in solutions relates to an extraordinary tempera-
ture dependence of their solubility. This dependence was
originally discovered in the experiment [7], where the
solubility of C60 in hexane, toluene and CS2 was measured
in the temperature range 200 ± 400 K. The results of these
measurements are presented in Fig. 1. The data are supple-
mented with the temperature dependence of the solubility of
C60 in xylene, measured in Ref. [29]. As seen from these data,
whereas the absolute values of the solubility of C60 for
different solvents differ over two orders of magnitude, the
temperature dependence of the solubility is almost indepen-
dent of the type of solvent over a wide range of temperature
variation. Further, our attention is engaged by the experi-
mentally established nonmonotone behavior of the tempera-
ture dependence of the solubility of fullerenes. This depen-
dence reaches its maximum magnitude near 280 K and
notably decreases at further enhancement of temperature. It
is of interest to note that the nonmonotone temperature
dependence of solubility is inherent only to C60 and not
observed for fullerenes of other sorts. Thus, in Fig. 2 the
temperature dependences of the solubility of fullerene C70 in

Table 3. Solubility of fullerene C60 at different temperatures.

Solvent T, (K) Solubility

mg mlÿ1 molar fraction, 104

n-hexane

toluene

1, 2-dimethylbenzene

1, 2-dichlorobenzene

195
238
273
283
288
298
318
338
338.1

298.1
308.1
328.1
338.1
233
243
248
253
258
263
268
273
278
283
293
298
303
313
323
333
343
353
195
253
258
273
278
283
288
295
298
313
353
383

253
263
273
283
288
293
298
300.5
303
305.5
308
313
323
333
343
353

298.1
308.1
318.1
328.1

0.75 [29]
0.96 [29]
1.30 [29]
1.50 [29]
1.90 [29]
2.50 [29]
3.20 [29]
4.00 [29]
3.90 [29]
3.70 [29]
3.30 [29]
2.90 [29]
2.70 [29]
2.30 [29]
2.20 [29]
1.90 [29]
1.80 [29]
1.50 [29]

1.60 [29]
2.50 [29]
3.50 [29]
5.00 [29]
6.20 [29]
7.70 [29]
9.30 [29]
10.20 [29]
10.30 [29]
9.30 [29]
8.40 [29]
7.40 [29]
6.10 [29]
5.30 [29]
4.90 [29]
4.40 [29]

0.011 [7]
0.03 [7]
0.07 [7]
0.12 [7]
0.10 [7]
0.09 [7]
0.07 [7]
0.07 [7]
1.80 [28]

0.80 [28]
0.90 [28]
1.20 [28]
1.50 [28]

0.14 [7]
1.93 [7]
2.79 [7]
4.79 [7]
4.93 [7]
3.79 [7]
3.93 [7]
4.21 [7]
4.07 [7]
3.29 [7]
1.57 [7]
1.29 [7]

11.10 [30]
13.40 [30]
15.10 [30]
17.80 [30]
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²ËÔ. 1. Temperature dependence of the solubility of fullerene C60: +ì in
hexane (times 55); & ì in toluene (times 1.4); �ì in CS2; �ì in xylene.
The solid line shows the results of calculations using the droplet madel.

November, 1998 Fullerenes in solutions 1095



toluene, xylene and CS2 are given, measured in a recent
publication [29]. As is seen, there is a monotonically rising
temperature dependence, which is inherent to the majority of
solvent Ð solute pairs. This basic distinction in temperature
dependences of solubility of molecules close in structure
shows the complicated nature of the phenomenon of
solubility of fullerenes and, in particular, the possibility of
existence of several various competing mechanisms of
solubility of fullerenes. It may be supposed that for fullerenes
of different sorts the different mechanisms of solubility
prevail, which in turn are reflected in the shape of the
temperature dependence at hand.

2.3 Cluster origin of the solubility of fullerenes
One of the mechanisms of solubility, which may explain the
experimentally found distinctions in the temperature depen-
dence of solubility of fullerenes of different sorts, is based on
the possibility of formation in solution of clusters consisting
of a number of fullerene molecules [11]. This aggregation
phenomenon changes the thermodynamic parameters of
fullerenes in solutions (free energy, chemical potential, etc.),
which displays, naturally, the phase equilibrium and changes
the magnitude of solubility. Thus, the observed lowering in
the solubility of C60 with rising in temperature can be treated
as a result of the thermal decomposition of clusters, which is
accompanied with an increase in the interaction energy of
fullerene molecules and solvent molecules and, correspond-
ingly, with a displacement of the equilibrium toward the solid
phase.

The thermodynamic approach to the description of the
phenomenon of solubility of fullerenes, taking account cluster
formation, is developed in Refs [11, 12, 16]. This approach is
based on the droplet model of clusters, which is valid under
conditions when the characteristic number of fullerene
molecules in the cluster is n4 1. As follows from the analysis

of experimental data, this requirement is satisfied quite well in
the conditions where the nonmonotone dependence of
solubility of fullerenes occurs.

Let us formulate the problem of determining the tempera-
ture dependence of solubility of fullerenes in terms of the
possibility of forming clusters consisting of several fullerene
molecules. In accordance with the general principles of
thermodynamics, in a saturated solution of fullerenes the
magnitudes of the chemical potential per fullerene molecule
for dissolved substance and for a crystal, which is in
equilibrium with solution, are equal. This equality is valid
not only for isolated molecules in a solution, but also for
clusters consisting of several fullerene molecules. According
to the droplet model of clusters, the free energy of a cluster in
a solution is made up of two parts, namely, the volume part,
whose magnitude is proportional to the number of molecules
n in the cluster, and the surface part proportional to n2=3 [32,
33]. This corresponds to the assumption that clusters
consisting of n4 1 particles have a spherical droplet shape
and permit the Gibbs energy Gn for a cluster of size n to be
represented as the sum

Gn � G1nÿ G2n
2=3 ; �1�

where the parameters G1 and G2 are responsible for the
contribution to the Gibbs energy of molecules placed inside
the volume and on the surface of a cluster, correspondingly.
The chemical potential mn of a cluster of size n in a solution is
expressed through the equation

mn � Gn � T lnCn ; �2�

whereT is the temperature. Having regard to the equation (1),
this results in

mn � G1nÿ G2n
2=3 � T lnCn ; �3�

where the parametersG1 andG2 are expressed in temperature
units.

In a saturated solution of fullerenes, the cluster size
distribution function is determined through the equilibrium
condition linking the clusters of a specified size with a solid
phase. This corresponds to the equality between the magni-
tudes of the chemical potential (per molecule) for molecules
incorporated into clusters of any size and into crystal. This
results in the following expression for the cluster size
distribution function in a saturated solution:

f �n� � gn exp

�ÿAn� Bn2=3

T

�
; �4�

where the parameter A is the equilibrium difference between
the energies of interaction of a fullerene molecule with its
surroundings in the solid phase and in the cluster volume; B is
the similar difference for fullerene molecules located on the
cluster surface; gn is the statistical weight of a cluster of size n,
which can depend, generally speaking, on both temperature
and cluster size n. However, as is usually assumed, we will
further neglect these dependences in comparison with the
much stronger exponential dependence in Eqn (4). The
presented form (4) for the cluster size distribution function
is based on the structural features of fullerene molecules. In
essence, a fullerene is a homogeneous surface structure which,
unlike planar or elongated molecules, interacts with its
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surroundings almost irrespective of orientation. The large
number of similar elements of the fullerene surface makes it
possible to represent the interaction energy of this molecule
and the solventmolecules having essentially smaller size as the
product of a specific surface interaction energy by surface
area of the molecule. This feature of the fullerene structure
may be further used in description of the interaction between
clusters, made up of fullerenes, and the solvent. This is purely
surface interaction and, because the interaction energy of
fullerenes with one another both in a cluster and in a solid is
low in comparison with the binding energy of carbon atoms in
a fullerene molecule, one can assume that the specific surface
energy of interaction of fullerene molecules with one another
and with solvent molecules is not very sensitive to the relative
orientation of fullerene molecules in a cluster.

Broadly speaking, the parameters A and B may have any
sign. However, the normalization condition for the distribu-
tion function (4), having the obvious formX1

n�1
f �n�n � C ; �5�

causes the requirement A > 0. Here C is the solubility
expressed in relative units. In view of the condition n4 1,
the normalization relationship (5) may be replaced by the
integral

C � �gn

�1
n�1

n exp

�ÿAn� Bn2=3

T

�
dn : �6�

Here �gn is the statistical weight of a cluster, averaged over the
range of values of n that makes the major contribution to
integral (6). This parameter includes the entropy factor and
governs the absolute value of solubility and, generally
speaking, may depend on the type of solvent.

Now let us analyze the possibility of using expressions
(4) ± (6) to describe the temperature dependences of solubility
of fullerenes in nonpolar solvents, observed in Ref. [7] and
plotted in Fig. 1. It is easy to verify that the contribution of
clusters to those expressions can be notable only under
condition of B > 0 [11]. In fact, calculating the first and the
second derivative of integral (6) with respect to temperature,
we can see that a nonmonotone temperature dependence of
solubility arises under the conditions A > 0, B > 0, so that
this dependence has one extremum (minimum) in which the
second derivative of the solubility with respect to temperature
is positive. Thus it turns out that the inclusion of the
possibility of forming fullerene clusters is insufficient for the
description of the experimentally found nonmonotone
temperature dependence of the solubility of fullerenes,
which has themaximum in the temperature range 260 ± 280K.

The numerical values of the parameters A and B,
determining the energy of interaction of fullerene molecules
with one another and with the solvent in a cluster and in a
crystal, can be found through the comparison of the
temperature dependence of solubility of fullerenes in some
organic solvents, calculated using the droplet model, with
experimental data. Generally speaking, the magnitudes of
parameters A and B depend on the sort of solvent. However,
considering the similarity in the temperature dependences of
solubility in hexane, toluene and CS2, observed in Ref. [7], the
magnitudes of these parameters for indicated solvents may be
thought as close to one another. The numerical fitting of the
temperature dependence of the solubility of fullerenes,

calculated using expression (6), to the experimental data [7]
given in Fig. 1 and related to the drooping part of the
dependence results in the following magnitudes: A � 320 K,
B � 970 K for the temperature range above the point of
orientation disorder phase transition in C60 crystal
(Tc � 260 K).

