
Physics-Uspekhi 38(9) 9 3 5 - 9 6 4 (1995) ©1995 Jointly Uspekhi Fizicheskikh N a u k and Turpion Ltd 

REVIEWS OF TOPICAL PROBLEMS 

Fullerenes and carbon structures 

A V Eletskii, B M Smirnov 

Contents 

Abstract. A review is given of the current state of research 
on fullerenes, which are molecules conta in ing 60, 70, 76, 
84, etc. ca rbon a t o m s a r ranged on the surface of a sphere 
or of a spheroid. The s t ructure of fullerenes, the m e t h o d s 
for their p roduc t ion , the processes involving them, and the 
format ion of fullerenes in na tu ra l gaseous systems are 
discussed. A n analysis is m a d e of the proper t ies of 
n a n o t u b e s and of the m e t h o d s for generat ing them. Other 
carbon c o m p o u n d s resembling fullerenes are considered. 
The results of the invest igations of the behaviour of 
fullerenes in solut ions are given and discussed. The 
proper t ies of fullerites, which are carbon crystals consist
ing of fullerenes, and of their c o m p o u n d s are reviewed. 

1. Introduction 
F o r a long t ime it has been assumed tha t carbon can exist 
in two crystal s t ructures: d i amond and graphi te [1]. 
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D i a m o n d has the spatial s t ructure in which ca rbon 
a toms , forming s t rong chemical b o n d s with one another , 
are oriented relative to one another in three dimensions 
ra ther t han in a p lane . The s t ructure of graphi te is layer
like, i.e. each a tom forms s t rong chemical b o n d s with other 
a t o m s located in the same plane , whereas the chemical 
b o n d s with the nearest a toms in an adjacent layer are 
relatively weak. It is therefore considerably easier to 
separate adjacent layers t han to b reak any one layer. 

The tendency of ca rbon to form surface s t ructures is 
manifested even m o r e strikingly in new forms of carbon, 
fullerenes and nano tubes , discovered in the second half of 
the eighties [ 2 - 5 ] . They are closed-surface ca rbon s t ruc
tures which have special proper t ies as novel mater ia ls , as 
physical objects, and as chemical systems. The development 
in 1990 of efficient technologies for the synthesis, separa
t ion, and deep purif ication of fullerenes [6, 7] has a t t rac ted 
t h o u s a n d s of researchers to the topic of fullerenes: they 
include physicists, chemists, mater ia ls scientists, and others . 
Intensive work of these researchers, carried out in h u n d r e d s 
of labora tor ies in var ious countr ies , has led to the discovery 
of m a n y new interest ing proper t ies of fullerenes. These 
proper t ies m a k e fullerenes no t only a new and at t ract ive 
object for fundamenta l sciences, bu t also for a wide range of 
appl icat ions . W e shall discuss briefly the interest ing phys 
ico-chemical proper t ies and poten t ia l appl icat ions of 
fullerenes and of systems conta in ing them. 

Electric, optical , and mechanica l proper t ies of fullerenes 
in the condensed state are evidence of the rich physical 
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content of the p h e n o m e n a which occur with the par t ic ipa
t ion of fullerenes, as well as of significant chances for 
finding appl icat ions for these mater ia ls in electronics, 
optoelectronics , and other b ranches of technology. Crys 
talline fullerenes and films are semiconductors with a b a n d 
gap of 1 .2-1 .9 eV and they exhibit pho toconduc t iv i ty in 
the optical range [ 8 - 1 1 ] . Ful lerene crystals have relatively 
low b inding energies, so tha t even at r o o m t empera tu re such 
crystals undergo phase t rans i t ions result ing in or ienta t ional 
disorder ing and 'unfreezing' of the ro ta t ion of the fullerene 
molecules [12, 13]. Crystals of C 6 0 , doped with alkali meta l 
a toms , have metall ic conduct ion and become superconduc t 
ing at t empera tu res 1 9 - 3 3 K, depending on the na tu re of 
the alkali meta l [ 1 4 - 1 7 ] . These are record values of the 
critical t empera tu re for molecular superconductors . Even 
higher critical t empera tu res ( 6 0 - 1 0 0 K ) are expected for 
superconduc tors based on higher fullerenes [18]. 

Solut ions of fullerenes in organic solvents also have 
unusua l physicochemical proper t ies . F o r example, the 
t empera tu re dependence of the solubility of C 6 0 in to l 
uene, hexane, and C S 2 is n o n m o n o t o n i c and the solubility 
m a x i m u m occurs at T = 280 K [19]. Solut ions of fullerenes 
have nonl inear optical proper t ies , manifested in par t icular 
by a s t rong reduct ion in the t r ansparency of a solution 
when the intensity of opt ical rad ia t ion exceeds a certain 
critical value [20]. This opens up the possibili ty of using 
fullerenes in nonl inear optical switches designed to protec t 
optical devices from high-intensi ty opt ical rad ia t ion . 

The discovery of fullerenes has d rawn the a t tent ion of 
specialists work ing on ways of p roduc ing synthetic dia
m o n d s . The very first exper iments [21] demons t ra ted tha t 
a film of C 7 6 is an efficient catalyst in the deposi t ion of 
synthetic d i amond coat ings from a carbon p lasma. The 
t rans format ion of crystalline fullerene into d i amond occurs 
under much less demand ing condi t ions t han in the case of 
graphi te , used t radi t ional ly for this purpose . At r o o m 
tempera tu re , this t r ans format ion is observed at a pressure 
of 20 G P a [22], whereas a cor responding t rans format ion of 
graphi te requires a pressure of 3 0 - 5 0 G P a and a t em
pera tu re of abou t 900 K [23]. The pressure needed for the 
conversion of solid fullerene into d i a m o n d decreases 
with increase in t empera tu re . F o r example, if nickel and 
cobalt are used as catalysts and fullerene is heated to 
1 2 0 0 - 1 8 5 0 °C, a pressure of 6.7 G P a is sufficient [24]. 
The results of recently publ ished experiments [25] on the 
synthesis of a m o r p h o u s d i amond by shock compress ion of 
crystalline fullerene C 6 0 look promis ing. It is impor t an t to 
stress tha t this synthesis does not require any addi t iona l 
hea t ing of a sample. H a r d e n i n g of the d i a m o n d s t ructure 
formed in this way, from the t empera tu re which reaches 
values of the order of 2000 K as a result of shock 
compress ion with several tens of gigapascals, is the result 
of rapid cooling at ra tes est imated to be 1 0 1 0 K s - 1 . 

The very first exper imental invest igations of mechanica l 
proper t ies of fullerenes have confirmed the hope tha t a very 
efficient solid lubricant can be m a d e from fullerenes. 
Accord ing to these exper iments [26], the surfaces of solids 
covered by fullerene films have an unusual ly low coefficient 
of friction. 

A possible revolut ion in organic chemistry is expected 
by specialists in this subject. Ful lerene molecules, in which 
the carbon a t o m s are b o u n d by single or double bonds , are 
three-dimensional ana logues of a romat i c s t ructures . They 
have a high electronegativity and they act as s t rong 

oxidants in chemical react ions . The a t t achment of var ious 
chemically different radicals to fullerenes gives rise to a 
wide class of chemical c o m p o u n d s which have var ious 
physico chemical proper t ies . F o r example, in the recently 
p roduced polyfullerene films [27], the C 6 0 molecules are no t 
b o u n d by the van der Waa l s forces (as in a fullerene 
crystal), bu t by chemical b o n d s . These films have plastic 
proper t ies and represent a new polymer mater ia l . The 
a t t achment to C 6 0 of radicals conta in ing metals belonging 
to the p la t inum group [28] m a k s it possible to p roduce a 
ferromagnet ic fullerene-based mater ia l . N e w chemical 
proper t ies have been repor ted for c o m p o u n d s formed as 
a result of replacement of some of the ca rbon a t o m s in 
fullerenes with metals . These c o m p o u n d s k n o w n as meta l -
locarbohedrenes or met-cars include, for example, T i 8 C 1 2 , 
V 8 C 1 2 , H f 8 C 1 2 , Z r 8 C 1 2 [29]. Specialists expect much of the 
results of investigations of physico chemical proper t ies of 
endohedra l c o m p o u n d s of fullerenes [30]. In these com
p o u n d s , synthesised recently in macroscopic quant i t ies , one 
or several a toms of a meta l or ano ther element are placed 
inside a spheroidal fullerene s t ructure. The great variety of 
physico chemical and s t ructura l proper t ies of fullerene-
based c o m p o u n d s means tha t we can speak of the 
chemistry of fullerenes as a new and promis ing b ranch 
of organic chemistry, the development of which m a y lead to 
some unexpected results. 

Par t ia l t he rma l decomposi t ion of graphi te layers can 
p roduce no t only fullerene molecules with the closed 
spherical or spheroidal s t ructure, bu t also long t iny tubes 
with their surfaces formed by regular hexagons [4, 5]. These 
tubes are up to several microns long and their d iameters 
a m o u n t to a few nanomet re s . Depend ing on the condi t ions 
dur ing their manufac tu re , such ' n a n o t u b e s ' m a y consist of 
one or m o r e layers and can have open or closed ends. The 
interest in these n a n o t u b e s has increased considerably after 
the development of a technology for their p roduc t ion in 
g r a m m e quant i t ies [31 - 3 3 ] . This interest was st imulated by 
the results of the first experiments on nano tubes . W h e n an 
open end of a tube is in contact with the surface of mol ten 
lead, the tube becomes filled with lead under the act ion of 
the capillary forces and thus becomes a very thin conduc tor 
insulated by a shell [34]. H igh- t empera tu re oxygen t rea t 
ment p roduces single-layer tubes with open ends [35, 36]. 
Exper iments on fullerenes and tubes are cont inuing, and we 
can count on new surprising discoveries in this field. 

N u m e r o u s optimist ic forecasts are being m a d e of 
effective commercia l use of p roduc t s based on the fullerene 
proper t ies . F o r example, in M a y 1994 the first large-scale 
appl icat ion of fullerenes in electronics was repor ted [37]. 
Accord ing to this repor t , which came from Mitsubish i (a 
large in te rna t iona l industr ia l conglomerate) , fullerenes are 
being used in the manufac tu re of ba t t e ry cells. These 
bat ter ies opera te on the basis of the hydrogen a t t achment 
react ion and are in m a n y respects similar to the widely used 
meta l hydr ide nickel bat ter ies , bu t they are repor ted to be 
capable of s toring five t imes m o r e hydrogen . Moreover , 
these bat ter ies are m o r e efficient and lighter, and they 
present a lower ecological and heal th hazard compared with 
the most advanced (in respect of these proper t ies) l i thium 
bat ter ies . 

The C 6 0 molecule occupies the central place a m o n g 
fullerenes. It is characterised by the highest symmetry and, 
consequently, by the highest stability. The s t ructure of this 
molecule is shown in Figs 1 and 2. This molecule resembles 
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Figure 1. Structure of the C 6 0 and C 7 0 fullerene molecules [366]. In view 
of its symmetry, all the atoms in the C 6 0 molecule are at equivalent 
positions, whereas in the C 7 0 molecule there are five different atomic 
positions. 

Figure 2. Image of the C 6 0 structure obtained with the field-ion micro
scope [80]. The voltage applied to the point was 10.7 kV and the buffer 
gas (He) pressure was 0.04 Pa. 

the cover of a football and has a s t ructure of a regular 
t runca ted icosahedron. The ca rbon a t o m s are distr ibuted on 
a spherical surface at the vertices of twenty regular 
hexagons and twelve regular pen tagons , in such a way 
tha t each hexagon is in contact with three hexagons and 
three pen tagons , whereas each pen tagon is in contact only 
with hexagons . It therefore follows tha t each carbon a tom 
in the C 6 0 molecule is located at the vertices of two 
hexagons and one pen tagon , and is fundamental ly identical 
with all the other ca rbon a toms . 

The term 'fullerene' originates from the su rname of a 
dist inguished Amer ican architect, R icha rd Buckmins te r -
Fuller , who used such s tructures in the const ruct ion of 
dome-shaped buildings. These bui ldings resemble the 
s t ructure of the C 6 0 fullerene molecule. In the condensed 
state, fullerenes are called fullerites, and fullerites doped 
with metals or other addit ives are called fullerides. 

The p rob lem of the existence of carbon in the form of 
molecules with a closed surface had been discussed on m a n y 
occasions in the l i terature (see Refs [ 3 8 - 4 3 ] ) well before the 
first reliable exper imental observat ion of the C 6 0 mole 
cule. However , del iberate studies of fullerenes began with 
the work of K r o t o , H e a t h , O'Brien, Curl , and Smalley [3], 
who repor ted detection of the C 6 0 molecule as a cluster with 
a magic number of a toms . This was the s t imulus of the 
invest igations of var ious proper t ies of this cluster [ 4 4 - 5 0 ] . 
These invest igat ions established reliably the closed spherical 

s t ructure of the C 6 0 molecule, which accounts for its high 
stability. It was also found tha t the C 7 0 molecule, which 
forms a closed spheroid, is very stable. The fundamenta l 
impor tance of the work of K r o t o and his colleagues [3] for 
the physics of fullerenes was their p roposa l tha t the 
s t ructure of the C 6 0 molecule resembles a football . In this 
s t ructure, the C 6 0 system is a molecule and no t a cluster, 
and this is reflected in its pr incipal proper t ies . W e shall n o w 
discuss these proper t ies in greater detail. 

W e shall consider the proper t ies of a cluster conta in ing 
n a toms . The pa rame te r s of this cluster, such as the b inding 
energy of an a tom being a t tached, the ionisat ion potent ia l , 
the electron affinity energy, the electron excitation energy, 
the melt ing point , etc., are no t m o n o t o n i c functions of the 
number of a toms . These pa rame te r s have extrema at wha t 
are k n o w n as the magic n u m b e r s tha t cor respond to the 
most stable configurat ions of the a t o m s in a cluster. In 
par t icular , a m o n g the mos t stable configurat ions are the 
clusters with filled shells. However , in view of the three-
dimensional s t ructure of a toms in a cluster, the pa rame te r s 
of an A2n cluster differ from those of two weakly interact ing 
An clusters. This means tha t the coalescence of two An 

clusters p roduces an A2n cluster with proper t ies tha t differ 
from those of An. 