For description of the growing part of the temperature
dependence of the fullerene solubility in the low-temperature
range (T < Tc) one needs to consider the orientation disorder
phase transition, which takes place inC60 crystal atT � 260K
[34, 35]. As a result of this transition, a simple cubic lattice (sc)
in the low-temperature C60 crystal is replaced by a face-
centered cubic lattice (fcc) characterized by close packing.
Further, the phase transition is accompanied by `unfreezing'
of the rotation of fullerene molecules around their axes. As
shown by experiments [34, 35], it is an endothermic first-order
phase transition, which is characterized by a heat of transition
Dh � 850 K. The change in the Gibbs energy for the solid
phase, produced by this phase transition, causes the corre-
sponding change in the value of the parameter A determining
the shape of the cluster size distribution function (4). In turn,
this drastically changes the form of the distribution function
and consequently is reflected in the form of the temperature
dependence of the solubility of fullerenes in the temperature
range below and above the critical point. Indeed, for T < Tc,
the parameter

Asc � Afcc � Dh ; �7�

where Asc and Afcc are the values of the parameter A at
temperatures above (simple cube) and below (face-centered
cube) the critical temperature for phase transition. The higher
magnitude of the A parameter in the low-temperature range
(T < Tc) means that the cluster size distribution function (4)
in this range dropswith the number nmuchmore sharply than
in the case of T > Tc. The maximum of this function at low
temperatures corresponds to the values of n � 1, so that the
contribution of clusters to the solution behavior at T < Tc is
of little significance. This provides a qualitative explanation
of the rising temperature dependence of solubility of full-
erenes for T < Tc.

The temperature dependence of solubility of C60 in the
low-temperature range was calculated in Refs [11, 12, 16]
using the cluster size distribution function (4) and the
magnitude of the parameter A changed according to the
expression (6). The dependence thus obtained, tailored with
that calculated previously for the high-temperature range, is
compared in Fig. 1 with experimental data [7]. As is seen, a
quite good fitting of the measured and calculated depen-
dences C�T� in the low-temperature range is reached using
only the exact relation (7) without any additional suggestions
concerning the magnitudes of parameters A and B. Some
difference between the temperature at which the maximum
magnitude of solubility is reached (� 270 K) and the phase
transition point Tc � 260 K may be attributed to the phase
transition not really occuring at a single point, but over some
quite broad temperature rangeDT � 20 ± 40K [34, 35]. In this
transition temperature range there is phase coexistence, which
was not considered in the performance of the calculations
described above.

The validity of the droplet model of clusters, used in this
approach, is defined by the average number �n of fullerene
molecules per cluster. Figure 3 shows the distribution
function of clusters over the size n, calculated at various
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temperatures for the saturated solution of C60 in CS2 based on
expression (4) and using the magnitudes of parameters A and
B given above. As is seen from the data presented, the value of
the parameter increases monotonically with temperature,
from �n � 3 at T � 190 K to �n � 11 at T � 260 K. A further
increase in the temperature up to 380 K has almost no effect
on the value of �n. Therefore, in the temperature range
corresponding to the maximum solubility of fullerenes, the
condition n4 1 is valid, which supports the use of the droplet
model and confirms the above-formulated assumption about
the effect of the aggregation on the temperature dependence
of solubility of fullerenes.

In such a manner the assumption about the cluster origin
of the solubility of fullerenes, which follows from analysis of
the experimental data [7 ± 9, 13, 14, 22, 36] obtained in recent
years, provides a quantitative description of the nonmono-
tone temperature dependence of the solubility of C60 in
different solvents, as observed in Ref. [7]. A decrease in
solubility with temperature is observed in the temperature
range where the existence in the solution of clusters consisting
of a large number of fullerene molecules is thermodynami-
cally beneficial. This decrease may be treated as a result of
thermal decomposition of the largest clusters with rising
temperature. A further increase in temperature should have
brought about a rise in solubility; however, as follows from
the calculation results, the minimum of solubility for the
above-determined values of the parameters A and B is
reached at T � 4000 K, when neither the solvent nor full-
erenes exist any longer. In the low-temperature range
(T < 260 K) the clusters are of little importance, which is
caused by a different crystalline structure of the fullerene in
the solid phase and the relatively higher value of the energy of
interaction between fullerene molecules and their surround-
ings.

It is of interest to pay attention to the considerable
distinction between the temperature dependences of the
solubility of fullerenes C60 and C70. As distinct from the case
of C60 considered above, the solubility of C70 monotonically

increases with rising temperature everywhere over the
temperature region where the measurements were per-
formed. This can be treated as a consequence of the higher
magnitude of the difference in energy of interaction of the
fullerene C70 with its surroundings in a solution and in a solid
in comparison with that of C60. Indeed, on the one hand, the
difference in the energy of interaction of molecules C60 and
C70 with adjacent solvent molecules is roughly proportional
to the difference in the surface areas of those molecules. On
the other hand, these molecules form approximately similar
crystal structures in corresponding fullerites. So, the differ-
ence in the interaction energy of a fullerene molecule with its
surroundings in a solution and in a crystal in the case of C70

should exceed that in the case of C60. In such a situation the
formation of clusters consisting of a number of fullerene
molecules in the solution of C70 is hardly possible, which is
confirmed by the rising temperature dependence of the
solubility of C70. The higher the solubility of fullerene in the
specific solvent, the greater the energy difference. Therefore it
can be assumed that for solvents dissolving C70 more weakly
than toluene, xylene and CS2, shown in Fig. 2, the role of
aggregates should rise. Experimental data revealing this
assumption will be given below.

2.4 Heat of solution of fullerene C60

The noted above tendency of fullerenes in solution to form
clusters is reflected in the magnitudes of parameters govern-
ing their properties in the conditions under consideration.
Thus, the existence of the dependences of the cluster size
distribution function on the concentration and temperature
of the solution leads to corresponding concentration and
temperature dependences of thermodynamic and kinetic
parameters characterizing the behavior of fullerenes in
solutions. Specifically, in this section of the article it is
shown that this phenomenon causes the concentration and
temperature dependences of the heat of solution of fullerenes.

Using the approach developed above, let us state the form
of the cluster size distribution function in an unsaturated
solution. In this case a solid phase is absent, so that the
distribution function is determined through the equilibrium
condition for clusters of various sorts in a solution. Using
equation (3) derived above for the chemical potential of a
cluster in a solution, we can obtain the expression for the
cluster size distribution function in the unsaturated solution
of fullerenes, depending on the solution concentration [37]:

fn �C� � ln exp
�ÿAn� Bn2=3

T

�
: �8�

Here the parameters A and B were determined above and the
parameter l depending on the concentration of a solution is
determined through the normalization condition

C � C0

�1
n�1

nln exp
�ÿAn� Bn2=3

T

�
dn : �9�

The coefficient C0 defines the absolute magnitude of the
solution concentration and can be found by requiring (in
specific conditions) the concentration determined through
expression (9) to be its saturated value which is expressed
through (5). The cluster size distribution functions in solution
of fullerene C60, calculated on the basis of equations (6), (8) at
various concentrations and temperatures, are shown inFigs 3,
4. As is seen from the data presented, the average size of a
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cluster in a fullerene solution decreases gradually as the
solution concentration is lowered. The lowering of the
concentration by two orders of magnitude relating to the
saturation value still does not violate the condition of validity
of the droplet model (n4 1) for description of the behavior of
clusters in solution. At concentrations three orders of
magnitude lower than the saturation value, clusters practi-
cally do not form and only isolated fullerenemolecules exist in
the solution.

The form of the temperature dependence of solubility of
fullerenes in solvents under consideration shows the existence
of both temperature and concentration dependences of the
heat of solution of fullerenes in these solvents. This also
follows from the concentration and temperature dependences

of the cluster size distribution function in solutions, which are
shown in Figs 3, 4. The concentration dependence of the heat
of solution may provide an explanation for the observed
contradiction between experimental data concerning the heat
of solution of fullerenes [38 ± 40].

In terms of the above-described droplet model of a cluster
in a fullerene solution, the energy of formation of a cluster
consisting of n fullerene molecules is determined by the
following expression

En � n�Anÿ Bn2=3� ; �10�

where the constants A and B were determined above. Using
the expression for the cluster size distribution function, we
obtain the formula governing the thermal effect of solution of
fullerenes per mole of dissolved substance:

H �
P1

n�1 En fn�C�P1
n�1 n fn�C�

Na

�
P1

n�1 n�AnÿBn2=3�ln exp
��ÿAn�Bn2=3�=T�P1

n�1 nl
n exp

��ÿAn� Bn2=3�=T� Na; �11�

where the constant parameter l is determined by the total
concentration of the solution formed through the normal-
ization condition (9). The concentration and temperature
dependences of the heat of solution calculated on the basis
of equation (11) for the fullerene C60 in toluene, benzene and
CS2 are given in Fig. 5.

The data presented permit the conclusion that the cluster
formation considerably affects the heat of solution of full-
erenes. Thus, for a solution containing only isolated fullerene
molecules (concentration of solution less than 0.1% of
saturated), the heat of solution comprises ÿ5:6 kJ molÿ1,
whereas for that with concentration 15% (average size of
clusters in the solution is equal to 7) the heat of solution
comprises ÿ10:6 kJ molÿ1. Apparently, the discrepancy
between various experimental data on the heat of solution of
fullerenes [38 ± 40] may be ascribed to such a sharp concentra-
tion dependence of the heat of solution of fullerenes.
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As follows from the given data, cluster formation in
fullerene solutions has a considerable impact on the thermal
effect in a solution and results in concentration and
temperature dependences of the heat of solution. This
phenomenon should be taken into consideration in measur-
ing the thermal effect of solution of both fullerenes and other
substances forming aggregates in solutions. On the other
hand, the existence of a concentration dependence of the
heat of solution of a substance may be used as evidence of the
cluster origin of solubility of this substance.

3. Transfer phenomena in fullerene solutions

3.1 Diffusion of fullerenes in solutions
Diffusion coefficient. The diffusion coefficient is an important
parameter characterizing the behavior of fullerenes in a
solution. This parameter governs the optimum conditions of
crystallization of fullerenes in solutions, as well as the
possibility of their separation and purification. The results
of measuring the diffusion coefficients of C60 and C70 in some
solvents are given in Table 4. It is interesting to compare these
data with a simple estimate that may be obtained on the basis
of Stokes' formula describing the diffusion of a spherical
particle in a viscous fluid:

D � kT

6pZrs
: �12�

Here, T is the temperature of the liquid, Z is its dynamic
viscosity, and rs is the particle radius. The condition of
validity of this equation can be reduced to the requirement
of low magnitudes of the Reynolds number for a diffusing
particle:

Re � �rs�nr
Z

5 1 ; �13�

where �n � T=m is the characteristic velocity of a particle, m is
its mass, and r is the mass density of the solvent. Using the
obvious interconnection between themass of a particle and its
radius, this expression can be presented as a limiting

condition for the minimum radius of a diffusing particle

rs 4
Tr2

Z2rp
; �13a�

where rp is the mass density of the particle. Using the
characteristic magnitudes of the viscosity of typical organic
solvents Z �(1 ± 3)�10ÿ3 N s mÿ2, we obtain that the
limitation shown above is reduced to the requirement
rs 4 10ÿ10 cm, which is valid for all practical purposes.

The values of the radius rs, determined on the basis of
formula (12) from the experimental data for the diffusion
coefficient of fullerenes in various solvents, are given in the
penultimate column of Table 4. One can see that these values
substantially exceed the true radius of aC60molecule, which is
equal to 0.35 nm. In addition, the differences in the radius
values obtained for different solvents seem to be striking.
These differences may be attributed to the effect of aggrega-
tion of fullerenes in solutions, discussed in detail above.
Apparently, this effect has a universal origin, although the
data listed in Table 4 are indicative of considerable differences
between the characteristic sizes of fullerene clusters in
different solvents.

Concentration dependence of the diffusion coefficient of ful-
lerenes in solutions. The existence of fullerenes in solutions in
the form of clusters, whose average size depends on the
concentration of the solution, suggests the dependence of
the diffusion coefficient of fullerenes in a solution on their
concentration [37]. Indeed, in the case of a solution of low
concentration almost no clusters are formed and the diffusion
coefficient is close to the corresponding value for a single
fullerene molecule. As the concentration of fullerenes in the
solution rises, the average cluster size increases and, conse-
quently, the diffusion coefficient of fullerenes decreases in
accordance with expression (12).

Let us calculate the concentration dependence of the
diffusion coefficient of fullerene C60 in solutions having
regard to cluster formation. We will use here the results of
the approach developed above to the establishment of the
cluster size distribution function [11, 12, 16, 37]. According to
this approach, the cluster size distribution function for the
saturated solution is expressed through equation (4), whereas

Table 4.Diffusion coefficient of fullerenes in solutions.

Solvent Diffusion
coefécient, 10ÿ6 cm2 sÿ1

T, K rs, A Ref.

Fullerene C60

chlorobenzene
1, 2-dichlorobenzene
pyridine
pyridine/acetonitrile (9/1)
pyridine/acetonitrile (8/2)
pyridine/acetonitrile (6/4)
pyridine/acetonitrile (4/6)
benzonitrile
dichloromethane
tetrahydrofuran
benzene
CS2

3.7� 0.7
1.1� 0.2
3.1� 0.6
3.4� 0.7
3.8� 0.7
4.1� 0.8
5.1� 1.0
1.4� 0.3
4.4� 0.9
1.6� 0.3
9.1
18.5

295
295
295
295
295
295
295
295
295
295
298
298

7.4
7.7
7.1
7.5
7.4
8.3
8.2
12.4
11.1
25.0

[41]
[41]
[41]
[41]
[41]
[41]
[41]
[41]
[41]
[41]
[42]
[42]

Fullerene C70

CS2
benzene

16.6
8.3�7

298
298

[42]
[43]
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for an unsaturated solution it is expressed through formula
(8). Let us determine the diffusion coefficient D of fullerenes
in a solution using the standard approach based on the
formula

J � ÿDHC : �14�

Here J is the flux of matter in the solution under the action of
concentration gradient. In view of the cluster origin of
solubility of fullerenes, we represent expression (14) in the
form of the sum

J �
X
n

Jn � ÿ
X
n

DnHCnn ; �15�

where Jn,Dn andCn are the partial values of the flux, diffusion
coefficient and concentration of the cluster of size n,
respectively.

We will derive the relationship between the diffusion
coefficient Dn of the cluster of size n and its radius rn based
on the droplet model of a cluster, the Stokes' formula (12) and
the obvious relation

rn �
�
3Mn

4pr

�1=3

; �16�

where M is the mass of the fullerene molecule, and r is the
cluster density. By combining relations (14) ± (16) and using
the cluster size distribution function (8), we derive the
expression for the diffusion coefficient of the fullerene in
view of the possibility of cluster formation:

D � D0

�1
n�1 n

5=3lnÿ1 exp
��ÿAn� Bn2=3�=T� dn�1

n�1 n
2lnÿ1 exp

��ÿAn� Bn2=3�=T� dn : �17�

Here D0 is the diffusion coefficient of an isolated fullerene
molecule. The concentration dependence of the cluster size
distribution function points to a pronounced concentration
dependence of the diffusion coefficient of fullerenes in a
solution. The results of calculation of this dependence,
performed using expression (17), are given in Fig. 6. As is
seen, the cluster formation in a solution close to saturation
leads to a decrease in the diffusion coefficient by approxi-
mately 30% as compared with the corresponding value of D0

for an isolated molecule.

Diffusion separation of fullerenes in a solution. The concentra-
tion dependence of the diffusion coefficient of fullerenes in
solutions notably complicates their kinetic behavior. Specifi-
cally, if a solution contains a mixture of different sorts of
fullerene molecules, the character of diffusion of molecules of
a given sort is essentially determined by their propensity to the
cluster formation in a solution. In the most typical, for
practical purposes, situation a solution contains a fullerene
of a specific sort with a small admixture of fullerenemolecules
of another sort (for example, C60 with a small admixture of
C70 or higher fullerenes). In this case the molecules compris-
ing a small admixture to the basic substance do not practically
form clusters and are characterized by the diffusion coeffi-
cient, which is inherent to isolated molecules. The molecules
of basic substance, whose concentration is close to saturated,
have a tendency to the aggregation. In accordance with the
results obtained above, the diffusion coefficient for this
substance considerably exceeds that for an isolated molecule
and exhibits by the decreasing temperature dependence.

The difference in the diffusion coefficients of fullerene
molecules of different sorts makes us think of a possibility for
developing the diffusion methods of enrichment, separation
and purification of fullerenes. We will now analyze the
possibility of using the above-determined concentration
dependence of the diffusion coefficient of fullerenes in a
solution as a basis for the diffusion method of enrichment of
fullerenes in a solution containing fullerenes of two types with
highly differing concentrations. In this case, the fullerene
which is present in the solution as a minor impurity and,
therefore, does not form clusters must have a higher diffusion
coefficient than the fullerene whose concentration is close to
saturated and which is present in the solution in the form of
large clusters.

Let us analyze the one-dimensional nonstationary pro-
blem on the diffusion of fullerenes in a solution with
allowance made for the concentration dependence of the
diffusion coefficient as determined above [44]. We shall
assume that the source of fullerenes is provided by a plane
layer of a solid material constituting the mixture of fullerenes
of two sorts, in which fullerene molecules of a certain sort
predominate, whereas themolecules of the other sortmake up
only a minor impurity. In this case, as follows from the results
of the foregoing calculation, one can assume that the
molecules of minor impurity form almost no clusters and are
characterized by the diffusion coefficient D0 inherent to an
isolated molecule. The diffusion coefficient of fullerene
molecules of the predominating sort depends on the concen-
tration and due to the possibility of forming clusters in the
solution is less than the diffusion coefficient of isolated
molecules. The diffusion equations for fullerenes of the
predominating sort (concentration C1) and of the minor
impurity (C2) have the standard form

d

dx
D1�C1� dC1

dx
� dC1

dt
� 0 ; �18�

D2
q2C2

qx2
� qC2

qt
� 0 : �19�
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Here D1 and D2 denote the diffusion coefficients for the first
and second components, respectively. Equations (18) and (19)
have automodelling solutions dependent on the single
variable x=

��
t
p

; however, in the case of the concentration
dependence of the diffusion coefficient, this solution calls
for numerical calculations. Equation (18) was solved with the
initial conditions

C1�x � 0; t � 0� � C�1 ; C1�t � 0� � 0 ; C1�x � 1� � 0 ;

�20�

which correspond to one-dimensional diffusion from an
instantaneously `actuated' plane source. Here C�1 is the
saturated concentration of fullerenes in the solution. The
solution of equation (19) with the initial conditions

C2�x � 0; t � 0� � C 0
1 ; C2�t � 0� � 0 ; C2�x � 1� � 0

�21�
is known quite well at C 0

2 5C �1 :

C2 � K

�4pDt�1=2
exp

�
ÿ x2

4Dt

�
; �22�

where K is the normalization factor.
In Figure 7, the solutions to equations (18) and (19) are

given in the form of spatial dependences of the fullerene
enrichment factor Z defined in the standard manner as

Z � C2�x; t�C1�x � 0; t � 0�
C1�x; t�C2�x � 0; t � 0� : �23�

We have neglected the insignificant difference between the
diffusion coefficients of isolated fullerene molecules of
different sorts, which is due to some variations in their sizes.
This difference amounts to several percent, which is within
the accuracy of the cluster droplet model employed.

As follows from the calculated results, the enrichment
factor of fullerenes in a solution some time-dependent
distance x� away from the source assumes the maximum
value Zm. In this case due to the automodelling character of

the solutions of equations (18) and (19), the quantity Zm is
time-independent and close to 20.

The results obtained permit us to imagine the possible
schemes of diffusion enrichment of fullerenes in a solution. In
so doing it appears appropriate to use the great experience
accumulated in the development of the technology of isotope
separation [45, 46]. We shall first consider the scheme based
on nonstationary diffusion. A container filled with a solvent is
divided into two parts with a porous partition that does not
retard the diffusion motion of dissolved molecules but
prevents convective stirring of the solution in two parts of
the container. A solidmixture of a fullerene (for example, C60)
with a minor impurity of a higher fullerene is placed at the
bottom of one of the container parts. Due to the difference in
the diffusion coefficients of fullerenes of different sorts, the
fullerene mixture penetrating into the second part of the
container has to be highly enriched with the minor impurity.
After a lapse of time corresponding to the maximum value of
the enrichment factor for the given system geometry, the
second part of the container, filled with the enriched solution,
rapidly drains. Thereby, the fullerene extract is enriched with
the minor impurity in a single-action mode.