These a rgumen t s do no t work in the case of fullerenes 
since a t o m s in the fullerene molecules are located on a closed 
surface. Therefore, the interact ion between the a toms in 
different fullerenes is weaker than between the nearest a t o m s 
in one fullerene. It means tha t the interact ion of two 
fullerene molecules does no t result in their coalescence, 
as in the case of interact ion of two clusters with a th ree-
dimensional configurat ion of a toms . A system of two weakly 
interact ing fullerene molecules is formed and each molecule 
re tains its individual na tu re . Ful lerenes thus represent a 
special form of carbon which has much in c o m m o n with 
graphi te , bu t it differs from bo th graphi te and d iamond . 

It follows from this discussion tha t the analogy of the 
s t ructure of the C 6 0 molecule to tha t of a football , pu t 
forward by K r o t o et al. [3], was of fundamenta l impor t ance 
because this description identified fullerenes as a new form 
of carbon . In this way the work of K r o t o et al. [3] provided 
the p r imary st imulus for the s tudy of fullerenes. However , 
equally impor t an t was the relatively simple and efficient 
technology for the p roduc t ion of fullerenes in macroscopic 
quant i t ies , pu t forward and developed in 1990 [6, 5 1 - 5 6 ] . 
This technology is based on the conversion of graphi te into 
fullerene and is capable of a p roduc t ion ra te of the order 
of 1 g h _ 1 of C 6 0 , which is sufficient for extensive 
investigations. The ra te of synthesis of fullerene C 7 0 is 
approximate ly an order of magn i tude less, bu t C 7 0 is 
p roduced in sufficient quant i t ies to m a k e possible studies 
no t only of thin films, bu t also of poly crystalline samples 
formed from molecules of this kind. Invest igat ions of 
fullerenes carried out up to 1990 have helped in the 
development of a technology for their p roduc t ion . The 
four infrared absorp t ion lines of the C 6 0 molecule have 
served as a ' t racer ' in the process of development of this 
new technology. 

One of the powerful stimuli tha t a t t rac ted considerable 
interest in fullerenes was ano ther hypothesis of K r o t o et al. 
[3], who pos tu la ted tha t the sources of the diffuse near -
infrared b a n d s emitted by the interstellar mat te r are 
fullerene molecules. The origin of these bands , discovered 
over 60 years before, is still no t clear. The first experiments 
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designed to determine the absorp t ion spectra of C 6 0 in a gas 
did no t confirm this hypothesis . However , later [57] K r o t o 
refined this hypothes is and p roposed reasonably tha t a 
m o r e p robab le source of these diffuse b a n d s could be no t 
the C 6 0 molecule bu t the C^ 0 ion, the presence of which in 
the interstellar mat te r is m o r e likely. Recent ly publ ished 
invest igations [58] (see also Ref. [59]) of the infrared 
absorp t ion spectra of the C^0 ion, enclosed in a neon 
crystalline matr ix , appear to confirm this hypothesis . 

A n impor t an t role in the acceleration of research on 
fullerenes was played by the 1991 discovery of supercon
ductivity, at t empera tu res be low 33 K, of polycrystal l ine C 6 0 

doped with alkali meta l a toms [ 1 4 - 1 7 , 6 0 - 6 2 ] . The 
resul tant c o m p o u n d s have at present the highest critical 
t empera tu res a m o n g molecular superconduc tors . 

Several reviews of the research on fullerenes have been 
publ ished [ 6 3 - 6 9 ] . The present review is based on an earlier 
one [69], bu t intensive investigations of the last two years 
have changed our unde r s t and ing of the topic . This review 
aims to describe the current state of research and to analyse 
the physical p ic ture of the individual proper t ies of fullerene 
systems. 

2. Structure of fullerenes 
2.1 Geometry of the C 6 0 molecule 
The C 6 0 molecule has the s t ructure of a t runca ted 
icosahedron. W e shall analyse the s t ructure later. The 
icosahedron is a regular geometr ic figure whose surface 
consists of twenty regular tr iangles [70, 71]. These tr iangles 
have twelve shared vertices and twenty shared sides. The 
icosahedron is the op t imal s t ructure for clusters with the 
pair interact ion of a toms , because the s t ructure ensures the 
m a x i m u m n u m b e r of b o n d s between the a toms . In 
par t icular , fairly small clusters of ra re gases have the 
icosahedron s tructure. It should be po in ted out tha t , in 
contras t to fullerenes, a cluster with the icosahedron 
s t ructure is filled three-dimensional ly. F o r example, the 
simplest icosahedral cluster conta ins thir teen a toms with 
twelve a t o m s on the surface and one at the centre. 
Therefore, the geometr ic figure of the icosahedron does 
no t apply directly to fullerenes. It is the t runca ted 
icosahedron tha t is the mode l of the C 6 0 fullerene molecule. 

All the vertices of the icosahedron as a regular figure lie 
on one sphere, bu t the rad ius of the sphere R is somewhat 
less t han the length L of one side of a tr iangle: 

fl=0.951L. (1) 

Let us construct the icosahedron as follows. Let us d r aw a 
sphere of rad ius R and pass an axis t h rough the centre of 
the sphere. The two po in t s of intersection of this axis with 
the sphere will become vertices of the icosahedron. Next , 
let us d raw two planes perpendicular to the axis separated 
by a distance ±1/2. If we select / = 0.851L, we find tha t the 
rad ius r of the circles formed by intersection of the sphere 
with the p lanes is equal to I {1 = r). Let us inscribe regular 
pen tagons into the circles in such a way tha t their 
project ions are ro ta ted relative to one ano ther by the 
angle n/5. If we connect the nearest po in ts of the figure, 
the result is the required icosahedron. Each vertex of this 
figure has five nearest ne ighbours on the surface and the 
axis has the fivefold symmetry, i.e. ro ta t ion abou t this axis 
by the angle 2 T I / 5 conserves the figure. The icosahedron 
has six such symmetry axes pass ing t h rough the centre and 

opposi te vertices of the figure. Ten m o r e symmetry axes of 
the icosahedron are perpendicular to the planes of the 
tr iangles (they pass t h rough the centre of the figure and 
th rough the centres of the opposi te triangles). Since 
ro ta t ion abou t any of these ten axes by the angle 2TI / 3 
conserves the figure, they are threefold axes. 

Let us n o w go over from the icosahedron to the 
t runca ted form which models the C 6 0 fullerene molecule. 
W e shall do this by drawing a new sphere with its centre at 
the centre of the icosahedron in such a way tha t it intersects 
each side of the icosahedron into three equal pa r t s . The 
po in t s of intersection are the vertices of the new figure. The 
number of these intersection poin ts is twice the number of 
the icosahedron sides, i.e. there are sixty such poin ts . The 
t runca ted icosahedron is obta ined by jo in ing the nearest 
vertices. Each vertex of this figure has three nearest 
ne ighbours . The above opera t ion can be carried out in a 
different way. W e can separate each side of the initial 
icosahedron into three equal pa r t s and connect the nearest 
vertices. In this way, a regular pen tagona l pyramid is cut off 
from each icosahedron vertex. The base of this pyramid is a 
regular pen tagon . This opera t ion t ransforms each regular 
t r iangle of the icosahedron surface into a regular hexagon 
on the surface of the t runca ted icosahedron. The side a of 
the latter is one- third of the side of the initial t r iangle 
{a = L/3). This opera t ion therefore cuts off twelve regular 
pen tagona l py ramids from the icosahedron and the surface 
of the resul tant figure includes twelve regular pen tagons 
and twenty regular hexagons . All ninety sides of the 
t runca ted icosahedron have the same length a. 

W e shall use R' to denote the rad ius of the sphere, the 
surface of which conta ins all the vertices of the t runca ted 
icosahedron. W e shall use h for the distance from the centre 
of this sphere to the centre of a hexagon (or a tr iangle in the 
initial icosahedron) and hf for the distance from the centre 
of the sphere to the centres of the pen tagons . These 
quant i t ies are related as follows: 

R' = 2.478a, (2) 

h = 2.267a, (3) 

ti = 2321a. (4) 

Moreover , it follows from formula (1) tha t the relat ionship 
between the rad ius of the initial icosahedron and the long 
side of the t runca ted icosahedron is 

R = 2.853a. (5) 

The above re la t ionships will be useful in the analysis of the 
s t ructure of the C 6 0 fullerene molecule. 

W e mus t stress the high symmetry of the figures 
discussed above. Both the icosahedron and its t runca ted 
form, the latter model l ing the C 6 0 fullerene molecule, have 
ten threefold symmetry axes. This means tha t the ro ta t ion 
abou t these axes by the angle 2TT /3 conserves the figures. 
The threefold axes pass t h rough the centre of the figure and 
the centres of the surface tr iangles in the case of the 
icosahedron or t h rough the centre of the figure and 
th rough the centres of the surface hexagons of the 
t runca ted icosahedron. Moreover , b o t h icosahedra have 
six fivefold symmetry axes. In the case of the icosahedron, 
these axes pass t h rough the centre of the figure and t h rough 
its vertices, whereas in the t runca ted icosahedron they jo in 
the centre of the figure to the centres of the surface 
pen tagons . 
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2.2 Structure of fullerenes 
The s2p2 electron shell of the carbon a tom ensures the 
op t imal s t ructure of carbon when the ne ighbour ing a toms 
form pen tagons and hexagons . Such a s t ructure occurs also 
in the most c o m m o n na tu r a l modif icat ions of solid carbon: 
d i amond and graphi te . This s t ructure is op t imal also for 
the most stable ca rbon clusters formed as a result of 
the rmal evapora t ion of graphi te . Stable ca rbon molecules 
form a closed surface on which the carbon a t o m s are 
located. This closed surface consists of hexagons and 
pen tagons . A hexagon with ca rbon a t o m s at its vertices is a 
s t ructure componen t of fullerenes and of graphi te . Since 
the mos t efficient m e t h o d s for the p roduc t ion of fullerenes 
are based on the rma l decomposi t ion of graphi te , it is 
na tu r a l to assume tha t the hexagons forming the spherical 
or spheroidal surface of the fullerene molecules have the 
same dimensions as the hexagons in graphi te . W e shall use 
this ana logy in the subsequent analysis of the C 6 0 s t ructure. 

Graph i t e consists of layers which are formed by regular 
hexagons with the 0.142 n m side and separated by distances 
of 0.335 n m [74]. The a t o m s in the adjacent layers are no t 
located one above the other , bu t are shifted by half the 
lattice constant . W e shall calculate the rad ius of the C 6 0 

fullerene molecule on the assumpt ion tha t it is composed of 
the same hexagons as graphi te . If we use the t runca ted 
icosahedron mode l for the C 6 0 molecule, we find tha t the 
rad ius of a molecule calculated from formula (2) is 
R = 2.48a = 0.35 nm, where a is the distance between 
the nearest ne ighbours . 

In model l ing the C 6 0 molecule by the t runca ted 
icosahedron we have assumed above tha t all the b o n d s 
in the fullerene molecule are equivalent . Consequent ly , 
according to this model , they have the same length, which 
is equal to the b o n d length in a graphi te layer. In reality, the 
C 6 0 s t ructure comprises two types of bond : one of which 
(double) is a shared side of two hexagons and the other 
(single) is a shared side of a pen tagon and a hexagon. The 
results of var ious experiments [ 7 5 - 7 7 ] have shown tha t the 
lengths of these b o n d s are 0.139 ± 0.001 and 
0.144 zb 0.001 nm, respectively. Therefore, the hexagons 
forming the C 6 0 s t ructure are slightly irregular and the 
above est imate of the dimensions of fullerene is accura te to 
within 1% - 2 % . A m o r e accura te value of the rad ius of the 
C 6 0 molecule, deduced from x-ray s t ructure analysis [55], is 
0.357 nm. All the ca rbon a toms in the C 6 0 molecule are at 
equivalent posi t ions , so tha t each a tom belongs s imulta
neously to two hexagons and one pen tagon . This is 
confirmed by the n a t u r e of the N M R spectrum of the 
C 6 0 molecule conta in ing the 1 3 C isotope. In the case of p u r e 
C 6 0 , this spectrum has only one resonant feature. 

The c o m m o n s t ructure componen t s of graphi te and of 
the C 6 0 fullerene molecule determine the na tu re of the 
process of format ion of fullerenes by decomposi t ion of 
graphi te . M o d e r a t e heat ing of graphi te b reaks the b o n d s 
between the separate layers and an evapora ted layer then 
splits into separate fragments. These fragments are com
bina t ions of hexagons and one of them is then used to form 
a cluster. W e can p ropose a variety of m e t h o d s for 
assembling a fullerene molecule from such fragments 
(Fig. 3). It would seem tha t the C 6 0 molecule can be 
constructed m o r e simply from ten hexagons conta in ing 
sixty a toms , combining them to form a closed s t ructure. 
However , this requires cut t ing of some hexagons . Since a 
closed surface cannot be constructed solely of hexagons , it 

Figure 3. Possible ways of synthesising the C 6 0 molecule from graphite 
fragments [68, 69]. (a) Graphi te fragment which can be the basis for 
the synthesis of half of the C 6 0 fullerene. (b) Possible formation of a 
part of a closed carbon cluster from graphite fragments. Coalescence 
of two fragments is shown. The larger fragment, consisting of seven 
hexagons (thirty atoms) is twisted to form a three-dimensional 
structure so that the dashed lines close the relevant sides of a 
pentagon. Next, the fragment consisting of two hexagons (ten atoms) 
forms, with the larger fragment, a hexagon (closed by arrows) and two 
pentagons (closed by dashed lines). In this way the two fragments form 
a part of a C 6 0 cluster containing forty atoms and including six closed 
pentagons and ten closed hexagons. The C 6 0 fullerene can be formed 
from this fragment by adding two more fragments which are double 
hexagons. 

follows tha t the fragments from which the C 6 0 molecule is 
assembled should be of smaller size. F o r example, this 
molecule can be assembled from six independent double 
hexagons , each of which conta ins ten a toms . This is clearly 
the simplest me thod for assembling the C 6 0 fullerene 
molecule. This me thod m a y be modified if we form a 
molecule from the fragments tha t conta in double hexagons . 
In par t icular , F ig . 3a shows one such fragment. A possible 
way of synthesising the C 6 0 molecule from two such 
fragments is i l lustrated in Fig. 3b. This fullerene assembly 
mechanism was p roposed by us earlier [68]. The app roach 
was developed further subsequent ly [367]. 