In practice it may be proved that the scheme of diffusion
enrichment of fullerenes in the stationary mode is more
convenient. In this case, an elementary separation cell like-
wise consists of two volumes divided by a porous partition.
An initial solution containing fullerene molecules of two sorts
is slowly pumped through one part of the cell. A pure solvent
is pumped in the opposite direction through the other part of
the cell. As a result of diffusion through the porous partition,
the solution in the second part of the cell is enriched with the
minor impurity. In so doing, the maximum enrichment factor
corresponds to the ratio between the diffusion coefficients for
the two components of the solution. Because this ratio is
approximately equal to 1.3, a multistage system must be used
to attain a more significant enrichment factor. In such a
scheme, the relationship between the resultant enrichment
factor Zf and the number m of stages is given by the known
relation

Zf � Zm0 ;

where Z0 is the enrichment factor for a single cell.
It should be noted that in using here diffusionmethods for

fullerene enrichment the final degree of enrichment depends
on whether the fullerene molecules comprising a minor
admixture tend to aggregate. If such a tendency is absent, as
is apparently the case for fullerene C70 in such solvents as
toluene, benzene, CS2, etc., quite a high degree of enrichment
can be reached.

In a more general case, where the fullerene molecules of
both sorts have a tendency to aggregation, the enrichment
degree relating to the minor admixture as a rule can hardly
exceed 50%. Indeed, as the concentrations of components of
the mixture approach one another, the average sizes of the
clusters and, consequently, the diffusion coefficients for
molecules of the two sorts are approached as well. This
makes the considered method for fullerene enrichment
inapplicable. However, in any event the method considered
can be applied validly to removal of minor impurity from the
mixture of fullerenes of different sorts.

Therefore, the tendency of fullerenes to cluster formation
in a solution is reflected in the diffusion behavior of fullerenes
in a solution and is responsible for the concentration
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dependence of the diffusion coefficient. This dependence is
calculated through the droplet cluster model, which has
showed itself to advantage previously in interpreting the
nonmonotone temperature dependence of solubility of full-
erenes. The derived concentration dependence of the diffu-
sion coefficient of fullerenes in a solution may be used as a
basis for diffusion fullerene enrichment or for purification of
fullerenes. This method appears most convenient in enrich-
ment of a solution containing the mixture of C60 with a minor
impurity of higher fullerenes.

3.2 Thermal diffusion of fullerenes in solutions
As revealed by the model calculations described above,
fullerenes in solutions have a tendency to form aggregates or
clusters, whose average size depends on the concentration and
temperature of the solution. The temperature and concentra-
tion dependences of the cluster size distribution function
show the possibility of exhibition of a new mechanism of
thermal diffusion of fullerenes in solutions. A simple
approach to the evaluation of the thermal diffusion coeffi-
cient proceeding from the above-determined temperature and
concentration dependences of the cluster size distribution
function is presented below [47, 48].

We shall define the thermal diffusion coefficient DT of
fullerenes in a solution in a standard manner, expressing the
relation between the thermal diffusion flux JT and the
temperature gradient in the solution as

JT � ÿCDT

T
HT : �24�

We shall assume that the time required for equilibration of
cluster size distribution function defined by relations (4) and
(8) is much less than the time required for smoothing spatial
temperature nonuniformities. Thereby, we assume the exis-
tence of local thermodynamic equilibrium in the solution. By
virtue of relations (4) and (8), the temperature gradient in the
solution causes gradients in partial concentrations of clusters.
This, in turn, causes diffusion flows proportional to the
temperature gradient. In accordance with the foregoing, the
partial diffusion flux of clusters of size n, due to the presence
of the temperature gradient, is expressed by the relation

Jn � ÿDnHCn � ÿHT
T

Dn

�ÿAn� Bn2=3

T

�
f �n� ; �25�

where the cluster size distribution function f �n� is given by
relation (4) or (8), depending on whether the solution is
saturated or not. Using this notation, it is assumed as is
usually accepted in the statistical physics that the main
temperature dependence of the cluster size distribution
function is in the exponential factor. The net diffusion flux is
calculated through the summation (integration) of the
expression (25) over n, which permits using equation (24) to
determine the thermal diffusion coefficient.

The diffusion coefficient Dn of clusters of size n in the
solution will be determined again using the Stokes' formula
(12) which adequately describes the experimental data. Then,
the expression for the thermal diffusion coefficient of full-
erenes in the solution assumes the form

DT � D0

�1
1

ÿAn� Bn2=3

T

f �n�
n1=3

dn ; �26�

where the distribution function f �n� is given by formulae (4),
(8) and has to be calculated by numerical methods. The results

of calculations, performed for different values of temperature
and concentration of the solution of fullerene C60 in toluene
on the basis of the previously determined cluster size
distribution functions (4) and (8) using relations (12), (25),
and (26), are given in Fig. 8. One can see that the effect of
thermal diffusion shows up in the temperature range above
260 K. This is a consequence of aggregation of fullerenes in
the solution, which as shown above plays a significant role in
the above-identified temperature range.

It should be noted that only one of the possible
mechanisms of thermal diffusion of fullerenes in a solution
was treated. This mechanism relating to the aggregation
phenomenon in fullerene solution is inherent specifically to
fullerenes and has no general origin. Another mechanism, not
treated here, is of a more general nature and shows up even in
the case of isolated fullerene molecules. This mechanism is
caused by the larger size of a fullerene molecule as compared
with the solvent molecule. We shall now evaluate the thermal
diffusion coefficient for this latter mechanism. In the presence
of a temperature gradient, a fullerene molecule is subjected to
the action of a force which is proportional to the correspond-
ing difference of pressures acting from the side of fluid on two
opposing hemispheres of the molecule. This causes a directed
drift ofmolecules, whose velocitywmay be estimated through
the Stokes' formula

w � HT
4pZr

; �27�

where r is the radius of the fullerene molecule. This results in
the estimation of the thermal diffusion coefficient according
to the mechanism in question:

DT � T

4pZr
: �28�

Expression (26) differs from this estimate by a factor
�ÿAn� Bn2=3�=T, which is much greater than unity. One
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can see that under conditions favorable to cluster formation
themechanism of thermal diffusion, associated with the effect
of aggregation of fullerenes in a solution, proves much more
efficient as comparedwith themore generalmechanismwhich
does not relate to this effect.

4. Optical properties of fullerenes in solutions

4.1 Nonlinear optical susceptibility
The aggregation phenomenon considered above essentially
affects the optical properties of fullerenes. This is caused by
differences in the optical characteristics of isolated fullerene
molecules and of those involved in aggregates in solutions.
Further, it appears to be obvious that the optical properties of
aggregates depend on their sizes. Therefore the optical
properties of a fullerene solution are determined by the
cluster size distribution function, and all the factors modify-
ing this function have a considerable influence on the optical
properties of fullerenes.

The simplest manifestation of effects of such a kind was
described in detail in one of the earliest publications [8]
related to the experimental exploration of optical properties
of fullerenes in solutions. In this work, the concentration
dependence of the third-order nonlinear optical suscept-
ibility for C60 dissolved in benzene was measured. The
nonlinear response was measured versus the concentration
of solution using an Nd-glass laser (l � 1:064 mm) with a
pulse energy of 5 mJ and duration of 50 ps. The measured
results are given in Fig. 9. As is seen, the measured value of
the susceptibility (per C60 molecule) w�3� � 10ÿ38 m2 Vÿ2

exceeds by about 3 orders of magnitude the estimated value
of this parameter for the case of nonresonant response of
optical electrons w�3�nr � w�1�Eÿ2a � 10ÿ41 m2 Vÿ2, where
Ea � e=a0 � 5� 1011 Vmÿ1 is the characteristic atomic
electric field strength. This shows the resonant nature of
interaction of the laser radiation with electrons belonging to
a fullerene molecule.

Another peculiarity of the experimental data presented in
Fig. 9 concerns the nonlinear behavior of the concentration

dependence w�3��C�. The observed deviation of the depen-
dence from a straight line shows the decrease in the portion of
fullerene molecules interacting with the laser radiation in a
resonant manner as the solution concentration increases.
Such a peculiarity is related to the aggregation of fullerenes
in solution, as a result of which the resonant four-photon
mixing frequency is shifted [49]. Fullerene molecules involved
in clusters are excluded from the process of resonant
interaction with laser radiation, which in turn results in the
saturation of the concentration dependence of the nonlinear
response.

The above-described mechanism of the influence of the
fullerene aggregation on the shape of the concentration
dependence of the third-order nonlinear optical susceptibil-
ity is confirmed by the calculated results [49] produced using
the above-stated concentration dependence of the cluster size
distribution function (see Section 3). These results having the
form of the concentration dependence (in relative units) of the
portion of isolated fullerene molecules (not incorporated into
clusters) are shown in Fig. 9 by the solid line. As is seen, this
dependence closely agrees with the results of measuring of the
concentration dependence of the third-order nonlinear
optical susceptibility [8]. Such an agreement permits the
statement that the fullerene molecules involved in clusters
are removed from the region of resonant interaction with
laser radiation, accompanied by the four-wave mixing effect.

The above-stated effect of displacement of the resonant
frequency of the four-wave interaction as a consequence of
the aggregation of fullerenes in solution permits the use of
measured concentration dependences of the third-order
nonlinear optical susceptibility for resolution of the issue on
the possible aggregation of fullerene molecules of a specific
sort in a particular solution. Specifically, it would be
interesting to try to state a connection between the solvato-
chromic phenomena, observed in solutions of fullerenes C60

and C70 in various solvents in the works [9, 10], and the
behavior of the parameter w�3� depending on the concentra-
tion of solution. Further, it appears to be attractive to
perform the measurements of this parameter in the condi-
tions of experiments [13, 14], where the slow, over tens of
days, formation of fractal aggregates of C60 in benzene
solution was observed. The magnitude of the displacement
of the four-wave mixing resonant frequency for large fractal
aggregates may be found not so significant as in the above-
analyzed case of small-sized compact clusters, which is
reflected on the form of time dependence of w�3�.

4.2 Solvatochromism
The experimentally discovered phenomenon of solvatochro-
mism can be considered as one of the most interesting from
the scientific viewpoint properties of fullerenes in solutions.
This phenomenon manifests itself in a sharp change of the
optical or Raman spectrum of a solution of fullerenes C60 or
C70 as a result of a slight variation in the solution concentra-
tion or solvent content [9, 10]. These peculiarities in the
behavior of fullerenes in solutions are observed in the case
of using a binary mixture as a solvent. In this case the
tendency of fullerenes to aggregation shows itself as the
significant dependence of the cluster size distribution func-
tion not only on the solution concentration but also on the
content of the solvent. This, in turn, causes a dependence of
the absorption optical spectra of fullerenes in solutions on the
solvent content. In certain conditions this dependence has a
critical character, which is exhibited in a sharp qualitative
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change of the spectral features under a slight variation of the
solution concentration or solvent content.

This peculiarity in the behavior of fullerenes in solutions
was first observed in measuring the electronic absorption
spectra of fullerene C70 dissolved in themixture of acetonitrile
and toluene [9]. The measured results, given in Fig. 10, show
the critical character of the dependence of the spectrum on the
solvent content. Thus, as the volume content of acetonitrile in
the solvent exceeds 60%, the electronic absorption spectrum
of C70 shows additional features which are not observed at a
lower concentration of acetonitrile. A strong absorption band
in the wavelength range 550 ± 800 nm appeared, whereas the
fine structure in the wavelength range 300 ± 400 nm of the
absorption spectrum essentially disappeared. The indicated
peculiarities in the behavior of C70 spectra in binary solutions
were attributed by the authors [9] to the possibility of forming
clusters consisting of a number of fullerene molecules in the
solutions.

A detailed exploration of the solvatochromism phenom-
enon in solutions of fullerene C70 was performed in the
subsequent work [50], where in parallel with the absorption
and fluorescence spectra of solutions of fullerenes C60 andC70

in a mixture of solvents of various content the cluster size
distribution function was also measured. In Figure 10, the
results of measuring electronic absorption spectra of C70

dissolved in the mixtures of acetonitrile with toluene under
various conditions are given. The similar peculiarities were
observed for fullerene C60 dissolved in the mixtures of
acetonitrile with toluene at various solution content. As is
turned out, the absorption spectra of dissolved fullerenes C60

andC70 undergo considerable alterations as a result of change
in both the solvent content and solute concentration.
Specifically, the excess in concentration of acetonitrile mixed
with toluene above 70% results in a considerable red shift and
broadening of the maximum in the absorption spectrum of
fullerene. The rise in the concentration of acetonitrile in the
mixture of benzonitrile and acetonitrile causes the smoothing
of the feature in the absorption spectrum ofC70 at l � 480 nm
and the appearance of a broad band with maximum near
590 nm. Addition of 70% acetonitrile into toluene causes the
red shift of the absorption spectrum of C60, so that the feature
observed at l � 404 nm becomes less pronounced, whereas
that at l � 600 nm disappears at all. Using the mixtures of
benzene with hexane and benzonitrile with hexane as solvents
no alterations in the absorption spectra of C70 were observed.

As is shown in measurements performed in the above-
cited work [50], the change in the solvent content causes
considerable alterations in not only absorption spectra, but
also fluorescent spectra of fullerenes. This can be seen from
the comparison of excitation and emission spectra of fullerene
C70 dissolved in pure toluene and in mixtures of toluene with
acetonitrile of various content, presented in Fig. 11. As
acetonitrile is added to the solution the fluorescence intensity
of C70 at l � 664 nm notably lowers, whereas the intensity of
light scattering with a maximum at wavelength 552 nm rises
about 100 times. Further, in the fluorescent spectrum two
additional peaks appear at l � 595 and 638 nm. Similar
measurements performed using mixtures of benzonitrile
with acetonitrile, benzene with methanol, and dichloroben-
zene with acetonitrile as solvents also show a decrease in the
fluorescence intensity and an increase in the scattering
intensity as a result of a rise in the concentration of the
component which does not dissolve the fullerenes. Using
mixtures of benzene with hexane and benzonitrile with
hexane as solvents, both components of which dissolve
fullerenes quite well, no dependence of the luminescence
spectra of C70 on the content of a solvent was found.

The reason behind the above-described solvatochro-
mism phenomena, inherent to the behavior of fullerenes in
multi-component solutions, lies in the tendency of fullerenes
to cluster formation. This follows from the results of direct
measurements of the cluster size distribution function
performed for C70 dissolved in the mixture of toluene with
acetonitrile of various content and concentration, using the
dynamic light scattering method [50]. These results are given
in Fig. 12. As can be seen, the average size of clusters
increases both as the content of acetonitrile rises and the
solution concentration is enhanced. Further, a bimodal
form of the cluster distribution in solution of specific
concentration and acetonitrile content engages our atten-
tion. Two kinds of clusters are observed: large, 100 nm in
diameter (under different conditions Ð 1000 nm) and small,
3 nm in diameter (under different conditions Ð 100 nm).
Apparently, small clusters serve as a building material for
larger structures. The absence of clusters of intermediate
size shows the instability of such formations, the reason for
which is still to be found.

Therefore, it can be stated that the solvatochromism
phenomena observed in fullerene solutions originate from
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the tendency of fullerenemolecules to form clusters consisting
of some number of molecules. In this case the equilibrium
cluster size distribution function depends considerably on
both the content and concentration of the solution. Altera-
tion of these parameters changes the thermodynamic char-
acteristics of fullerenes in the solution, so this can provide
cluster formation. The electronic spectrum of a cluster
consisting of a number of fullerene molecules differs from
that of an isolated molecule. In particular, this follows from
the above-considered results of measurements of the third-
order nonlinear optical susceptibility (see Section 4.1 and
Fig. 9). Hence the alteration in the parameters of the solution,

stimulating cluster formation, can be drastically reflected in
the optical absorption and fluorescent spectra of dissolved
molecules. Thus, the mentioned spectra appear to be quite
sensitive to both the solution concentration and content of the
solvent. This suggests usage of this property of spectra for
diagnostics of fullerene solutions.

5. Fractal structures in fullerene solutions

5.1 Measurement of the kinetics of fractal structure
growth using the light scattering methods
The tendency of fullerenes in solutions to the aggregation
manifests itself in the formation of clusters consisting of a
number of fullerene molecules. Therewith, the experimental
data show that in parallel with small-sized clusters, which
form practically in a moment and contain about ten
molecules, in fullerene solutions it is possible the formation
of large-sized clusters growing during several months and
containing up to several hundreds thousands of molecules.
The growth kinetics of large clusters in fullerene solutions was
studied experimentally in detail in the set of elegant works [13,
14]. Now we shall consider briefly the methods used in these
works and the results obtained. A solution of C60 in benzene
at concentration around 1g lÿ1, which is several times lower
than the saturated magnitude, was studied at room tempera-
ture using static and dynamic light scattering techniques. As a
source of light, a 30 mW semiconductor CW diode laser with
l � 790 nm was used. The radiation scattered at an angle of
more than or of the order of 8 deg was monitored with the aid
of an optical waveguide detector connected to a photo-
multiplier. The method of static scattering of light provides
the correlation between the magnitude of relative variation of
the intensity of radiation scattered at a given angle, due to
existence of dissolved matter in the solution, and the average
mass of particles of this matter. Therefore, this method
provides the determination of the average mass of clusters
formed by fullerene molecules in the solution.

The method of dynamic light scattering consists in
measuring the spectral line width of scattered radiation due
to Brownian motion of particles in the solution. Because the
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characteristic velocity of Brownian motion of particles in a
solution is inversely proportional to the mean particle radius,
this permits the derivation of information on the linear
dimensions of dissolved particles. Therefore, by combining
the methods of static and dynamic scattering of light, one can
both investigate the dynamics of growth of aggregates in a
solution and determine the relation between the mass and size
of a cluster, i.e. its fractal dimension.

As revealed by the measurements made in Ref. [13],
fullerenes in a benzene solution form fractal aggregates with
a fractal dimension of about 2.1. The growth of such
structures was observed over a period of time up to 100 days.
The structures formed are unstable and are destroyed by the
light shaking of the solution, after which the formation and
growth of fractal structures is restarted. The dynamics of
growth of fractal structures is shown in Fig. 13which gives the
measured hydrodynamic radius Rh of fractal clusters as a
function of time. It should be noted that the behavior of
cluster growth depends to some extent on the manner of
preparation of the solution. The data in Fig. 13 correspond to
the case when the solution was prepared in the open air with
the possibility of access for oxygen. If the solution was
prepared in a nitrogen atmosphere without access for
oxygen, the measured value of the hydrodynamic radius was
approximately 20% higher throughout the entire period of
observation.

5.2 The aggregation of particles in solutions.
Diffusion approach
As seen from the measurement results, the average radius of
the fractal cluster at the end of the observation period reaches
a value of � 170 nm. This magnitude is in a quite good
agreement with the observed data of the above-cited work
[50]. In view of the relation between the fractal dimension of a
cluster D, its radius R and the number of particles in the
cluster n, namely,

n �
�
R

r0

�D

; �29�

where r0 is the radius of the fullerene molecule, we derive that
the maximum number of particles in the cluster, attained
during the observation time of � 4� 106 s, is approximately
105. We shall analyze the kinetics of growth of fractal
fullerene clusters in a solution, as observed in Refs [13, 14],

on the basis of a simple model approach [51 ± 55] traditionally
used to describe this process.

Consider an elementary act of coalescence of two particles
in a solution under condition (13), when the characteristic
value of the Reynolds number for thermal motion of a
dissolved molecule is much less than unity. In this case the
Brownian motion can be described on the basis of the
approach employed by Stokes, Einstein, and Smoluchowski.
In accordance with these ideas [51], the rate constant k for the
aggregation of particles in a solution is defined by the
diffusion mechanism and expressed by the relation

k � 4p�D1 �D2��r1 � r2� : �30�

Here r1 and r2 are the particle radii, and D1 and D2 are their
diffusion coefficients in the solution. Using Stokes' formula
(12) for the diffusion coefficient of the particles in the
solution, we derive the known expression for the rate
constant of coalescence of particles [51]:

k � 8T

3Z
F�r1; r2� ; �31�

where the function

F�r1; r2� � �r1 � r2�2
4r1r2

�32�

is close to unity in the case r1 � r2, and close to 0:25r1=r2 for
r1 4 r2. The typical value of saturated concentration of
fullerenes in most widely used solvents, corresponding to
solubility at room temperature, is N0 � 1018 cmÿ3. The
characteristic value of the dynamic viscosity for such
solvents is Z � 0:01 P. Hence, it follows that the rate constant
for coalescence of two fullerene molecules or two clusters of
comparable sizes, consisting of these molecules, is
� 10ÿ12 cm3 sÿ1, which corresponds to the characteristic
time of the attachment process under diffusion approach
t � �N0k�ÿ1 � 10ÿ6 s. Apparently, the time required for the
establishment of equilibrium size distribution function of
small clusters (estimated in the preceding sections) is of the
same order.