Direct observat ions of the fullerene s t ructure have 
become possible as a result of cons t ruc t ions and improve
ments in the field-ion microscope [78, 79]. This ins t rument 
makes it possible to locate spatially the posi t ions of the 
separate a toms forming a molecule by field ionisat ion of 
a t o m s of a buffer gas in a strongly inhomogeneous electric 
field near the investigated molecule. Fig. 2 shows an image 
of the C 6 0 molecule obta ined in this way [80]. The buffer gas 
used was hel ium at a pressure of 4 x l O - 2 Pa . 

The C 7 0 molecule (Figs 1 and 4) is formed from C 6 0 by 
in t roducing a belt of ten carbon a t o m s in the equator ia l 

• -Equator 

Figure 4. Structure and bonds in the C 7 0 molecule. 
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Table 1. Characteristics of various types of C - C bonds in the C 7 0 

molecules [81]. 

Bond Number of bonds Type of bonds Bond length/nm 
N o . of given type 

1 5 hexagon - h e x a g o n n M 1 + 0 . 0 0 3 
U.141 _ 0 Q 0 1 

2 20 hexagon - h e x a g o n 0.139±0.001 
3 10 hexagon - p e n t a g o n n M 7 +o.ooi 

4 20 hexagon - p e n t a g o n 0.146±0.001 
5 10 hexagon - h e x a g o n 0.137±0.001 
6 20 hexagon - p e n t a g o n 0.147±0.001 
7 10 hexagon - h e x a g o n 0.137±0.001 
8 10 hexagon - p e n t a g o n 0.1464±0.0009 

pa r t of the sphere and stretching this pa r t . This representa
t ion of the C 7 0 s t ructure agrees, in par t icular , with the 
na tu re of the N M R spectrum of this molecule, which — in 
contras t to the spectrum of C 6 0 — consists of five peaks . 
The geometr ic pa rame te r s of the C 7 0 molecule have been 
reconstructed from measurements of the electron energy 
loss spectrum when electrons are scattered elastically by the 
C 7 0 molecules in a gaseous state [81]. The to ta l number of 
b o n d s between a toms in this molecule is 105 and a m o n g 
them there are eight g roups of different bonds , which are 
identified in Fig. 4; the lengths of these b o n d s are listed in 
Table 1. It follows from Table 1 tha t the lengths of the 
b o n d s labelled 3, 4, 6, and 8 in Fig. 4 are close to 0.146 nm. 
These b o n d s lie on the b o u n d a r y between a pen tagon and a 
hexagon, and they jo in two hexagons . B o n d s 5 and 7 are 
located at a b o u n d a r y between two hexagons and join two 
pen tagons . The length of these b o n d s is close to 0.137 nm. 
B o n d s 1 and 2 are at a b o u n d a r y between two hexagons and 
they jo in two hexagons . The length of these b o n d s is 
approximate ly 0.14 n m and they are of similar na tu re to 
the b o n d s between the nearest carbon a t o m s in graphi te (of 
length 0.142 nm) . Thus , a l though the C 7 0 molecule has eight 
different types of bonds , characterised by specific symmetries 
in the molecule, in the first approx imat ion all these b o n d s can 
be reduced to three g roups in accordance with the na tu re of 
the figures which they separate or link. In this approx imat ion 
we have three b o n d lengths for the C 7 0 molecule. A b o n d of 
type 1, undis tor ted by the proximi ty of pen tagons , is similar 
to the C - C b o n d in a graphi te layer. The length of this bond , 
0.141 + 0.003 (-0.001) nm, is practically identical with the 
cor responding b o n d length in graphi te (0.142 nm) . A b o n d 
of type 2, jo in ing the vertices of a pen tagon and a hexagon in 
the equa tor ia l region of C 7 0 , is 0.139 =b 0.001 n m long, i. e. it 
is in termedia te between the lengths of the b o n d s jo in ing the 
vertices of two hexagons and five pen tagons , respectively. 

The to ta l height of the C 7 0 molecule, defined as the 
distance between the pen t agona l faces located in two 
mutua l ly opposi te po lar regions, is 0.780 =b 0.001 n m for 
a molecule at rest. The diameter of the equator ia l circle, 
pass ing th rough the centres of the ca rbon a toms , is 
0.694 zb 0.005 nm. A compar i son of this value with the 
diameter of the circle (0.699 =b 0.005 nm) passing th rough 
the centres of those a t o m s which are jo ined by type 3 bonds , 
i. e. the compar i son with the diameter of the circle separated 
by one layer from the equator ia l p lane, indicates — 
according to the au tho r s of Ref. [81] — tha t the s t ructure 
of the C 7 0 molecule has a waist in the equator ia l p lane, 
bu t — within the limits of precision of the results — this 
conclusion is no t reliable. 

The symmetry of the C 7 0 molecule is lower t han tha t of 
C 6 0 . If we assume tha t the a t o m s of the former are on the 
surface of an ellipsoid of revolut ion and tha t the polar caps 
are formed by pen tagons perpendicular to a symmetry 
plane, we find tha t the C 7 0 molecule has one fivefold 
symmetry axis which coincides with the major axis of 
the ellipsoid. This symmetry axis should be supplemented 
by a mir ror p lane , perpendicular to the axis and passing 
th rough the centre of the figure, and also by an inversion 
symmetry, which follows from the other symmetry char 
acteristics. 

The symmetry of the C 7 6 fullerene molecule (Fig. 5) is 
even lower than tha t of the C 7 0 molecule. The N M R 
spectrum of the C 7 6 molecule conta ins nineteen different 
lines of approximate ly the same intensity [82]. Hence , the 
carbon a t o m s in the C 7 6 molecule can occupy nineteen 
different posi t ions and each of these nineteen groups 
consists of four a toms . The surface of the C 7 6 molecule 
is covered by twelve pen tagons and twenty-eight hexagons . 
Such a molecule can be formed if two C 6 0 'polar caps ' , 
represent ing pen tagons su r rounded by hexagons , are 
encircled al ternately by pen tagons and hexagons and these 
are jo ined together in such a way tha t pen tagons are 
prevented from contact with one another by hexagons . 
A closed s t ructure is formed by the addi t ion of ano ther pair 
of pen tagons and a pair of hexagons . Fig. 5 shows the 
s t ructure of the C 7 6 molecule, oriented perpendicular to 
each of the three symmetry axes of the molecule [82]. The 
dimensions of the C 7 6 molecule a long the direct ions of all its 
symmetry axes are 0.879, 0.764, and 0.668 nm, respectively. 

Figure 5. Structure of the C 7 6 molecule, oriented perpendicular to each 
of its three symmetry axes. Symbols (circles) represent different positions 
of atoms in the structure [82]. 

Add i t iona l informat ion on the carbon s tructures can be 
obta ined from an analysis of the mobil i ty of charged carbon 
clusters C* , measured for clusters of different sizes [83-86]. 
It is evident from Fig. 6 tha t there are several families of such 
dependences , so tha t the same cluster size n m a y cor respond 
to several mobil i ty values. This is evidence of the existence of 
several isomeric forms of the Cn clusters, which cor respond 
also to different mobili t ies for the same value of n. Hence , we 
can distinguish different families of the s t ructures of ca rbon 
ion clusters in accordance with their mobili t ies. The 
m o n o t o n i c na tu re of each of the mobi l i ty dependences 
indicates a con t inuous change in the size of a cluster of a 
given type as the n u m b e r of a toms in it increases. F o r 
example, the black dots jo ined by curve 1 cor respond to a 
linear s t ructure of a C„ cluster. This s t ructure is realised for 
3 ^ n ^ 10. Curve 2, based on the results of an analysis of 
Ref. [83], represents clusters with a closed p lanar s t ructure, 
which is realised for 6 ^ n ^ 36. Na tura l ly , the mobil i ty of a 
C„ isomer, which has a closed cyclic s t ructure , exceeds the 
mobil i ty of a cluster with a linear s t ructure and the same 
number of a toms . Curve 3, represent ing clusters with 
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Figure 6. Dependence of the mobility of C„ clusters in He on their size n 
[83-86] . The mobility values are reduced to normal conditions. 

21 ^ n ^ 61, is very close to curve 2. It is a t t r ibuted in 
Ref. [83] to a closed p lanar s t ructure of a cluster conta in ing 
two cyclic configurat ions. Curve 4, represent ing clusters 
with 30 ^ n ^ 61, is a t t r ibuted to fullerenes and clusters 
with a closed three-dimensional s t ructure. This follows from 
the value of the mobil i ty of these clusters, which is 
considerably higher t h a n the mobil i ty of clusters with the 
same number of a t o m s and a p lanar s t ructure. Therefore, 
clusters represented by curve 4 should be most compact . 
Fig. 6 includes also the mobil i ty of a C^0 cluster, which m o r e 
or less fits curve 4. The dependences discussed above apply 
also to negative ca rbon ions. 

2.3 Structure of metallo-carbohedrenes 
Fullerenes form a whole class of ca rbon molecules in which 
a t o m s are on a closed surface. The ca rbon a t o m s in such 
cluster molecules form hexagons and pen tagons and, 
according to the Euler theorem, a closed surface is formed 
when each of these figures conta ins twelve pen tagons , 
whereas the number of hexagons can vary. Since each 
surface a tom has three nearest ne ighbours , the relat ionship 
between the n u m b e r of a toms n in a fullerene molecule and 
the number of surface hexagons m is 

n = 20 + 2m . 

Hence , in par t icular , it follows tha t the C 6 0 , C 7 0 , C 7 6 , and 
C 8 4 fullerene molecules contain respectively 20, 25, 28, and 
32 surface hexagons . The simplest of the possible 
s tructures, which has no hexagons , conta ins twenty ca rbon 
a toms . The surface of this C 2 o molecule is formed by twelve 
pen tagons with all their vertices located on a sphere. 

A simple me thod of forming this s t ructure is as follows. 
Let us place twenty a t o m s at the vertices of four pen tagons 
whose planes are paral lel and whose vertices are located on 
the surface of a sphere. The sides of the upper and lower 
pen tagons are a, which is the distance between the nearest 
ne ighbours in the figure; the sides of the other two 
pen tagons a m o u n t to 2a sin (TT/5) = 1.661a. Since all the 
vertices of the pen tagons lie on a sphere, it means tha t the 
distance from the centre to the p lanes of the large pen tagons 
is 0.263a and the distance to the p lanes of the small 
pen tagons is 1.174a. The cor responding radi i of the 
circles, which are sections of the sphere into which the 
pen tagons are inscribed, a m o u n t to 0.851a and 1.376a. The 

rad ius of the sphere on which the pen tagon vertices are 
located is 1.401a. 

As poin ted out earlier, if the nearest vertices of the 
pen tagons lying on the surface of a sphere are jo ined, the 
result is the surface of a figure consisting of twelve regular 
pen tagons . This figure, like the icosahedron, is charac ter 
ised by six fivefold symmetry axes which pass t h rough the 
centre of the figure and th rough the centres of the surface 
pen tagons , as well as ten threefold axes passing th rough the 
centre and t h rough the vertices of the figure. R o t a t i o n 
abou t these axes by the angle 2K/3 ensures tha t the edges 
emerging from the vertices of the figure located on the axis 
are t ransformed into each other . W e can see tha t the 
resul tant figure has a high symmetry. 

In view of its high symmetry, this C2o molecule should 
have a high b inding energy and should be m o r e stable t han 
the molecules and s tructures in which the number of a toms 
differs slightly from twenty. However , it is p rob lemat ic 
whether such a molecule can be assembled. In fact, in the 
case of the C 6 0 molecule some componen t s of this molecule 
existed at the beginning. Such componen t s could have been 
formed by splitting of a graphi te p lane into separate 
fragments consist ing of hexagons , which might be jo ined 
to form such molecules. Since the C2o molecule does no t 
contain hexagons , it has to be assembled from separate 
a toms , which is the reason why the format ion of the C 2 o 
molecule in reality is open to quest ion. 

A l though the C 2 0 fullerene s t ructure described above 
has not been realised in pract ice, Cas t leman and his 
colleagues at the Pennsylvania State Univers i ty [29, 87, 
88] synthesised s t ructures of the M 8 C 1 2 type, similar to 
this fullerene; here M is a meta l a tom. These molecules are 
analogues of the simplest fullerenes. The general experi
men ta l setup [ 8 7 - 9 0 ] involved the format ion of an ionised 
beam of a meta l vapour formed by i r radia t ion of a meta l 
surface with a focused laser beam. A meta l p lasma beam 
produced in this way was mixed with a s t ream of hel ium 
carrying hydroca rbons , such as me thane , ethylene, acet
ylene, propylene , and benzene. In each case the mass 
spectrum of the p roduc t s of such a process had a sharp 
peak cor responding to the c o m p o u n d M 8 C 1 2 . The meta l 
was one of the t ransi t ion g roup , such as Ti, V, Hf, or Zr . 
The resul tant c o m p o u n d s were classified as meta l lo -ca rbo
hedrenes or, briefly, met-cars . The meta l lo -carbohedrene 
molecules are m o r e stable t han other c o m p o u n d s of ca rbon 
with a meta l [91 - 9 4 ] . In addi t ion to neu t ra l met-cars , it was 
found tha t stable negative and posit ive ions of these 
molecules were formed in a mix ture of ionised gases and 
these molecules were detected by mass spectrometry . 

The b o n d s of the a toms in meta l lo -carbohedrene 
molecules are s t rong, F o r example, the b inding energy 
per one a tom in the T i 8 C 1 2 molecule is 6.1 eV [91, 92]. 
F o r compar i son , one should ment ion tha t the same energy 
for the C 6 0 fullerene molecule is 7 . 4 - 7 . 6 eV [93, 94]. The 
s t ructure of the C 2 0 simplest fullerene is the dodecahedron . 
This is a figure in which all the a t o m s are located on a 
sphere and the surface of this sphere, formed by jo in ing the 
nearest a toms , consists of twelve regular pen tagons . In an 
analysis of the s t ructure of the meta l lo -carbohedrene 
molecules (Fig. 7), it is necessary to identify the dodecahe 
dron symmetry, which is main ta ined in these c o m p o u n d s . 
Let us separate eight out of the twenty dodecahedron a t o m s 
in such a way tha t n o n e of the pa i rs of these a t o m s forms a 
b o n d , i. e. tha t n o n e of the pa i rs is jo ined to the side of the 
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Figure 7. Structure of the T i 8 C 1 2 molecule [91]. Titanium is 
represented by black dots and carbon by open circles. 

pen t agon lying on the surface of the figure. Then these 
a t o m s form a cube and the cube conta ins two nonne igh-
bour ing a toms of the pen tagons on the dodecahedron 
surface. W e shall call these the meta l a t o m s and the o thers 
the ca rbon a toms . Then the ca rbon a t o m s in this s t ructure 
form the C 2 molecules, which are located above the 
cor responding cube planes , so tha t their axes are paral lel 
to the cube planes and the project ions divide these planes 
into halves. Such a molecular s t ructure is retained after its 
subsequent t rans format ion which involves a change in the 
length of the cube edge and a change in the length of the 
b o n d in the ca rbon molecule. A s imul taneous similar 
t r ans format ion of the size of the molecule is also poss i 
ble. In the C2o fullerene molecule each ca rbon a tom has 
three nearest ne ighbours , bu t in meta l lo -carbohedrene 
molecules each meta l a tom has three ca rbon a t o m s as 
ne ighbours and in the case of each ca rbon a tom the 
ne ighbours are two meta l and one ca rbon a toms . M o r e 
over, all the ca rbon a toms , like all the meta l a toms , occupy 
identical posi t ions in the molecule. This is evidence of the 
high symmetry of the meta l lo -carbohedrene molecules. 

This me thod of const ruct ing a meta l lo -ca rbohedrene-
molecule makes it possible to identify its symmetry, which is 
also the addi t iona l symmetry for the C 2 0 molecule. Let us 
represent a meta l lo -carbohedrene molecule by a large cube 
with a toms tha t are no t the nearest ne ighbours at its 
vertices. Then, above each of the surface squares of the 
cube let us place one C 2 molecule with its centre located 
above the centre of the square and its axis paral lel to the 
sides of the square . The axes of the molecules located above 
the adjacent cube faces are mutua l ly perpendicular . In this 
way the surfaces of meta l lo-carbohedrenes are formed by 
three mi r ror symmetry planes which pass t h rough the centre 
of the figure and are paral lel to the surface squares of the 
cube. Mi r ro r reflection of the figure relative to these p lanes 
(and cor responding inversion relative to the centre) con
serve the figure. This symmetry is addi t iona l for the C 2 0 

fullerene molecule and it is conserved in t r ans format ions 
which convert this molecule into meta l lo-carbohedrenes . 
Such a symmetry testifies to the stability of the meta l lo -
ca rbohedrene molecules. 

Let us denote the length of the b o n d between two 
carbon a t o m s by a, the length of the m e t a l - c a r b o n b o n d by 
b, and the distance between two meta l a toms , i. e. the length 
of the side of a cube, by c. On the basis of this s t ructure of 

a meta l lo -carbohedrene molecule we obta in the following 
relat ionship between these three pa ramete r s : 

b ^ l - { c - a f + X-c2, (6) 

where the sign of equali ty in the above expression 
cor responds to the case when the carbon molecules are 
located on the cube planes . Calcula t ions [91] show tha t the 
distance between the meta l a t o m s in the T i 8 C 1 2 meta l lo -
ca rbohedrene molecule is approximate ly twice the length of 
the b o n d between two carbon a t o m s and the m e t a l - c a r b o n 
b o n d length is approximate ly 30% greater t han the length of 
the ca rbon bond . Such a s t ructure can be formed from the 
dodecahedron if the length of the b o n d s between the 
adjacent carbon a toms is reduced by 20% . The s t ructure of 
the T i 8 C 1 2 molecule obta ined in this way is shown in 
Fig. 7 [91]. Other meta l lo -carbohedrene molecules have a 
similar s t ructure. 

It follows tha t meta l lo-carbohedrenes represent a new 
class of chemical c o m p o u n d s and their s t ructure is similar 
to tha t of fullerenes. These c o m p o u n d s form quite readily in 
an ionised mixture and are therefore of b o t h scientific and 
pract ical interest. 

3. Production of fullerenes 
3.1 Formation of C 6 0 molecules 
The most efficient me thod for the p roduc t ion of fullerenes 
is based on the rma l decompos t ion of graphi te in 
accordance with the p rocedure for assembly of a fullerene 
molecule discussed above. The opt imal condi t ions for the 
format ion of fullerene molecules are achieved by m o d e r a t e 
hea t ing of graphi te so tha t the p roduc t s of its decompos i 
t ion consist of fragments which are componen t s of the 
fullerene molecular s t ructure . The b o n d s between separate 
graphi te layers should be destroyed bu t the evapora ted 
carbon should no t be split into separate a toms . U n d e r 
these condi t ions the evapora ted graphi te consists of 
fragments which contain hexagona l configurat ions of the 
carbon a toms . It is these fragments tha t are used to 
assemble the C 6 0 and other fullerene molecules. 

Graph i t e can be decomposed by electric hea t ing of a 
graphi te electrode [54] or by laser i r radia t ion of a graphi te 
surface [52]. These processes t ake place in a buffer gas, 
which is usual ly hel ium. The main role of hel ium is 
obviously to cool the fragments which have a high degree 
of the v ibra t ional excitation prevent ing their coalescence 
into stable s tructures . Moreover , hel ium a t o m s carry away 
the energy released as a result of such coalescence. The 
advan tage of hel ium over other buffer gases is related to the 
high efficiency of quenching of vibrat ional ly excited 
molecules. There is obviously an op t imal buffer gas 
pressure, because at higher pressures the aggregat ion of 
the carbon fragments is h indered. Experience shows tha t the 
op t imal hel ium pressure is in the range 5 0 - 1 0 0 Torr . 

The most convenient and widely used me thod for 
extract ing fullerenes from the p roduc t s of the rmal decom
posi t ion of graphi te (soot conta in ing fullerenes), followed 
by their separa t ion and purif icat ion, is based on the use of 
solvents and sorbents . This me thod , first implemented in an 
investigation repor ted in Refs [6, 5 4 - 5 6 ] , consists of 
several stages. In the first stage, soot conta in ing fullerenes 
is t reated in a nonpo la r solvent, which can be benzene, 
to luene, or other substances. Ful lerenes are qui te soluble in 
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these solvents and are separated from the insoluble fraction, 
which usual ly a m o u n t s to 70% - 8 0 % of the phase con ta in 
ing fullerenes. A typical solubility of fullerenes in solut ions 
used in their synthesis a m o u n t s to a few ten ths of a molar 
percent . Quant i ta t ive da ta on the solubility of fullerenes in 
var ious solvents are given in Table 4. 

Evapora t i on of a fullerene solution formed in this way 
p roduces a black poly crystalline powder which is a mix ture 
of fullerenes of different types. A typical mass spectrum of 
such a p roduc t [6] shows tha t the fullerene extract represents 
80% - 9 0 % of C 6 0 and 10% - 1 5 % of C 7 0 . Moreover , there is 
a small a m o u n t (representing a fraction of a percent) of 
higher fullerenes, which are qui te difficult to extract. 

The separa t ion of the fullerenes from such an extract is 
based on the concepts of liquid ch roma tog raphy . A fullerene 
extract, dissolved in one of the solvents, is passed th rough a 
sorbent which m a y be a luminium, activated carbon , or some 
other mater ia l with high sorpt ion characterist ics. Ful lerenes 
are sorbed by one of these mater ia ls and then extracted with 
the help of a p u r e solvent. The extract ion efficiency is 
governed by the s o r b e n t - f u l l e r e n e - s o l v e n t combina t ion 
and usual ly depends — for a given sorbent and solvent — on 
the type of fullerene [95]. Therefore, the solvent passed 
th rough a sorbent with fullerenes sorbed by it extracts 
consecutively fullerenes of different k inds from the sor
bent , so tha t the fullerenes can then be readily separated. 

F u r t h e r development of this technology of p roduc t ion , 
separat ion, and purif ication of fullerenes — based on 
electric-arc synthesis of soot conta in ing fullerenes and 
the subsequent separa t ion of fullerenes by sorbents and 
solvents [6, 5 4 - 5 6 ] — has led to the manufac tu re 
of equipment capable of synthesising C 6 0 at a ra te of 
the order of 1 g per hou r [7, 96]. By way of example, let 
us consider the a p p a r a t u s for the p roduc t ion of fullerenes 
described in Ref. [7]. A chamber consists of a water-cooled 
jacket in the form of a cylinder conta in ing a graphi te 
electrode vapour . One of these electrodes is a flat disk and 
the other is a sharpened rod , which is pressed against the 
disk by a soft spring. A n arc discharge is struck between 
these two electrodes and it causes sput ter ing of the rod . The 
spring tension is varied in such a way so tha t the bulk of the 
power supplied to the system is released in the arc and no t 
in the rod . The chamber is filled with hel ium at a pressure of 
the order of 100 Tor r . The discharge pa rame te r s are as 
follows: the a l ternat ing current is 1 0 0 - 2 0 0 A and the 
vol tage across the electrodes is 1 0 - 2 0 V. The discharge 
ensures tha t the ra te of evapora t ion of the graphi te rod is of 
the order of 1 0 g h _ 1 . After several hou r s of such arc 
burn ing , the internal surface of the water-cooled copper 
jacket is covered by carbon soot, which is carefully scraped 
off from the surface and within abou t three h o u r s is 
subjected to the act ion of boi l ing toluene. The resul tant 
dark b r o w n liquid is evapora ted in a ro ta t ing vessel. This 
p roduces a black powder whose weight is abou t 10% of the 
original ca rbon soot. A spectroscopic analysis shows tha t 
this powder consists a lmost completely of the C 6 0 and C 7 0 

fullerenes in the rat io of abou t 1 0 : 1 . Therefore, the 
technology described here makes it possible to p roduce 
the C 6 0 and C 7 0 fullerenes in g r a m m e quant i t ies . 

Changes in the pa rame te r s of this process and in the 
configurat ion of the a p p a r a t u s can alter the efficiency of the 
p r o c e s s a n d t h e c o m p o s i t i o n o f t h e p r o d u c t . F o r example, some 
modern i sa t ion of the technology described above [97] has 
m a d e it possible to obta in a ca rbon condensa te which can 

be separated from a to luene solution to p roduce almost 
pu re C 6 0 wi thout significant a m o u n t s of other fullerenes. In 
this case the electrodes are two finely sharpened graphi te 
rods facing one ano ther with the sharp poin ts . The power 
consumpt ion is lower (voltages 5 - 8 V, currents 100 — 
180 A) and the hel ium pressure is higher (180 Tor r ) . The 
ra te of p roduc t ion of pu re C 6 0 in this a p p a r a t u s is abou t 
50 m g h - 1 . The high qual i ty of the p roduc t is confirmed by 
mass spect rometry and by N M R measurements . 

3.2 Production of higher fullerenes 
A n electric-arc discharge is sufficient for the p roduc t ion of 
pu re C 6 0 , bu t the format ion of higher fullerenes requires a 
fairly complex extract ion p rocedure based on liquid 
c h r o m a t o g r a p h y [98]. This me thod makes it possible no t 
only to separate C 6 0 from C 7 0 [98], bu t also to accumula te 
the rarer fullerenes C 7 6 , C 8 4 , C 9 0 , and C 9 4 . These processes 
occur in paral lel with the format ion of C 6 0 , the separat ion 
of which makes it possible to enrich the mixture with 
higher fullerenes. F o r example, it was repor ted in Ref. [99] 
tha t a ca rbon deposit , formed by the rmal evapora t ion of a 
graphi te electrode in an electric arc, yielded pu re C 6 0 when a 
deposit was t reated with a mixture of hexane with to luene in 
the rat io 9 5 : 5 . This led to washing out and subsequent 
extract ion of p u r e C 6 0 . A n increase in the a m o u n t of to luene 
in the solution to 50% m a d e it possible to extract pu re C 7 0 

and a further increase in the p r o p o r t i o n of to luene yielded 
four yellowish fractions. A repeated c h r o m a t o g r a p h y of 
these fractions on an a luminium surface m a d e it possible to 
p repa re fairly pu re fullerenes C 7 6 , C 8 4 , C 9 0 , and C 9 4 . 
T rea tmen t of the first of these fractions, adsorbed on an 
a luminium surface, with a mixture of hexane with to luene in 
the rat io 9 5 : 5 led to complete dissolution of the C 7 0 

molecules in a mixture . The remain ing yellowish condensa te 
consisted a lmost total ly of the C 7 6 molecules, as confirmed 
by the results of a liquid ch roma tog raph ic analysis. 

It follows tha t high-pressure liquid c h r o m a t o g r a p h y is a 
reliable me thod for the p roduc t ion of higher fullerenes. The 
content of the higher fullerenes C 7 6 , C 8 4 , C 9 0 , and C 9 4 by 
weight in the initial ca rbon deposit , used to p repa re C 6 0 and 
C 7 0 , does no t exceed 3 % - 4 % . This me thod makes it possible 
to wash out the fullerenes C 6 0 and C 7 0 from the condensa te 
and thus obta in an extract conta in ing higher fullerenes of 
certain composi t ions in mi l l igramme quant i t ies . The sub
sequent modern i sa t ion of the ch roma tog raph ic fullerene 
separat ion me thod , based on distillation of a solut ion of 
soot conta in ing fullerenes under solvent-boil ing condi t ions 
[100, 101], reduces by an order of magn i tude the solvent 
consumpt ion and increases similarly the degree of 
purif ication of fullerenes. 

In spite of the obvious success of the ch roma tog raph ic 
technology of fullerene separat ion and purif icat ion, the 
p rob lem of p roduc t ion of higher fullerenes in macroscopic 
quant i t ies sufficient for complete and comprehensive 
investigation of their proper t ies in the condensed state is 
far from fully solved. The product iv i ty of the best 
ch roma tog raph ic equipment does not exceed a few milli
g rammes per hour , which is obviously insufficient for 
research requi rements . The cost of higher fullerenes ( C 7 6 , 
C 8 4 ) in the wor ld marke t is t h o u s a n d s of dol lars per 
g ramme, so tha t these fullerenes are no t readily available 
for scientific research. The intensive search for new and less 
costly m e t h o d s for p roduc ing higher fullerenes is cont inu
ing. Promis ing results were obta ined recently [102] in an 
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a t t empt to combine the electric-arc and liquid stages of the 
p roduc t ion of higher fullerenes. A solution of fullerenes in 
to luene or benzene was obta ined by a dc discharge in an arc 
with graphi te electrodes immersed in a suitable solvent. The 
subsequent mass-spectroscopic analysis showed tha t the 
solut ion was filled with Cn clusters in which the number 
of a t o m s ranged from 4 to 76. It was of considerable interest 
tha t , in contras t to the mass spectrum obta ined after 
e lect rothermal decomposi t ion of graphi te in a hel ium 
a tmosphere , the C 6 0 fullerene did no t domina te the mass 
spectrum of the p roduc t obta ined in this way. The C 5 0 

clusters were present in the highest concent ra t ion: their 
a m o u n t exceeded by a factor of 3 - 8 the a m o u n t of the C 6 0 

fullerene. The concent ra t ion of the higher fullerenes with 
n > 60 was of the same magn i tude as tha t of C 6 0 . This 
app roach promises a reduct ion in the cost and t ime of 
p roduc t ion of fullerenes higher t han C 6 0 . 