One can see that the real time of growth of fractal clusters
(� 106 s), experimentally obtained in Ref. [13], exceeds the
estimation result by many orders of magnitude. Therefore, in
describing the kinetics of growth of fractal structures of
fullerenes in solutions, one must take into consideration
details of the growth mechanism such as the fractal dimen-
sion of the structures being formed, the probability of
coalescence of approaching clusters (which is less than
unity), etc. For this purpose, we shall employ simple models
of growth of fractal structures, described in Refs [53 ± 55].
These models are based on the assumption of invariability of
the fractal dimension of cluster in the process of its growth.

5.3 Models of fractal cluster growth in fullerene solutions
The DLCA model. The simplest model of fractal cluster
growth is the diffusion-limited cluster aggregation model
(DLCA). In accordance with this model, the aggregation of
clusters is a result of attachment of clusters of comparable
sizes. The rate constant of this process is determined from
relations (30) ± (32) and, as follows from the foregoing, is
virtually independent of the cluster sizes. In this case, the
kinetics of growth of fractal clusters with the average number

10 20 30 40 500

100

200

t, d

R, nm

²ËÔ. 13. Dependence on time of growth of the hydrodynamic radius of
fractal cluster C60 in a benzene solution, measured in Ref. [13]. The solid
line is the result of calculations using a modiéed RLCA model for
D � 2:08, a � 2, and g0 � 10ÿ7.
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of particles n is described by the equation

dn

dt
� N0k : �33�

The right side of Eqn (33) is independent of n, because the
concentration of clusters of size n is N0=n, while the
attachment of the cluster of size n to the given cluster results
in an increase of its size by n. The rate of cluster growth is
proportional to the product of two factors identified above
and is equal to N0k. In view of relation (29), the equation of
kinetics of growth of a fractal cluster of average size n within
the framework of DLCA model takes the form

R � r0�N0kt�1=D : �34�
As follows from this expression, the time required to increase
the fractal cluster radius by a factor of 500 is of the order of 1 s.
It is easy to see that this value differs from the measurement
results, given in Fig. 13, by approximately six orders of
magnitude. Thus, it should be concluded that the DLCA
model does not apply to the experimental conditions of Ref.
[13].

The DLA model. Another model used to describe fractal
structure growth is also based on the concept of diffusion-
limited aggregation (DLA). In accordance with this model,
the cluster growth is a result of attachment to given cluster of
individual particles such as fullerene molecules or small
clusters consisting of these molecules. Assuming that the
initial number density N0 of fullerene molecules in a solution
and the average concentration Nc of growing clusters are
time-independent, we derive the equation describing the time
variation of the average cluster size n:

dn

dt
� �N0 ÿ nNc�k : �35�

Here, in accordance with relations (29) ± (32), one has

k � n1=D
2T

3Z
� k0n

1=D : �36�

It should be noted that the form of Eqn (35) is independent of
the size of a small cluster attaching to a large cluster of size n.
Indeed, let the number of fullerenemolecules in a small cluster
be equal to ns, and the concentration of clusters of this size be
equal to Ns. Then the rate of growth of large clusters as a
result of attachment of small clusters of size ns is written as�

dn

dt

�
s

� kNsns : �37�

The summation of this expression over all values s5 n, in
view of the obvious normalization condition

Ncn�
X

nsNs � N0 ; �38�
provides equation (33). As a result, it turns out that the
growth rate of large fractal clusters does not depend on the
shape of the size distribution function of small clusters. This
feature is caused by the specific form of the cluster size
dependence on the attachment rate constant (32) which, in
the limiting case of clusters of highly differing sizes, does not
depend on the size of the smaller cluster.

The solution of equation (33) with the initial condition
n�t � 0� � 1 has the following form:

t � 1

k0Nc�1ÿ 1=D�
�n
1

dn1ÿ1=D

�nÿ n
: �39�

Here, �n � N0=Nc is the maximum attainable number of
particles in a cluster. Expression (39) is considerably
simplified in the case D � 2:�

n

�n

�1=2

� R

Rm
� exp�t=t ���

�n
p � ÿ 1

exp�t=t ���
�n
p � � 1

; �40�

where Rm �
���
�n
p

r0 is the maximum attainable cluster radius,
and t � �N0k0�ÿ1. In accordance with the derived expression
(40), the characteristic time of cluster growth is of the order of
t��n�1=2. This conclusion also does not correspond to the
experimental data in Fig. 13. Indeed, because the dependence
R�t� given in Fig. 13 is close to saturation at the last stage of
growth, onemay assume for estimation that the value ofRm is
close to the maximum measured value 200 nm of the radius.
Hence, it follows that �n � �Rm=r0�2 � 3� 105, and the
characteristic time of cluster growth may be estimated as
t��n�1=2 � 10ÿ3 s. Because the measured value of this para-
meter exceeds the estimation result by nine orders of
magnitude, one can conclude that the DLA model is also
unsuitable for description of the experimentally examined
growth of fractal clusters of fullerenes in a solution.

The RLCAmodel.Yet another model used to describe the
fractal cluster growth is based on the concept of reaction-
limited cluster aggregation (RLCA) [53]. In this case, the
cluster growth is a result of attachment of clusters of different
sizes, with the attachment probability of approaching clusters
being g5 1, so that for a pair of clusters to attach, they must
undergo a large number of collisions. The equation describing
the kinetics of cluster growth within the RLCAmodel has the
form [51]

dn

dt
� gN0

��������
T

2pm

s
4p�R1 � R2�2 ; �41�

whereR1 andR2 are the radii of approaching clusters, and m is
their reduced mass. Using relation (29) and averaging
equation (41) over the cluster size distribution function, we
derive the equation [51]

dn

dt
� JgN0

�����������
T

2pm0

r
4pr20n

2=Dÿ1=2 : �42�

Here, r0 is the radius of the fullerene molecule, and m0 is its
mass. The dimensionless coefficient J depends on the form of
the cluster size distribution function, as well as on the cluster
fractal dimension D. Thus, J � 6:8 for the case of D � 2 and
the simplest form of this function

f � exp

�
ÿ n

n0

�
; �43�

where n0 is the average number of particles in the cluster.
Integration of (42) results in

R � r0

�
8pgN0J

�
3

2
ÿ 2

D

� �����������
T

2pm0

r
r20t

�2=�3Dÿ4�
: �44�

One can see that the use of the RLCA model leads to an
unlimited growth of the cluster radius with time. Because
D � 2, dependence (44) is close to linear. Such a dependence
notably differs from the experimental curve shown in Fig. 13.
This permits us to conclude that the RLCA model is likewise
not applicable to description of the growth of fractal fullerene
clusters in a solution.
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However, a satisfactory agreement between the calculated
and measured evolution of fractal cluster growth can be
reached as a result of some modification of the RLCA
model. Namely, let us assume that the cluster attachment
probability g depends on the cluster size:

g � g0

�
r0
R

�a

: �45�

This results in the expression

R � r0

�
4pg0N0

�
3

2
� a
2
ÿ 2

D

� �����������
T

2pm0

r
r20t

�4=�6D�2aDÿ8�
: �46�

Dependence (46) calculated for D � 2:08, g � 2, and
g0 � 10ÿ7 is shown in Fig. 13 by a solid line. This dependence
is seen to agree quite well with the experimental data. Notice
that the calculated dependence almost coincides with the
result of calculation within the simplified model with D � 2.

5.4 Small and large clusters in fullerene solutions
As follows from the comparison of the time dependences of
the cluster size, calculated within the most widely employed
models, with the experimental data, none of these models fits
the experiment. The main problem which retards fitting these
data consists in the striking difference between the experi-
mentally established characteristic time of cluster growth
(� 106 s) and the time estimated on the basis of the Stokes ±
Einstein ± Smoluchowski model. This problem cannot be
overcome by introducing the probability of cluster attach-
ment g5 1 alone, because this leads to unlimited linear
growth of the cluster size with time, which is in contrast with
the experimental results. A possible way to overcome this
problem consists in somemodification of the standardRLCA
model of fractal cluster growth. Namely, an adequate
agreement is reached assuming that the attachment prob-
ability for approaching clusters depends on the cluster size.
This assumption can be supported with some geometric
considerations. In doing so, a large fractal cluster can be
treated as a structure with several high and narrow vertices.
Then relation (45) with a � 2 is valid in the case where the
attachment of two large clusters is a result of adherence of two
vertices belonging to these clusters.

A more complicated modification of the standard RLCA
model may involve abandonment of the commonly made
assumption about the time-independence of the fractal
dimension of a cluster. As follows from the results of detailed
Monte-Carlo calculations [53, 55], the fractal dimension of
clusters in the course of their growth tends to increase, which
is associated with a gradual filling of large cavities inside the
cluster. Accounting for this dependence could help to
eliminate the discrepancy between the theoretical and experi-
mental data. However, more detailed experimental investiga-
tions are required in order to reliably determine the form of
this dependence.

The analysis of experimental data concerning peculiarities
of the formation and growth of fullerene clusters in solutions
generates one more problem relating to a considerable
difference in the size of clusters, observed in different
experiments. So, the experiments directed to the measure-
ment of the temperature dependence of the solubility of C60 in
hexane, toluene and CS2 [7] as well as the concentration
dependence of the third-order nonlinear optical susceptibility
of C60 dissolved in benzene [8] are followed by the conclusion

of the existence in these solutions of clusters consisting of
about 10 ± 20 fullerene molecules. This conclusion is also
supported by the results of direct measurements performed
using the photoluminescence spectroscopy method [50], in
accordance with which the fullerene molecules C60 dissolved
in benzene, toluene and CS2 form aggregates of several
nanometers in size. On the other hand, the optical experi-
ments [13, 14] performed using the static and dynamic light
scattering methods show a possibility of formation in full-
erene solutions of much larger clusters consisting of more
than a hundred thousand molecules per cluster and measur-
ing several hundreds of nanometers in size. Thus, as was
stated in works [13, 14], the clusters have a fractal structure
with fractal dimension� 2:1, and the process of growth takes
tens of days.

The contradiction noted between the results of different
experiments can be eliminated taking into consideration the
bimodal form of the cluster size distribution (see Fig. 12),
observed in work [50]. Apparently, small-sized clusters are
formed in a short time, which can be estimated through the
relation t � �N0k�ÿ1 � 10ÿ6 s, whereN0 is the concentration
of fullerenes in a solution and the attachment rate constant k
is given by formula (31). This is a crude estimate for the time
necessary for establishing the quasi-equilibrium cluster size
distribution function, which can be found qualitatively on the
basis of the droplet model of a cluster [see equations (4), (8)].
Larger-sized clusters having a fractal structure are formed as
a result of much slower aggregation processes, the character-
istic time of which at the initial stage of growth measures tens
of seconds, and at a later time rises proportionally to the
squared cluster diameter. As follows from the direct observa-
tion results, such structures are destroyed quite easily under
hand shaking of a solution. It follows that the binding energy
of these fractal structures is relatively low. Thus it is explained
an apparent contradiction between the results of different
experiments, used for estimation of the cluster size.

6. Thermodynamic parameters of fullerite

6.1 Close-packed crystals and short-range intermolecular
interaction
The behavior of fullerenes in solutions essentially depends on
the thermodynamic properties of this substance in the solid
phase. Indeed, the main parameter characterizing the beha-
vior of fullerenes in solution is solubility. In accordance with
the results of analysis performed in Section 2 of the article [see
equations (3), (4)], the solubility of fullerene as well as any
other phase equilibrium state is expressed through the
difference between the chemical potential of a molecule
positioned in a solution and the solid phase, respectively.
Thus, it turns out that a change in the crystal structure of
fullerene, which is in equilibrium with solution, is reflected on
properties of the solution.

Below is presented an approach to the establishment of
thermodynamic properties of fullerite (i.e. the crystal pro-
duced from fullerene molecules) based on similarity laws for
crystal structures consisting of close-packed particles with a
short-range interaction [56 ± 58]. Here, the term `short-range
interaction' means a pair interatomic (intermolecular) inter-
action between particles in the crystal, acting over the limited
range of the interparticle distances. For condensed media this
means a prevailing role of the pairwise interaction between
neighboring particles. The parameters of this interaction
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determine the main thermodynamic characteristics of the
system. Such structures make up a special class of sub-
stances, whose thermodynamic parameters are characterized
by common peculiarities [56, 57]. Alongwith rare gas crystals,
to this class of structures also belongs crystal fullerite at a
temperature exceeding the point of phase transition (260 K)
accompanied with disordering of the molecular orientation
and defreezing of molecular rotation [34, 35].

As a typical example of the systems discussed the rare
gases (excluding helium) can be considered, whose crystal
structure is face-centered cubic (fcc) with close-packed atoms.
As shown in Refs [56, 57], all the thermodynamic parameters
of those systems being expressed in a dimensionless form
coincide very closely. The reason is the low sensitivity of
thermodynamic characteristics to small differences in the
form of the potential V�R� for atoms of various kinds. Thus,
to determine the main thermodynamic characteristics of a
substance with experimental accuracy, the only two para-
meters related to the potential energy curve are sufficient to
know: the well depth D and equilibrium distance R0. These
parameters determine in a natural manner the set of
dimensionless variables which in turn generates the similarity
of thermodynamic functions. Thus, the temperature depen-
dence of the saturated vapor pressure p�T� for all rare gases is
expressed in a unified form [57] as

p

p0
� f

�
T

D

�
: �47�

Here p0 � D=R2
0 is the natural unit of pressure for the systems

under consideration. As the natural unit of density for such
systems the expression r0 � m=R3

0 could be used, where m is
the atomic mass. In so doing, the critical parameters of a
system are expressed in a unifiedmanner through the inherent
natural units:

pc � �0:131� 0:001�p0 ; �48�
rc � �0:301� 0:001�r0 ; �49�
Tc � �1:04� 0:02�D : �50�

The numerical factors in equations (48) ± (50) were obtained
as a result of a statistical averaging of the experimental data
for rare gases [57]. Other thermodynamic parameters of rare
gases, such as the melting and boiling points Tm and Tb, the
densities of crystal rs and liquid rl at those temperatures as
well as the bulk modulus, volume and linear thermal
expansion coefficients, etc., are determined in a similar
way through the natural units of the system. Taking into
account Eqns (48) ± (50), relation (47) can be expressed as
follows

p

pc
� f

�
Tc

T

�
; �51�

this relation is universal as given above.

Attention should be drawn to the fact that fullerenes
discovered in the solid state (fullerites) may also be related
to the considered class of systems of spherically symmetrical
close-packed and short-range interacting particles. The
similarity in crystal structures of solid fullerenes and rare
gas crystals provides a way of reliably estimating the
thermodynamic quantities of fullerenes. These estimates fit
quite well the experimental data, when they exist. The
comparison of these estimates with results of recent numer-
ical calculations and with estimated parameters of intermole-
cular interaction potential obtained on the base of measure-
ments of saturated vapor pressure, permits a refinement of the
magnitudes of those parameters and also a determination of
the degree of sensitivity of thermodynamic characteristics of
fullerenes to details in the intermolecular interaction poten-
tial.

6.2 Binding energy of fullerenes in crystals
Let us consider the crystalline state of fullerene C60 at
temperatures exceeding the critical point (260 K) for an
orientational disorder phase transition, which is accompa-
nied by defreezing the free thermal rotation of C60 molecules
in the fullerite crystal about their axes [34, 35]. In these
conditions the fullerene molecules forming the crystal can be
considered as spherically symmetric systems with a pair
intermolecular interaction potential. The characteristic bind-
ing energy of carbon atoms in a fullerene molecule is much
more than that of fullerene molecules in crystal. The main
thermodynamic behavior of this crystal is determined by the
parameters of that potential, namely, the well depthD and the
equilibrium distance between the centers of molecules R0. In
systems with short-range interaction and face-centered cubic
structure, the parameter R0 determines the distance between
the nearest neighbors in a crystal. The parameters of the
crystal structure of fullerenes are stated quite well. Thus, for
fullerene C60 crystal at T � 260 K, the quantity R0 � 1:006
nm [5, 59], which provides the crystal density r � 1:69 g cmÿ3.
As for the parameterD, its value is knownwith a considerable
uncertainty. In Table 5, the values of this parameter
determined in various calculations and experiments are
shown. Here, the data for T � 0 were obtained through the
summation of all van der Waals interaction potentials
between atoms belonging to two neighboring C60 molecules.
The statistical averaging of the data presented results in
D � �0:306� 0:044� eV.

As is seen, the values of the parameter D obtained on the
base of independent measurements and calculations are
characterized by a considerable statistical spread. This
hinders the use of this parameter for quantitative estimation
of thermodynamic quantities of fullerite. One of the main
reasons of this data spread is in the most useful way for
estimating the parameter D, based on fitting the measured
temperature dependences of saturated vapor through the
Arrhenius equation. Since such measurements are usually
performed in a limited temperature range, whereas the true
temperature dependence p�T� can differ notably from the

Table 5. Binding energy of two fullerene C60 molecules measured and calculated by various authors.

T, ¬ 298 700 773 788 600 0 0 780 770 0

D, eV 0.4 0.32 0.275 0.290 0.240 0.32 0.275 0.31 0.347 0.288

References [60] [61] [62] [63] [64] [65] [66] [67] [68] [69]
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Arrhenius exponent, the measurement data obtained in
different temperature ranges can differ considerably from
one another.

6.3 Saturated vapor pressure
A more accurate estimation of the quantity D and other
parameters characterizing the thermodynamic properties of
fullerite can be obtained using the similarity relations (47) ±
(51). In doing so, it appears to be appropriate to use the
above-noted similarity of corresponding dependences for
close-packed systems with the short-range interaction. The
measured temperature dependences of the saturated vapor
pressure for fullerene molecules C60 have to be expressed in a
dimensionless form (51). The value of the parameter D
involved into this dependence will be determined by fitting
the function p�Tc=T� for fullerene with the corresponding
function for rare gases.

The saturated vapor pressure for rare gases has been
measured in various works. The experimental data are
reviewed particularly in Ref. [56]. The dependences of
reduced saturated vapor p=pc on Tc=T, determined for Ne,
Ar, Kr, andXe on the base of these data, are shown in Fig. 14.
The fulfillment of the similarity law (51), which is sometimes
called the law of corresponding states, can be seen. Some
deviation of data for Ne in the low-temperature region is
caused by well-known quantum effects. The dependence p�T�
has a characteristic bend at the triple point.

The same figure shows the measured and calculated data
for the saturated vapor pressure of C60 fullerene [61 ± 64, 67,
68], processed in accordance with the similarity law (51)
considering relations (47) ± (50). The values of critical
temperature and pressure for fullerene were calculated using
Eqns (48), (50) for a fixedD value. Notice that both values are
proportional to D. The broken lines in Fig. 14 correspond to
the extreme D values from Table 5 (D � 0:24 eV and
D � 0:35 eV). As can be seen, the dependences p�T� obtained
with these values do not agree with the similarity law (51) for

inert gases. The best fitting of dimensionless temperature
dependences of saturated vapor pressure for fullerene with
those for rare gases is reached for D � 0:257 eV. This value
lies in the range of magnitudes ofD obtained in Refs [61 ± 64,
67, 68] and somewhat lower than the result of averaging them
(0.306 eV). The temperature dependence of saturated vapor
pressure for fullerene, determined using this value of D, is
shown in Fig. 14 by asterisks. As is seen, this dependence p�T�
agrees quite well with the universal dependence for rare gases.
In accordance with Ref. [56], the error in measuring the
pressure in the temperature range under consideration does
not exceed 5%. One would expect that the above-determined
value of D is characterized by an error of the same order of
magnitude. Thus, the range of allowable values of D can be
stated as 0:257� 0:013 eV that is essentially narrower than
the above-given error interval evaluated from statistical
averaging of the findings of numerous researchers.