G raph i t e is the most appropr i a t e mater ia l for the 
p roduc t ion of fullerenes because its s t ructure has much 
in c o m m o n with the s t ructure of fullerenes. Nevertheless , 
fullerenes can be p repared also from other ca rbon mater ia ls . 
One example is the use of a l iquid-crystal mesophase [103], 
formed by pyrolysis of a number of ca rbon c o m p o u n d s at 
t empera tu res 3 7 0 - 5 0 0 °C [104], as the source of C 6 0 . This 
l iquid-crystal mesophase [103] is a res inous substance, 
represent ing the p roduc t of con t inuous hydrogena t ion of 
b r o w n coal at a hydrogen pressure of ~ 1 0 0 ba r for 2.5 h. 
R e m o v a l of the volatile f ragments at 400 °C in a low-
pressure chamber p roduces a mesophase with 0.82 a r o m a -
ticity: the composi t ion of this phase is 92.7% C, 4 .8% H , 
1% N , and 1.5% O. Laser i r radia t ion of the surface of the 
mesophase p roduces a volatile fraction with a high C 6 0 

content . It is obvious tha t the pyrolysis of coals and of 
carbon c o m p o u n d s is one of the p romis ing directions for 
the p roduc t ion of fullerenes. 

Ano the r instructive example of a non t rad i t iona l 
app roach to the task of p roduc t ion of fullerenes is a 
recent paper of Taylor et al. [105]. It is repor ted there 
tha t efficient synthesis of C 6 0 is possible as a result of 
pyrolysis of naph tha lene in a silicon tube , heated by a 
p r o p a n e burner to T w 1300 K. A mass-spectroscopic 
analysis of the p roduc t s of pyrolysis is evidence of a 
considerable content (of the order of 1%) of the C 6 0 

fullerene. Moreover , an investigation of the mass spectrum 
of the p roduc t s of pyrolysis makes it possible to reconstruct 
the mechanism of the synthesis of C 6 0 and other fullerenes. 
The naph tha l ene molecule, C 1 0 H 8 , consists of two a romat i c 
carbon rings and, as demons t ra ted by us earlier [68, 69], can 
serve as a r eady-made componen t for the synthesis of the 
C 6 0 molecule. The m e t h o d s for the synthesis of the C 6 0 

molecule from double a romat ic C 1 0 r ings are presented in 
Fig. 3. It follows from a mass-spect rometr ic analysis of the 
p roduc t s of pyrolysis of naph tha l ene [105] tha t the p roduc t s 
include all the in termedia te stages of the assembly of C 6 0 

from C 1 0 shown in Fig. 3. This is a direct exper imental 
p r o o f of the mechanism of the synthesis of C 6 0 from C 1 0 

c omponen t s p roposed in Refs [68, 69]. M o r e detailed 
reviews of the latest progress in the technology of the 
p roduc t ion of fullerenes can be found in Refs [106, 107]. 

3.3 Methods for the purification and detection of 
fullerenes 
Spectroscopic analysis provides reliable informat ion on the 
na tu re of the process of format ion of fullerenes and 

detection of the p roduc t s . It is also a me thod by which 
fullerenes can be identified. F o r example, the meagre 
infrared absorp t ion spectrum of the C 6 0 molecules is a 
direct indicat ion of the high symmetry of these molecules 
and, in the final analysis, it provides an incontrover t ib le 
p r o o f of their s t ructure [6, 54, 108]. The infrared a b s o r p 
t ion spectrum of C 6 0 ha s four s t rong absorp t ion lines 
centred at energies cor responding to 1429, 1183, 577, and 
528 c m - 1 ; the wid ths of these lines vary in the range 
3 - 1 0 c m - 1 . If fullerene molecules are present in a gas in 
small a m o u n t s , their presence can be detected on the basis 
of these absorp t ion lines. This has played a decisive role in 
the development of m o d e r n technology for the p roduc t ion 
of fullerenes, because a two-hump s t ructure has been 
observed in the absorp t ion spectrum of dust and a t t empts 
have been m a d e to enhance this s t ructure . If C 6 0 consists of 
the 1 3 C isotope, the absorp t ion lines are shifted in the red 
direction. The energies of these t rans i t ions in the infrared 
absorp t ion spectrum of C 6 0 agree approximate ly with the 
results of calculat ions [23, 1 0 9 - 1 1 3 ] carried out on the 
assumpt ion tha t the C 6 0 s t ructure represents a t r u n 
cated icosahedron. 

In view of its high symmetry, the C 6 0 molecule has a 
meagre absorp t ion spectrum, bu t a rich R a m a n scattering 
spectrum. A detailed investigation of the R a m a n spectra of 
the C 6 0 and C 7 0 molecules, carried out with a spectral 
resolut ion of 9 c m - 1 , was repor ted in Ref. [51]. Typical 
R a m a n scattering spectra of ca rbon dust deposited on a 
tungsten foil were obta ined [51]. Lines with the frequencies 
1568, 1232, 1185, 1062, and 260 c m - 1 were a t t r ibuted to the 
C 7 0 molecule, whereas the lines at 1469, 497, and 172 c m - 1 

were a t t r ibuted to C 6 0 . This was established by altering the 
C 7 0 content of the investigated sample. 

It follows tha t R a m a n spectroscopy is a convenient 
me thod for the analysis of fullerenes. Table 2 lists the 

Table 2. Raman frequencies, relative intensities, and depolarisation 
coefficients of Raman scattering lines of carbon soot containing full
erenes [51]. Values of I± and /y represent different conditions during 
soot preparation. 

ju/cm 1 

I± h p( + 0.02) Identification 

260 1 34 C70 
273 17 17 C60, Hg 

413 9 
435 5 6 
457 9 
497 27 27 0.16 C60, Ag 

571 2 9 
705 13 
711 4 
739 13 
773 6 13 

1062 2 14 0.23 C70 
1185 4 34 0.19 C70 
1232 4 36 0.19 C70 
1336 11 
1370 11 
1430 13 
1448 32 
1469 100 100 0.11 C60, Ag 

1513 3 15 
1568 15 88 0.24 C70 
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frequencies, relative intensities, and identifications of the 
R a m a n scattering lines of soot. In the case of the strongest 
lines the degree of depolar isa t ion p = I±/I\\ of the scattered 
rad ia t ion is given; here, 7j_ and / y are the intensities of the 
scattered rad ia t ion with the polar isa t ions perpendicular and 
paral lel to the polar isa t ion of the incident light. The high 
degree of polar isa t ion of the scattered light represent ing the 
two strongest lines of C 6 0 (497 and 1469 c m - 1 ) demons t ra tes 
tha t these lines are due to total ly symmetr ic v ibra t ional 
modes of this molecule. 

Let us consider separately the line with the frequency 
v = 273 c m - 1 on the basis of the exper imental da ta given in 
Ref. [51]. This line has been the subject of m a n y calcula
t ions carried out before this exper imental s tudy Accord ing 
to the calculat ions, the t ransi t ion responsible for the line 
corresponds , on the basis of the t runca ted icosahedron 
mode l of the C 6 0 model , to the t rans format ion of a sphere 
into an ellipsoid of revolut ion (gourd-shaped Pn mode) and 
its frequency is 273 ± 10 c m " 1 [ 1 7 - 1 9 , 30, 31]; the fre
quency scatter represents the result of statistical averaging 
of the results obta ined by different au thors . This is evidence 
in suppor t of the t runca ted icosahedron mode l of the C 6 0 

molecule. The 1469 c m - 1 t ransi t ion cor responds , according 
to calculat ions, to e longat ion and compress ion of the 
pen tagona l faces of the icosahedron and the 467 c m - 1 

t ransi t ion is due to ' b rea th ing ' v ibra t ions . The calculated 
values of the frequencies of these t rans i t ions are no t in very 
good agreement and they a m o u n t to 1 6 2 7 - 1 8 3 0 and 
5 1 0 - 6 6 0 c m - 1 , respectively. 

The fullest informat ion on the v ibra t ional spectra of the 
C 6 0 molecule is provided by the spectra of inelastic 
scattering of slow neu t rons by this molecule, because 
such scat tering can excite efficiently all the v ibra t ional 
modes of the molecule, irrespective of their symme
try [114 -116 ] . Accord ing to an analysis given in 
Ref. [117], out of 174 possible v ibra t ional modes of the 
C 6 0 molecule, we can identify 46 fundamenta l modes and 
a m o n g these two have the Ag symmetry, one has Au, three 
have Tig, four have T l m five have T l m six have Gg, six have 
GU9 eight have Hg9 and seven have Hu. All four v ibra t ions 
with the Tlu symmetry are active in the opt ical absorp t ion 
spectra, ten v ibra t ions with the Hg and Ag symmetry are 
active in the R a m a n scattering spectra, and the other 
v ibra t ions do not appear in the opt ical spectra. Table 3 
lists the frequencies cor responding to resonances in the 
energy loss spectra of neu t rons scattered by the C 6 0 

molecules at 20 K [115]. These values [115, 116], identified 
in accordance with the symmetry of the molecular v ibra
t ions, are compared with the da ta deduced from infrared 
absorp t ion and R a m a n scattering spectra. It can be seen 
from this table tha t the fullest informat ion on the v ibra
t ional spectrum of the investigated molecule is provided by 
inelastic neu t ron scattering. The unidentified neu t ron 
energy-loss peaks are evidently associated with the excita
t ion of combina t ion tones and over tones . 

P roduc t ion of higher fullerenes in macroscopic q u a n 
tities [99] has m a d e it possible to analyse the spectral 
characterist ics of the molecules of these fullerenes, 
a l though not in as detailed a manne r as in the case of 
C 6 0 . The infrared absorp t ion spectra of these molecules are 
m o r e complex (see, for example, Refs [8, 82, 99, 118, 119]). 
In par t icular , the absorp t ion b a n d s of the C 7 6 molecule are 
located at the wavelengths 230, 286, 328, 350, 378, 405, 455, 
528, 564, 574, 642, 709 and 768 n m [8, 99]. The absorp t ion 

Table 3. Comparison of the frequencies of vibrations of the C 6 0 

molecule, determine by the inelastic neutron scattering, optical absorp
tion, and Raman scattering methods [115]. 

Identification F r e q u e n c y / c m - 1 

neutron optical Raman 
scattering scattering scattering 

Lattice 96.6 — — 

vibrations 
Lattice 145 — — 

vibrations 
— 234 — — 

266 — 273 

T2u, Gu 
346,354 — — 

Hu 
403 — — 

Hg 
443 — 437 
483 — 496 

Txu 531 523 — 

572 572 — 

— 620 — — 

— 669 — — 

708 — 710 
— 740 — — 

773 — 774 
837 — — 

877 — — 

919 — — 

960 — — 

1000 — — 

1060 — — 

1100 — 1100 
— 1120 — — 

1180 1180 — 

— 1200 — — 

1260 — 1250 
— 1350 — — 

1420 1430 1430 
1480 — 1470 
1580 — 1570 

spectrum of the C 8 4 molecule conta ins b a n d s at 280, 320, 
380, 393, 476, 566, 616, 668, 760 and 912 nm. The results of 
a detailed investigation of the R a m a n scattering spectra of 
the C 7 6 molecule are given and analysed in Refs [82, 119]. 

4. Nanotubes and endohedrals 
4.1 Structure of nanotubes 
The process of format ion of fullerenes from graphi te yields 
also var ious s t ructures which are composed, like graphi te , 
of six-member ca rbon rings. These s t ructures are closed 
and empty inside. They include nanopar t ic les [4, 120] and 
n a n o t u b e s [4, 5]. The nanopar t ic les are closed s tructures 
similar to fullerenes, bu t of much larger size. In contras t to 
fullerenes, they m a y contain several layers. Such mult i layer 
spherical s t ructures are called onions . The n a n o t u b e s are 
elongated s t ructures consisting mainly of six-member 
carbon rings. 

Fig. 8 shows the s t ructure of nano tubes formed by an 
arc discharge at a t empera tu re of the order of 3000 K in the 
region where fragments of the investigated s t ructures are 
formed. Electron microscopy makes it possible to dist in-
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Figure 8. Sections of the free ends of microtubes, recorded with an 
electron microscope [5]. Each line represents a separate layer consisting 
of hexagons (in the rectilinear part) or of combinations of hexagons and 
pentagons (in the rounded part) . The distance between the adjacent 
layers is 0.34 nm. 

guish the var ious layers of a s t ructure separated, as in 
graphi te , by 0.34 n m . The schematic d iagram in Fig. 8 
shows the mos t c o m m o n nano tubes . They are extended 
mult i layer s t ructures with rounded ends. One end is 
a t tached to a surface and the other is free. U n d e r certain 
condi t ions one can also observe the format ion of single-
layer n a n o t u b e s with the diameter rang ing from 1 to 
6 n m [33, 121]. It is obvious tha t the effective format ion 
of nano tubes is possible in the presence of extended 
graphi te fragments, which are very different from the 
fragments shown in Fig. 3 used as the s tar t ing mater ia l 
in the p repa ra t ion of fullerenes. One of the ways of forming 
such extended graphi te fragments is discussed in Ref. [123]. 
Exci ta t ion of graphi te m a y p roduce sp3 defects in the sp2 

ne tworks forming the graphi te planes . The appearance of 
these defects, directed a long the graphi te ne twork lines, has 
been observed with the aid of an a tomic microscope and a 
scanning tunnel l ing microscope [123] as a result of bend ing 
and b reak ing of the graphi te planes . It is possible tha t 
b reak ing of the graphi te planes a long such defect lines can 
p roduce extended fragments. 

The subsequent t r ans format ion of these extended 
fragments, which are p roduc t s of the rmal decomposi t ion 
of graphi te , into closed s tructures (nanotubes) should occur 
only under special condi t ions . W e mus t bear in mind tha t , 
in addi t ion to these extended graphi te fragments, there are 
m a n y m o r e small f ragments which then jo in together to 
form fullerenes. The interact ion of the small f ragments with 
the extended ones interferes with the format ion of n a n o 
tubes . Experience has shown tha t the op t imal condi t ions for 
the format ion of n a n o t u b e s are obta ined in an arc 
discharge. The high radia l t empera tu re gradients in such 
a discharge evidently provide the op t imal relative posi t ions 
of the regions where extended graphi te fragments twist to 
form tubes and are quenched in this state. This rough 
outl ine shows tha t the probabi l i ty of format ion of n a n o 
tubes from graphi te is low, i. e. tha t the relative content of 
n a n o t u b e s in the p roduc t s of t r ans format ion of graphi te is 
small. U n d e r op t imal synthesis condi t ions this content does 
no t exceed a few percent . 

The characterist ic features of the n a n o t u b e s t ructure 
include componen t s of the graphi te and fullerene structures. 
Separa te graphi te fragments, represent ing a certain set of 
hexagons , form the base of a n a n o t u b e . Joining of such 
hexagona l f ragments into a three-dimensional closed s t ruc

ture requires the presence of a certain number of pen tagons , 
which are responsible for the ro ta t ion of the hexagona l 
ne twork in space and t rans format ion of this ne twork from a 
p lanar to a three-dimensional s t ructure . C a r b o n n a n o t u b e s 
reflect the variety of the forms of ca rbon which are formed 
under h igh- tempera ture nonequi l ibr ium condi t ions . 

Since nano tubes are the result of twist ing of extended 
graphi te fragments, m a n y features of the graphi te s t ructure 
should be retained also in nano tubes . In par t icular , in the 
case of a multi layer n a n o t u b e the distance between its layers 
should be close to the distance between the graphi te planes, 
which a m o u n t s to 0.3354 nm. Measu remen t s [124] indicate 
tha t the average distance between the adjacent layers in a 
n a n o t u b e with a diameter of 7 n m is 0.344 ± 0.001 nm. 
Obviously, the change in the average distance between the 
n a n o t u b e layers depends on the tube radius , the number of 
layers, and the envi ronment . If a n a n o t u b e lies on a 
substrate , the distance between the adjacent layers depends 
on the na tu re of this substrate . Moreover , the interact ion 
with the subst ra te dis torts the cylindrical shape of a 
n a n o t u b e . This applies also to the interact ion between 
two n a n o t u b e s [125]. 

A n a n o t u b e can be formed as a result of twist ing of an 
extended graphi te fragment in such a way tha t its extended 
edges join . Jo ining of the sides of a fragment can be 
achieved in a variety of ways. In the simplest case a 
n a n o t u b e has the cylindrical symmetry, so tha t the line 
passing a long the sides of the hexagons in a fragment and 
perpendicular to the line of b reak in the ne twork m a y be 
inscribed into a circle after the fragment is twisted into a 
tubule . However , other ways of jo in ing extended sides of a 
fragment are possible and these differ from tha t jus t 
indicated by the relative displacement of the sides to be 
jo ined by a finite number of hexagons . A n a n o t u b e formed 
in this way has the chiral symmetry. 

Twist ing of an extended graphi te fragment into a 
n a n o t u b e creates stresses in the hexagona l componen t s 
of the s t ructure. This affects the proper t ies of a n a n o 
tube , which m a y depend on the n a n o t u b e diameter and on 
its chirality. In par t icular , the conduct ion in a n a n o t u b e 
m a y be semiconduct ing or metallic, depending on its 
diameter and chirality [122, 1 2 6 - 1 2 9 ] . It is obvious tha t 
the smaller the n a n o t u b e diameter , the greater the stress 
result ing from its format ion. Nevertheless , nano tubes with a 
diameter varying in a wide range of values, r ight down to 
the diameter of the C 6 0 fullerene molecule, have been 
observed [130]. 

4.2 Production and properties of nanotubes 
A n a n o t u b e m a y be formed from extended graphi te 
fragments, which are then twisted into a tube as described 
above. Special condi t ions dur ing heat ing of graphi te are 
necessary for the format ion of extended fragments. 
Experience shows tha t the op t imal condi t ions for the 
format ion of n a n o t u b e s are realised in an arc discharge 
when electrolytic graphi te is used as the electrode mater ia l . 
A n arc discharge takes place in an inert gas at a pressure of 
abou t 1 bar and the vol tage between the electrodes is tens 
of volts when the distance between them is of the order of 
1 cm. A discharge current of the order of 100 A ensures 
heat ing of the gas in the posit ive discharge column to a 
t empera tu re of abou t 3000 K. This discharge current 
evapora tes the anode . Other p roduc t s of the the rmal 
evapora t ion of the graphi te a n o d e include n a n o t u b e s 
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a t tached par t ly to the cold surfaces of the a p p a r a t u s and 
par t ly deposi ted on the surface together with soot. This 
general p rocedure for the format ion of n a n o t u b e s has been 
used in all the experiments beginning from those repor ted 
in Refs [4, 5]. 

The processes described above p roduce mainly mul t i 
layer nano tubes and a m o n g the p roduc t s obta ined under 
op t imal condi t ions the n a n o t u b e s represent only a small 
fraction: their yield does no t exceed a few percent . The 
other p roduc t s are fullerenes, nanopar t ic les , and other soot 
part icles. The mos t effective, in respect of the format ion of 
nano tubes , are the subsequent processes which m a k e it 
possible to increase the p ropo r t i on of n a n o t u b e s in a 
mixture , ' undress ' them by convert ing mult i layer into 
single-layer s tructures, and open up their ends. Fil l ing of 
open n a n o t u b e s with another mater ia l , p roduc ing funda
mental ly new objects, is highly promis ing . W e shall n o w 
consider briefly these me thods . 

One of the p rob lems experienced in the format ion of 
n a n o t u b e s is to ensure tha t they consist of a single layer. It 
has been found tha t this can be done by including t ransi t ion 
metals in the anode mater ia l . Single-layer n a n o t u b e s are 
p roduced when the anode conta ins a small a m o u n t of 
F e [32], Co [33], N i [131], and G d [132]. Ano the r m e t h o d 
for the p roduc t ion of single-layer n a n o t u b e s is oxidat ion. 
This me thod is interesting because it makes it possible to 
separate the a n o d e tubes from other componen t s of soot. 
The first stage is some s tandard me thod of the same kind as 
used in the separat ion of fullerenes: filtering of soot 
solut ions, centrifuging, and ch roma togaph ic separa
t ion. All these m e t h o d s m a k e it possible to separate 
n a n o t u b e s from fullerenes, bu t no t these tubes from 
nanopar t ic les . Oxidat ion of the deposi ted soot provides a 
bet ter oppor tun i ty for separat ing nano tubes from n a n o 
part icles and, moreover , the upper layers can be removed 
from a mult i layer tube and its ends can be opened [36]. 

The oxidat ion me thod is based on the difference between 
the reactivities of n a n o t u b e s and nanopar t ic les . The reactivity 
of nanopar t ic les is higher and, therefore, when the degree of 
decomposi t ion of the carbon p roduc t by oxidat ion is high, the 
p ropo r t i on of n a n o t u b e s in the residue increases. M e a s u r e 
ment s repor ted in Ref. [36] indicate tha t nanopar t ic les are 
destroyed almost completely by 99% oxidat ion of the 
p roduc t and after 95% oxidat ion the content of single 
layer n a n o t u b e s in the remain ing mater ia l is 10% - 2 0 % . 
N a n o t u b e s are oxidised either by t rea tment with oxygen in 
the course of m o d e r a t e hea t ing [36] or by immersion in 
boi l ing nitric acid [133]. The latter t r ea tment removes five-
member graphi te r ings and opens up the tube ends. 

The oxidat ion process can no t only remove other 
componen t s of the p roduc t and the outer layers of a 
n a n o t u b e , bu t it can also open up its ends. Obviously, 
this can be achieved also by other chemical react ions 
employing the different ra tes of par t ic ipa t ion in these 
react ions of the ca rbon located at different places on a 
n a n o t u b e . F o r example, one can use the react ion of ca rbon 
with hot ca rbon dioxide [35], as a result of which ca rbon is 
t ransformed into gaseous ca rbon monox ide t ak ing away 
one oxygen a tom from the dioxide molecule. It is found tha t 
the ca rbon a t o m s in pen tagona l r ings are chemically m o r e 
active. These carbon a t o m s react chemically with ca rbon 
dioxide and form a gaseous phase . Since these pen tagona l 
r ings are at the ends of the nano tube , the process results in 
the opening of its ends. 

A n a n o t u b e with open ends is a physical object with 
novel and interest ing proper t ies . It can be used as a 
capillary, sucking in a t o m s whose dimensions are c o m p a r 
able with the inner diameter of the tubule . This effect, 
predicted theoretically in Ref. [134], h a d been detected 
experimental ly [34]. It was found tha t mol ten lead was 
pulled into some n a n o t u b e s and filled them internally. This 
me thod was used to form a nanowi re with a shell of 
diameter less t han 1.5 nm. The proper t ies of a meta l in 
such a tube differ, because of the small in ternal diameter , 
from the proper t ies of bulk meta l and the interact ion with 
carbon results in a further change in the proper t ies of the 
metal . 

A n even m o r e striking example, i l lustrat ing the very 
promis ing appl icat ions of nano tubes in mater ia ls science, is 
provided by a recent paper [183] repor t ing the format ion of 
superconduct ing T a C crystals inside ca rbon nano tubes . A 
dc ( ~ 3 0 A) arc discharge opera t ing at a vol tage of 30 V in 
a hel ium a tmosphere (at a pressure of 1 0 0 - 3 0 0 Tor r ) was 
used. The electrodes represented a compacted mixture of a 
thal l ium powder with a graphi te cement in the weight rat io 
0.6. The gap was 2 - 3 m m . Tunnel l ing electron microscopy 
revealed tha t the the rmal decomposi t ion of the electrode 
mater ia l p roduced a considerable number of T a C crystals 
which were encapsulated inside the nano tubes . A typical 
t ransverse dimension of these crystals was abou t 7 n m and a 
typical n a n o t u b e length was in excess of 200 nm. These 
tubes were mult i layer cylinders with a distance 
3.481 ± 0.009 A between the layers, which was close to 
the cor responding value for graphi te . The t empera tu re 
dependence of the magnet ic susceptibility of the resul tant 
samples showed tha t such an encapsulated nanocrys ta l , like 
macroscopic T a C crystals, became superconduct ing at 
T = 10 K. This way of m a k i n g superconduct ing crystals 
encapsulated in n a n o t u b e s means tha t these crystals can be 
isolated from the undes i rable effects of the ambient med ium 
(in par t icular oxidat ion in this medium) , p romis ing a way 
for a m o r e effective development of the appropr i a t e 
nanotechnologies . 

The development of such technologies should yield new 
physical objects with proper t ies of scientific and pract ical 
interest. 

4.3 Endohedrals 
As early as 1985, K r o t o et al. [3], who were the first to 
suggest tha t the s t ructure of the C 6 0 clusters represents 
regular t runca ted icosahedra, discussed the possibili ty of 
intercalat ion of such clusters with a toms of different k inds . 
Soon after the publ ica t ion of this paper , the first r epor t s 
appeared of the observat ion of c o m p o u n d s of this type, as 
evidenced by the mass spectra of the p roduc t s of laser 
the rmal evapora t ion of graphi te , the s t ructure of which 
included a lan thanum-in te rca la ted powder . It was found 
tha t at a sufficiently high laser rad ia t ion intensity 
( 1 - 2 mJ c m - 2 ) the mass spectrum conta ins peaks , which 
have been a t t r ibuted to the c o m p o u n d L a C 6 0 where a 
l a n t h a n u m a tom is inside a fullerene cage. These 
c o m p o u n d s have since been called the endohedra l com
p o u n d s or complexes and they are denoted by the symbol 
M @ C 2 n [139], in contras t to o rd inary chemical c o m p o u n d s 
of the MC2n type in which the a t tached M a tom is located 
outs ide a fullerene cage. The existence of endohedra l s has 
been quest ioned for a long t ime [136, 137], pr imari ly 
because of their low concent ra t ion in fullerene-carrying 



948 A V Eletskii, B M Smirnov 

soot and the difficulties encountered in their exper imental 
identification. M a n y exper imental pape r s have n o w been 
publ ished on the format ion of endohedra l complexes and 
on their proper t ies . A n analysis of these paper s leaves no 
doub t abou t the existence of such c o m p o u n d s . The list of 
elements whose a t o m s can be intercalated into a fullerene 
cage is growing cont inuously and at present a m o u n t s to 
abou t one- third of the per iodic table [37]. A detailed review 
of the current s ta tus of the topic of endohedra l s can be 
found in Ref. [138]. A brief discussion of this topic will n o w 
be given and some of the da ta will be t aken from Ref. [138]. 

The mos t effective technology for the p roduc t ion of 
endohedra l complexes is based on the same app roach as the 
technology for the p roduc t ion of fullerenes described above. 
Soot, conta in ing not only fullerenes bu t also endohedra l 
complexes, m a y be formed by the rmal evapora t ion of 
graphi te which is mixed with a powder of a meta l or its 
oxide to be intercalated in a fullerene [139, 140]. U n d e r the 
op t imal condi t ions the yield of endohedra l s does no t exceed 
a few percent of the fullerene yield. A further increase in the 
efficiency of synthesis of endohedra l s and widening of the 
list of the c o m p o u n d s which can be p roduced in this way 
have been achieved by the use of graphi te electrodes in the 
form of hol low cylindrical tubes, filled with a mixture of 
meta l (or a meta l oxide) powder and a graphi te 
dust [141 -143] , or a p lasma jet with electrodes m a d e of 
a mixture of act ivated ca rbon and a meta l oxide [144], or an 
arc with graphi te electrodes bu rn ing in an H e + F e ( C O ) 5 

a tmosphere [145, 146]. G o o d yields of endohedra l s are also 
possible if meta l carbides are used as the s tar t ing mate r i 
als [147]. In all these m e t h o d s for the p repa ra t ion of soot 
conta in ing fullerene with an admix ture of endohedra ls it 
has been found tha t , a l though the relative fraction of 
endohedra l s in soot increases with increase in the relative 
content of a meta l in the s tar t ing mater ia l , this fraction 
never exceeds a few percent . A n increase in the endohedra l 
fraction in the p roduc t s of the rmal decomposi t ion of 
graphi te is usual ly accompanied by a fall of the overall 
yield of fullerenes in soot [148]. 