6.4 Thermodynamic parameters of fullerite
Assuming fulfillment of the similarity laws (47) ± (49) and
using the value D � 0:257 eV stated above, we obtain the set
of critical parameters for fullerene C60:

Tc � 3100 K ; pc � 53:6 atm ; rc � 0:5 g cmÿ3 : �52�
Let us use the critical parameters determined above for

checking the fulfillment of the similarity laws for other
thermodynamic parameters of fullerite. The first is the
compressibility factor at the critical point

Zc � mpc
RTcrc

; �53�

where m is the molecular mass, and R is the universal gas
constant. The values ofZc for rare gases and fullerene C60 are
shown in Table 6. Some other fullerite parameters are also
presented. Thus, the dimensionless heat of evaporation q at
T � 0 K is determined as follows

q � q0rc
pc

; �54�

where q0 is the specific heat of evaporation at T � 0. In
Table 6, data related to the isothermal compressibility
modulus KT are also presented. These quantities for rare
gases were taken from Ref. [70], and for C60 from Ref. [71]. It
is easy to show that the similarity laws (47) ± (51) cause the
ratio KT=pc to be constant. The values of this ratio are also
given in Table 6. The fulfillment of the similarity law for these
values is somewhat poor in comparison with other ones.
Apparently it is caused by the limited accuracy of their
measurements.

Let us determine the similarity relation for the Debye
temperature. In its physical sense the energy corresponding to
the Debye temperature is proportional to the characteristic
energy of vibration �ho of the crystal lattice. From the
parameters D, R0 and m only a quantity with the dimension
of frequency can be constructed:

oD � �D=m�
1=2

R0
: �55�

The Debye temperature has to be proportional to this
frequency, which is an inherent natural unit for it. Thus, the
dimensionless Debye temperature is defined by the ratio

y0 � oDR0

�D=m�1=2
: �56�
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Tc=T

D � 0:35 eV

D � 0:24 eV

p=pc

²ËÔ. 14.Dependence on temperature of the saturated vapor pressure in the
introduced coordinates: , �, �, � ì experimental data [69]; - - - ì
calculations in Ref. [58] for D � 0:24 and 0.35 eV; ì dependence (51)
calculated for fullerenes givenD � 0:257 eV.
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In accordance with the similarity laws, the values of this
dimensionless parameter for all crystals belonging to the
considered class should be close. The values of y0 in Table 6
are determined through relation (56) from experimental and
estimated data. As can be seen, similarity relation (56) is
fulfilled quite well for the rare-gas crystals. Some (of the order
of 15%) violation of this relation for Ne is attributed to well-
known quantum effects at low temperatures. The value ofoD

for fullerite was taken from Ref. [71]. The value of y0 for
fullerite is about twice as high as that for rare-gas crystals.
Such a deviation of the fullerite Debye temperature from the
value followed from similarity relation (56) does not appear
to be surprising, since over a temperature range near the
Debye point (74 K) the fullerite crystal is orientally ordered,
so that its structure is dissimilar to face-centered cubic. Thus,
a fullerene molecule whose thermal rotation is frozen cannot
be considered as a spherically symmetric particle. Therefore
the fulfillment of the similarity laws which are valuable for
particles with spherically symmetric interaction potential
would hardly be expected. Further, some contribution to the
Debye spectrum of fullerite is made by intramolecular
vibrations, which of course are not considered in fomulating
the similarity laws. If the intramolecular and intermolecular
vibration frequencies in the Debye temperature range are of
the same order, this should be reflected in the value of Debye
frequency. Thus, this conclusion depends on the degree of
plausibility of the Debye temperature measured in Ref. [71].
Notice that in order for similarity law (56) to be met, the
fullerite Debye temperature has to be set at oD � 40 K.

6.5 The problem of the existence of liquid fullerite
Therefore, the above-presented comparison of results of
independent measurements and calculations shows that the
similarity relations can be used for estimating the magni-
tudes of a large number of physical parameters of fullerite.
In so doing, the estimation error as a rule does not exceed
the corresponding value for rare-gas crystals. The sole
exception is the Debye temperature for fullerite, measured
in Ref. [71]. This disagreement is caused by freezing the
fullerene molecules' rotation in crystals at low temperatures,
which provides the dissimilarity between the real intermole-
cular interaction potential and the spherically symmetric
one.

The estimates performed permit light to be shed on a
question of basic importance, which is the subject of lively
discussion in contemporary publications [72 ± 74]. The ques-
tion is whether fullerene can exist in a liquid state? Various

calculations performed using the model intermolecular
interaction potential [66] give both positive [73, 74] and
negative [72] answers to this question. The negative answer
obtained in Ref. [72] is explained by the prominent difference
of the intermolecular interaction potential [66] from the
Lenard ± Jones one. An insignificant deviation of the main
thermodynamic parameters of fullerene from the correspond-
ing magnitudes of those determined through the similarity
laws shows a weak sensitivity of the values of those
parameters to the specific form of the intermolecular
interaction potential. This permits one to expect that fullerite
just as other systems of close-packed spherically symmetric
molecules with a short-range interaction can exist in a liquid
state in some temperature region. At atmospheric pressure,
this rather narrow region ranges from the melting point
Tm � 0:58 D � 1729 K up to the boiling point Tb � 0:61
D � 1820 K. The only obstacle to this can be the thermal
decomposition of fullerene molecules in this temperature
range. However, calculations [75] and experiments [76]
performed recently show a high thermal stability of full-
erenes at atmospheric pressure at least up to 2000 K. There
is a reason to believe that the above-formulated approach will
stimulate further studies directed to the extension of our
knowledge about the thermodynamic properties of fullerenes
in various phase states.

7. Conclusions

Fullerenes are a unique object of chemical physics, whose
behavior in many physical situations is characterized by
remarkable peculiarities. Peculiarities in the behavior of
fullerenes in solutions show up firstly in that fullerenes
represent the only soluble form of carbon. This is related
primary to the originality in the molecular structure of
fullerenes. The fullerene molecule is a virtually uniform
closed spherical or spheroidal surface having no sharp ridges
or dents. Such a structure gives rise to the relatively weak
interaction between the neighboring molecules in a fullerite
crystal and promotes effective interaction of the molecules
with those of a solvent.

Another interesting peculiarity of the behavior of full-
erenes in solutions is related to their tendency to form clusters
consisting of a number of fullerene molecules. The energy of
interaction of a fullerene molecule with solvent molecules is
proportional to the surface of the former molecule and
roughly independent of the relative orientation of solvent
molecules. The value of this energy accounted per fullerene

Table 6. Thermodynamic parameters for rare-gas and fullerite C60 crystals.

Parameter Ne Ar Kr Xe C60

D, meV
R0, nm
m, u
Tc, K
pc, bar
rc, g cm

ÿ3

oD, K
q0, J gÿ1

KT, kbar
Zc

q

KT=pc
y0

3.7
0.307
20.2
44.4
26.5
0.484
75
93.3
11
0.302
17.0
415
22.7

12.2
0.376
39.9
150.7
48.6
0.535
92
193.7
28.6
0.292
21.1
586
26.4

17.2
0.401
83.7
209.4
55.2
0.919
72
133.8
34.4
0.288
22.2
624
26.9

24
0.436
131.3
289.7
58.4
1.11
64
126
36.5
0.287
22.9
625
27.5

257
1.006
720
3100
53.6
0.5
74
230
18
0.30
21.4
335
52.6
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molecule is somewhat lower than the binding energy of
neighboring molecules in a fullerite crystal at T > 260 K
(phase transition point). This promotes formation of
extended fractal structures in the solution with predomi-
nance of the surface energy of interaction between fullerene
molecules and solvent over the volume energy of interaction
between neighboring fullerene molecules. Notice that a direct
indication of the tendency of diluted fullerenes to aggregation
was found in one of the early studies [77], where the
evaporation of solvent (benzene) from C60 solution resulted
in formation of globules with a mean diameter of the order of
1.5 nm. One can readily estimate that the average number of
fullerene molecules in such a globule is about ten.

The analysis performed in the article of experiments
concerning the behavior of fullerenes in solutions shows that
over a wide range of conditions fullerenes in solutions exist in
the form of aggregates or clusters containing from ten up to
tens of thousands of particles. Therefore, fullerenes in
solutions represent a unique case of a `cluster' substance, the
thermodynamically equilibrium state of which corresponds to
the majority of the matter in the cluster form. Such a unique
peculiarity, attributed to details in the interaction of fullerene
molecules with one another and with solvent molecules, can
be realized only in solutions, whereas the `cluster' substance in
the gas phase can be produced only in highly nonequilibrium
conditions [78], for example, in the conditions of a supersonic
nozzle. This peculiarity makes fullerenes in solutions an
interesting object from the viewpoint of the investigation of
the properties of a `cluster' substance.

The aggregation of fullerenes is reflected in various
physical and chemical properties of fullerene solutions.
Thus, this phenomenon causes the extraordinary (decreas-
ing) temperature dependence of solubility and unusual
concentration and temperature dependences of optical para-
meters and transport coefficients of fullerenes in solutions. As
a result of aggregation in fullerene solutions ensue the
solvatochromism phenomena showing up in a sharp depen-
dence of the optical absorption spectra of solutions on their
concentration and the content of the solvent.

All these phenomena were observed in experiments and
have a unified explanation in the framework of the droplet
model of a cluster, in accordance with which the free energy of
a fullerene molecule involved in a cluster is combined from
two components: a volume one, which is proportional to the
number of molecules n in a cluster, and a surface one, which is
proportional to n2=3. Further development of this approach to
the description of peculiarities in the behavior of fullerenes in
solutions should lead to consideration of the behavior of
fullerenes in composite solutions consisting a mixture of
various solvents. This will permit us to obtain the compre-
hensive description of solvatochromism phenomenon as a
result of varying the cluster size distribution function caused
by a change in the content of a solvent.

The tendency of fullerenes to form clusters in solutions
must be taken into consideration when further developing the
technology of enrichment, separation, and purification of
fullerenes. This applies in particular to the problem of
preparation of higher fullerenes in macroscopic amounts,
which still awaits a process solution. The main difficulty in
solving this problem lies in the exceedingly low content of
higher fullerenes in fullerene-containing soot which is formed
as a result of thermal deposition of graphite. In this regard the
problem appears similar to that of enrichment and separation
of isotopes. One of the possible ways of solving this problem

may be based on the concentration dependences of the
diffusion and thermal diffusion coefficients of fullerenes in
solutions, established in this study. The attainable values of
the separation factor prove much higher than the respective
values that are at the basis of the existing efficient technolo-
gies of isotope enrichment and separation. And, because the
market value of higher fullerenes is highly competitive with
that of many stable isotopes, the efforts aimed at developing
relevant technologies appear economically justified. It is
hoped that this review paper will both aid to expand our
basic knowledge of the behavior of fullerenes in solutions and
stimulate such efforts.

The authors are indebted to B M Smirnov for his
interest in the work, and to RFBR for partial support
(Grant No. 96-02-160008a).
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