U n d e r condi t ions favourable for the format ion of 
endohedra l s it is usua l to find a wide range of endohedra l 
molecules. The p roduc t s of t he rma l decomposi t ion of 
graphi te mixed with scandium [30] include endohedra l s 
differing from one ano ther no t only in respect of the 
size of the fullerene cage, bu t also in the number of 
intercalated scandium a toms . The mass spectrum is d o m i 
na ted by S c 2 @ C 8 2 5 8 4 , 8 6 endohedra l s conta in ing two 
scandium a t o m s each. A m o n g the endohedra ls conta in ing 
one and three scandium a t o m s p redomina t e c o m p o u n d s 
such as S c @ C g 2 and S c 3 @ C 8 2 . 

The full list of var ious types of endohedra ls , detected in 
the mass spectra of soot conta in ing fullerenes, is very 
long and is cont inuously being added to . F o r example, in 
addi t ion to the molecules ment ioned above, this list includes 
a whole group of molecules such as Y @ C 2 n , 30 < n < 5 0 , 
Y 2 @ C 8 2 [149], U @ C 2 8 , U @ C 6 0 [150], H e @ C 6 0 and 
N e @ C 6 0 [151], C O @ C 6 0 [152], C N @ C 6 0 [153], C a @ C 6 0 , 
S r @ C 6 0 , S m @ C 6 o , E u @ C 6 0 and Y b @ C 6 0 [154], G d @ C 8 2 

and G d 2 @ C 8 2 [155], P r @ C 8 2 and L u @ C 8 2 [156], etc. 
However , it should be stressed tha t the presence of a 
par t icular type of an endohedra l complex in the mass 
spectrum of soot conta in ing fullerenes does no t necessarily 
mean tha t such a complex can exist in a stable form and be 
separated as a complex. F o r example, endohedra l complexes 

are formed by the C 6 0 fullerene with the a t o m s of Ca, Sr, 
Sm, Eu, and Yb and can be seen qui te clearly in the relevant 
mass spectra, bu t a t t empts to separate these c o m p o u n d s by 
the me thod of subl imat ion and subsequent the rmal desorp-
t ion have resulted in their decomposi t ion [154]. W e can 
assume tha t the stability of endohedra l complexes increases 
with the size of the relevant fullerene shell. 

Endohedra l s are separated and purified by the same 
approaches as those used in the separat ion and purif ication 
of fullerenes. This approach , based on the different sorpt ion 
activities of different endohedra l s in solut ions in relat ion to 
specific sorbents , represents varieties of liquid c h r o m a t o g 
raphy . In the realisat ion of this app roach it is essential 
above all tha t an endohedra l to be isolated should have a 
sufficient solubility in those solvents which can be used in 
liquid ch roma tog raphs . Recent invest igations [138, 142, 
143, 1 5 7 - 1 6 5 ] show tha t the solubility of S c @ C 8 2 , 
Y @ C 8 2 , L a @ C 8 2 , L a 2 @ C 8 0 , L a 2 @ C 8 2 , Y 2 @ C 8 0 , Y 2 @ C 8 2 

endohedra l complexes in toluene, pyridine, and C S 2 are of 
the same order of magn i tude as the solubility of higher 
fullerenes in these solvents. This makes it possible to 
separate such endohedra l s in their pu re form and to 
investigate the physicochemical proper t ies of b o t h single 
molecules and of condensed bodies m a d e of them. 

The technology of separa t ion and purif ication of e n d o 
hedra l complexes, based on high-pressure liquid c h r o m a 
tography , is characterised by an extremely low product ivi ty . 
The mos t efficient equipment is capable of p roduc ing p u r e 
endohedra l complexes at a ra te of tens of mic rogrammes 
per hour . This is the reason why the invest igations of 
endohedra l c o m p o u n d s , s tarted practical ly at the same t ime 
as the studies of fullerenes, are still in the early stages. The 
main result of these invest igations is the exper imental p r o o f 
of the s t ructure of these c o m p o u n d s . Let us consider this 
p r o o f in greater detail. One of the ways of p rov ing tha t an 
a tom of a given kind is inside a fullerene s t ructure involves 
an investigation of the the rma l decomposi t ion channels of 
the relevant c o m p o u n d s [166]. Exper iments have 
shown [166] tha t the rmal decomposi t ion of L a C 8 2 is 
accompanied by splitting off of C 2 and no t La frag
ments , as one would expect in the case of a l a n t h a n u m 
a tom located on the outer side of a fullerene cage. The same 
molecule behaves similarly in thermal ly initiated chemical 
react ions . One further exper imental conf i rmat ion of the 
characterist ic s t ructure of endohedra l c o m p o u n d s was 
provided by a s tudy of the collisions of the L a C 8 2 molecule 
with a solid surface [167]. The exper imental results dem
ons t ra ted tha t collisions with energies less t han or of the 
order of 200 eV do no t result in the loss of a meta l a tom. It 
is difficult to see h o w such a molecular stability, typical of 
fullerenes, would have been possible with a meta l a t om 
outside the fullerene cage. Similar results follow from 
studies of collisions between endohedra l fullerene com
plexes and rare-gas a toms [168-177] . In a review of the 
exper imental results confirming the endohedra l s t ructure of 
some m e t a l - f u l l e r e n e complexes, it is wor th considering the 
repor t of two modif icat ions of the c o m p o u n d of y t t r ium 
with C 6 0 [178]. A compar is ion of the reactivities of these 
modif icat ions, relative to the react ion with N 2 0 , revealed 
tha t the Y C 6 0 molecule belonging to the first modif icat ion 
readily reacts with N 2 0 forming as the final p roduc t the 
c o m p o u n d Y O , bu t molecules of the second modif icat ion 
hard ly react . This is evidence tha t the molecules of the 
second modif icat ion have the endohedra l s t ructure. 
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However , the mos t convincing p r o o f of the endohedra l 
s t ructure of m e t a l - f u l l e r e n e complexes has been provided 
by m o d e r n physical analysis me thods , such as ESR, 
photoe lec t ron , Mossbaue r , and x-ray absorp t ion spect ro
scopy. ESR spectroscopy makes it possible to ob ta in 
detailed informat ion on the electron s t ructure and the 
chemical state of a t o m s in some m e t a l - f u l l e r e n e com
p o u n d s , demons t ra t ing their endohedra l s t ructure . F o r 
example, the ESR spectrum of the L a C 8 2 molecules [140] 
has eight equidis tant hyperfine splitting lines of the 1 3 9 L a 
nucleus, indicat ing tha t the ionic s t ructure of this com
p o u n d is of the L a 3 + C 8 2 ~ type. A n analysis of the electronic 
s t ructure of the C8 2~ negative ion shows tha t such a 
s t ructure is possible only for an endohedra l posi t ion of 
the l a n t h a n u m a tom in the fullerene cage. Measu remen t s of 
the x-ray absorp t ion b a n d edges m a k e it possible to 
determine the chemical state of the a t o m s in a com
p o u n d . Appl ica t ion of this me thod to the Y C 8 2 m e t a l -
fullerene c o m p o u n d showed [179] tha t the y t t r ium a tom is 
outs ide the fullerene lattice. However , this was in conflict 
with the exper imental results repor ted in Ref. [149] where x-
ray photoe lec t ron spectroscopy was used to conclude tha t 
the fullerenes L a C 2 n , Y C 2 n , and Y 2 C 2 n have the endohedra l 
s t ructure. This conclusion follows the measurements tha t 
indicate the + 3 valence of the meta l a t om in this 
c o m p o u n d . A similar conclusion was reached in 
Ref. [150] on the basis of the x-ray photoe lec t ron energy 
spectrum of the c o m p o u n d U C 2 8 indicat ing tha t the valence 
of the u r a n i u m a tom is + 4 and, therefore, it is located 
inside the fullerene lattice. The same si tuat ion occurs in the 
case of C a C 6 0 , as concluded from an investigation and 
analysis of the photoe lec t ron spectra repor ted in Ref. [180]. 

F u r t h e r progress in the investigation of endohedra l s and 
of the possibili ty of using these c o m p o u n d s in scientific and 
pract ical appl icat ions will be determined pr imari ly by the 
development of a technology for the synthesis and s t rong 
purif ication of these mater ia ls . These c o m p o u n d s are 
expected to be superconduct ing [14, 15]. The chemical 
inertness of the meta l a t o m s intercalated in endohedra l 
fullerenes, po in ted out by R E Smalley, opens up new 
oppor tun i t ies for the s torage of toxic and radioact ive 
mater ia ls . The possibili ty of const ruct ing solid-state lasers 
from endohedra l c o m p o u n d s has been discussed [138]. 
In terca la t ion of refractive meta l a toms , such as u r an ium, 
in the fullerene lattice m a y p rove to be one of the effective 
m e t h o d s for the p repa ra t ion of soluble or volatile com
p o u n d s of such metals wi thout recourse to f luorinat ion [30]. 
E n d o h e d r a l fullerenes, conta in ing polar molecules, m a y 
provide the basis for new ferroelectric mater ia ls [181, 182]. 

5. Fullerenes in gaseous systems 
5.1 Thermodynamics of fullerenes and processes involving 
them 
Before we consider the t h e r m o d y n a m i c characterist ics of 
fullerenes in the gaseous state, we shall list some of the 
pa rame te r s of the C 6 0 molecule. This molecule is electro
negative, its electron affinity is 2.65 eV [184], and its 
ionisat ion poten t ia l is 7.61 eV [185]. The b inding energy, 
calculated per one carbon a tom in this molecule, is 
7 eV [186] and the polarisabil i ty calculated in Ref. [187] 
is close to 80 A 3 . 

U n d e r n o r m a l condi t ions , fullerenes are in the con
densed state and usual ly crystalline. At r o o m tempera tu re 

the sa tura ted vapour pressure of fullerenes is negligible, bu t 
it is significant at t empera tu res above 600 K. It follows 
from the results of measurements repor ted in Ref. [188] tha t 
in the t empera tu re range 6 0 0 - 8 0 0 K the sa tura ted vapour 
pressure varies with t empera tu re in accordance with the 
Ar rhen ius law: 

io4£>=-̂ +*' 
where B = 11.582 ± 0 . 1 2 6 and A = 9777 ± 138 K. W e can 
see tha t at these t empera tu res the sa tura ted vapour pressure 
ranges approximate ly from 10~ 5 to 0.2 Pa. The subl imat ion 
energy of C 6 0 at T = 700 K is 43.3 ± 0.5 kcal m o l - 1 or 
1.9 eV. This is suppor ted by the results of Ref. [189], which 
showed tha t the heat of subl imat ion of C 6 0 exceeds 
39 kcal m o l - 1 . The heavier fullerene C 7 0 is even less 
volatile: the sa tura ted vapour pressure above this fullerene 
in its pu re state is abou t 0.1 Pa at T = 800 K and the 
pa rame te r s in the Ar rhen ius t empera tu re dependence are 
A = 1 0 2 1 9 ± 7 8 K [188] and 9848 ± 2 2 9 K [213]; 
B = 11.596 ±0.065[188] and 11.224 ± 0 . 0 7 1 [213]. The 
lower volatili ty of C 7 0 , compared with C 6 0 , is not only 
due to the higher mass of the former molecule, bu t also and 
mainly due to the higher heat of subl imat ion, which 
a m o u n t s to abou t 46 kcal m o l " 1 at T = 760 K [188]. The 
par t ia l sa tura t ion vapour pressures of C 6 0 and C 7 0 above a 
solid solut ion differ considerably from the cor responding 
values above a crystalline fullerite with the same par t ia l 
composi t ion [188]. 

The s t rong t empera tu re dependence of the sa tura ted 
vapour pressure of fullerenes is used in the technology for 
t h o ro u g h purif ication of these mater ia ls , which is in tended 
to remove volatile impuri t ies and fullerene molecules of 
other types [190, 191]. It should be poin ted out tha t , like 
d i amond , the fullerene molecules represent a metas tab le 
modif icat ion of carbon . The energy needed for the 
format ion of the C 6 0 molecule from graphi te is calculated 
to be 0.4 eV per one carbon a tom, whereas in the case of 
d i amond the same pa ramete r is 0.02 eV [67]. The energy 
barr ier tha t has to be overcome in such a change in the 
carbon s t ructure is considerably higher t han the values 
given above. 

The high b ind ing energy of the ca rbon a t o m s in fullerene 
molecules and the symmetry proper t ies of these molecules 
are responsible for their anomalous ly high the rmal stability. 
The results of a numer ica l s imulat ion, based on the 
molecular dynamics me thod [192, 193], demons t ra t e tha t 
the C 6 0 molecules lose their chemical s t ructure only as a 
result of hea t ing to t empera tu res above 3000 K. 

The results of investigations of the processes involving 
C 6 0 and other fullerenes are also evidence of an a n o m 
alously high stability of these carbon c o m p o u n d s . The same 
conclusion follows from the very first experiments which 
revealed tha t C 6 0 behaves as a cluster with a magic number 
of a toms . A n investigation of monomolecu la r dissociation 
of carbon clusters with n ^ 30 has shown tha t the stability 
of clusters with even values of n is considerably higher t han 
the cor responding stability of clusters with odd n. Bo th in 
monomolecu la r dissociation [49] and in photod issoc ia -
t ion [194], the main channel for the dissociation of Cn 

molecules with even values of n involves splitting off a C 2 

f ragment. This is surprising, since the b inding energy of a 
C 2 fragment is less t han the cor responding value for 
C 3 [195]. In dissociation of Cn clusters with odd n, the 
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most likely process is the splitting off of a ca rbon a tom. W e 
thus have a s i tuat ion in which clusters with even values of n 
can survive and the fraction of clusters with odd n does no t 
exceed 1% [194]. These exper imental observat ions provide 
informat ion on the s t ructura l characterist ics of CN clusters 
with a large value of n, such as the absence of sharp angles 
and faces [49, 1 9 6 - 1 9 8 ] . 

A n investigation of the na tu re of the dissociation of 
fullerenes under the action of ul traviolet rad ia t ion th rows 
addi t iona l light on the na tu re of the stability of these 
c o m p o u n d s . A recent series of pape r s [199, 200] is wor th 
not ing: they repor t the mass spectra of the neu t ra l p roduc t s 
of dissociation of the C 6 0 cluster subjected s imultaneously 
to the act ion of p h o t o n s with X = 308 n m and 118 nm. 
A fairly complex a p p a r a t u s was used in this investigation 
and it included in par t icular three sources of laser rad ia t ion 
emit t ing at different wavelengths . The second h a r m o n i c 
from a Q-switched laser (X = 532 n m ) was used to evap
ora te C 6 0 molecules deposi ted on a stainless steel substra te . 
The photodissoc ia t ion of C 6 0 in the gaseous phase resulted 
from exposure to XeCl laser rad ia t ion with X = 308 nm. 
N e u t r a l f ragments p roduced by the photodissoc ia t ion of 
C 6 0 were ionised by rad ia t ion with X = 118 nm, which was 
generated by double tr ipl ing of the neodymium laser 
frequency. A n analysis of time-of-flight mass spectra of 
the neu t ra l p roduc t s of the photodissoc ia t ion of C 6 0 

indicated tha t the dissociation involved the absorp t ion of 
a certain n u m b e r ( ~ 10) of X = 308 n m laser p h o t o n s by a 
molecule. The energy of the electronic excitation as a result 
of absorp t ion of a laser p h o t o n by a molecule is rapidly 
converted into the energy of molecular v ibra t ions , which 
becomes distr ibuted in a statistical m a n n e r between a large 
number of the degrees of freedom of the molecule. Recent 
calculat ions [201] demons t ra ted tha t the C 6 0 molecule, with 
the m i n i m u m dissociation energy ~ 4.6 eV, can dissociate in 
the t ime of flight in a mass spectrometer ( ~ 10~ 5 s) and its 
in ternal energy should exceed 30 eV. This agrees with the 
results of the experiment discussed above in which, in 
addi t ion to C 2 , the recorded dissociation p roduc t s included 
larger carbon clusters with an even number of a toms . 

A higher stability of fullerenes with a closed symmetr ic 
s t ructure is indicated also by the results of experiments on 
pair collisions involving these molecules. F o r example, it 
was established [202] tha t out of a large number of the CZ

N

+ 

carbon clusters with n = 6 0 - 1 2 4 and with z = 2 or 3, only 
the CgJ, CJQ, and CgJ clusters retain their s t ructure after 
charge exchange with the C 7 H 8 molecule. The collisions of 
these cluster ions with Xe a toms at 392 eV p roduce C^J" ions, 
and collisional dissociation of these ions requires an energy 
greater than or of the order of 1 keV [49, 194, 197, 203]. 

Dissocia t ion of the C^0 cluster in collisions with the 0 2 

molecule of 7 - 8 keV energy had been investigated ear
lier [204]. Collisions p roduced no t only smaller clusters, bu t 
also mult iply charged CZ

6Q clusters, where z = 2 - 4 . This is 
evidence of the possibili ty of collisional ionisat ion of the C ^0 

cluster wi thout its f ragmentat ion. This is addi t iona l 
evidence for the exceptionally high stability of fullerenes. 

The i o n - m o l e c u l e react ion of the C 6 0 cluster with C + in 
the collisional energy range 2 - 7 8 eV has also been 
investigated [205] and the react ion channels were identified 
by the na tu re of the 1 3 C + isotope. It follows from these 
measurements tha t at collision energies in excess of 10 eV 
the main react ion channel is the format ion of a long-lived 
C^complex^hichdissociatesafteiat imesxceedinglO - 3 s F u r t h e r 

dissociation of this complex m a y be accompanied by charge 
transfer, i. e. by the escape of a neu t ra l ca rbon a tom. The 
most p robab le is the charge transfer process accompanied by 
isotopic exchange, as a result of which the fragment is a 
carbon a tom which is initially in the C 6 0 s t ructure . 

Interest ing features of the behaviour of fullerenes had 
been discovered in a s tudy of collisions of these molecules 
with the surface of a solid [206 -209 ] . F o r example, it was 
established [206] tha t collisions of charged C^ 0 , C ^ Q , and C^ 4 

fullerenes with the surface of purified graphi te and silicon, 
at energies rang ing from zero to 200 eV, result in the loss of 
a considerable pa r t of the kinetic energy bu t are no t 
accompanied by the dissociation of fullerenes. Similar 
conclusions were also reached in Ref. [209] repor t ing an 
investigation in which the collisional energy of charged C^ 0 

clusters with the surface of purified graphi te ranged from 
150 to 450 eV. It was established tha t the ion scattering 
angle cor responded to near-specular reflection from a 
surface, whereas the kinetic energy of the scattered ions 
was 1 0 - 2 0 eV, irrespective of the collisional energy. 

5.2 Chemistry of fullerenes 
The s t ructure of fullerenes makes it possible to consider 
them as three-dimensional ana logues of a romat ic com
p o u n d s . Consequent ly , the chemistry of fullerenes can be 
regarded as one of the most p romis ing directions in organic 
chemistry. The main concepts in the chemistry of fullerenes 
and the most impor t an t pract ical progress m a d e in the 
synthesis of new fullerene c o m p o u n d s are described in detail 
in recent reviews [210 -212] . M o r e detailed informat ion can 
be found in these reviews, whereas here we shall recount 
briefly the main t rends in the development of the chemistry 
of fullerenes and the main p rob lems facing invest igators. 

As poin ted out earlier, fullerenes are dist inguished by a 
high chemical inertness in respect of the process of m o n o 
molecular dissociation. F o r example, measurements 
repor ted in Ref. [214] indicate tha t the C 6 0 molecule remains 
thermal ly stable at t empera tu res up to 1700 K and the 
monomolecu la r dissociation ra te cons tant varies within 
the range 1 0 - 3 0 0 s" 1 at t empera tu res 1 7 2 0 - 1 9 7 0 K. This 
dissociation ra te cor responds to a dissociation act ivat ion 
energy of 4.0 ± 0.3 eV. However , in the presence of oxygen 
(part icular ly in open air), oxidat ion of this form of ca rbon 
is accompanied by the format ion of CO and C 0 2 , and is 
observed at much lower t empera tu res . It follows from the 
results of calorimetric measurements [189, 215] tha t in ten
sive oxidat ion of C 6 0 is observed even at t empera tu res of the 
order of 500 K. The process lasts several hou r s and it 
p roduces an a m o r p h o u s s t ructure in which there are twelve 
oxygen a t o m s per each original C 6 0 molecule. The C 6 0 

molecule loses a lmost completely its initial shape. A further 
increase in t empera tu re to 700 K is accompanied by a rapid 
format ion of CO and C 0 2 , and it results in final dissocia
t ion of the ordered fullerene s t ructure. The to ta l heat of 
oxidat ion of C 6 0 , found by a calorimetr ic me thod , is 
approximate ly 53 kcal m o l - 1 and the act ivat ion energy 
of the oxidat ion process is 58.2 kcal m o l - 1 [189]. It follows 
from the exper imental results tha t the energy for the 
a t t achment of an oxygen a tom to the C 6 0 molecule is 
abou t 90 kcal m o l - 1 , which is approximate ly twice the 
cor responding value for graphi te [216]. A compar i son of 
these values makes it possible to find the energy required for 
the format ion of the C 6 0 fullerene molecule from graphi te 
w i t h t h e s a m e n u m b e r o f c a r b o n a t o m s : AH = 5 4 0 - 6 0 0 kcal -
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m o l - . This is of the same order of magn i tude as the 
theoret ical est imate AH ~ 800 kcal m o l - 1 [217]. 

The room- t empe ra tu r e oxidat ion of C 6 0 occurs only in 
the presence of i l luminat ion with p h o t o n s of energies 
2 - 1 2 0 0 eV or 0 . 5 - 5 eV [218]. This is a t t r ibuted to the 
need of format ion of negative O ^ ions, which have a higher 
reactivity at r o o m t empera tu re [218]. 

Since the fullerene molecules have an electron affinity, 
they act as weak oxidants in chemical processes [210]. This 
p rope r ty of fullerenes was discovered in one of the first 
experiments on their chemical t r ans format ions [99] in which 
the hydrogena t ion of C 6 0 was studied. The p roduc t of 
hydrogena t ion was the C 6 0 H 3 6 molecule. This result is qui te 
surprising because the s t ructure of the C 6 0 molecule 
includes th i r ty double bonds , each of which could have 
par t ic ipa ted in the a t t achment of two hydrogen a toms . In 
view of this, one would expect format ion of the c o m p o u n d 
C 6 0 H 6 0 . Obviously, some of the double b o n d s in the C 6 0 

s t ructure are left wi thout hydrogen a toms . Accord ing to a 
suggestion in Ref. [99], there are two single b o n d s between 
each such doub le -bond pair on the surface of a sphere. 

It should be poin ted out tha t the p rob lem of fullerene 
hydrogena t ion is par t icular ly impor t an t in the chemistry of 
fullerenes. This is because of the possibili ty of using 
fullerenes as the means for effective s torage of molecular 
hydrogen [219] and in connect ion with the development of 
new ba t te ry cells based on fullerenes [37]. Ful lerene 
hydr ides have been synthesised by a variety of m e t h o d s 
in m a n y labora tor ies . A m o n g publ ica t ions on this topic one 
should ment ion par t icular ly tha t in which the c o m p o u n d 
C 6 0 H 3 6 with a small admix ture of C 6 0 H 1 8 was obta ined as a 
result of the Birch reduct ion react ion. The same c o m p o u n d 
was repor ted in Ref. [221], where the same purpose was 
served by the react ion of transfer of a hydrogen a tom 
between C 6 0 and a molecule of 9 ,10-dihydroanthracene . The 
c o m p o u n d s C 6 0 H 3 6 and C 7 0 H 3 6 were obta ined also from 
fullerenes using iodoe thane , heated to 673 K, as the source 
of a tomic hydrogen [222]; the same c o m p o u n d s were 
p roduced also by t rea t ing cold fullerenes with hydrogen 
at a high pressure (about 70 bar ) . It follows from the 
exper imental results [223] tha t under certain condi t ions the 
C 6 0 molecule can act like a sponge and absorb s imul ta
neously and reversibly up to seventeen hydrogen a toms . 
The simplest fullerene hydr ide C 6 0 H 2 was synthesised [224] 
by the react ion of C 6 0 with C H 3 in a solution where 
t e t rahydrofuran was mixed with toluene. Obviously, the 
most direct fullerene hydrogena t ion me thod is the react ion 
in the solid phase at a high hydrogen pressure (up to 
850 ba r ) at elevated t empera tu res (of the order of 
600 K ) [219] (see also Ref. [243]). The react ion p roduc t s 
were found to be c o m p o u n d s of the C60Hy and C70HX type, 
where x = 2 - 1 8 and y = 4 - 3 0 . 

One of the promis ing topics in the chemistry of 
fullerenes is the synthesis of water-soluble c o m p o u n d s of 
these molecules. The solution of this p rob lem should m a k e 
it possible to create a new class of biologically active 
substances for pharmaceu t i ca l purposes . A n impor t an t 
step in this direction was m a d e by the synthesis of a 
c o m p o u n d formed by a fullerene molecule with a large 
number (about 26) hydroxyl groups . This molecule is 
essentially a fullerene alcohol and it is shown in Fig . 9. 
Synthesis of this c o m p o u n d was carried out in an aqueous 
solution of N a O H using t e t r a b u t y l a m m o n i u m hydroxide 
as a catalyst [368]. 

Figure 9. Chemical structure of a water-soluble fullerene, representing a 
C 6 0 molecule with attached OH radicals [368]. 

One other impor t an t topic in the chemistry of fullerenes, 
a t t rac t ing considerable interest from specialists, is the 
synthesis of stable fluorine c o m p o u n d s of fullerenes. 
This interest is main ta ined to some degree by the hope 
to create solid lubr icants , similar to Teflon, from fluori-
na ted fullerenes. Such c o m p o u n d s are expected to have 
good lubricat ing characterist ics even at very low t empera 
tures . In spite of the considerable exper imental and 
theoret ical activities [190, 2 2 5 - 2 3 5 ] , it is no t yet clear 
whether this is possible. Soon after the publ icat ion of a 
repor t [225] of p repa ra t ion of fully f luorinated fullerene 
C 6 0 F 6 0 , it was found tha t its chemical stability is very 
low [228, 229], because — in spite of the h y d r o p h o b i c 
proper t ies typical of fluorides — this c o m p o u n d readily 
reacts with water to form H F . This is accompanied by 
destruct ion of the fullerene s t ructure of the molecules. 
Subsequent experiments [190, 226] on f luorinat ion of full
erenes C 6 0 and C 7 0 yielded the c o m p o u n d s C 6 0 F 3 6 and 
C 7 0 F 4 4 . Even these pre l iminary results [190, 226] indicated 
the suitabili ty of these c o m p o u n d s as lubricat ing mater ia ls . 
A compar i son of the results of m a n y exper imental inves
t igat ions shows tha t the composi t ion of the p roduc t s of 
f luorinat ion of fullerenes is largely determined by the 
condi t ions dur ing the synthesis. F o r example, the react ion 
of C 6 0 with N a F at T = 5 0 0 - 5 5 0 K produces mainly 
C 6 0 F 4 6 with a 1 0 % - 1 5 % admix ture of C 6 0 F 4 8 [232, 
233]. A n increase in the f luorinat ion t empera tu re and 
dura t ion results in the p r edominance of the C 6 0 F 4 8 

s t ructure in the f luorinat ion p roduc t s [235] and this 
s t ructure has apparen t ly the highest stability. 

Chlor ina t ion of C 6 0 p roduces a c o m p o u n d which 
conta ins either twelve [236] or twenty four [237] chlorine 
a toms . A n at t ract ive feature of chlorine c o m p o u n d s of 
fullerenes is the ability to replace the chlorine a toms with 
me thoxy g roups [237], which widens the class of fullerene 
c o m p o u n d s . This feature, a l though to a lesser degree, is 
found also in f luorinated fullerenes [228, 229]. Hea t ing of 
the chlorine c o m p o u n d s of fullerenes is accompanied by 
regenerat ion of the C 6 0 molecule. The c o m p o u n d formed by 
the react ion of C 6 0 with b romine conta ins up to twenty 
eight b r o m i n e a t o m s [238, 239]. 

The very first exper iments on the synthesis of organic 
c o m p o u n d s conta in ing fullerenes provided evidence of a 
very great variety of these c o m p o u n d s . F o r example, twelve 
c o m p o u n d s of C 6 0 , synthesised by W u d P s g roup , were 
described in Ref. [240]. A m o n g such 'fulleroids' one could 
ment ion the p roduc t s of the a t t achment of hydrogen and 
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Figure 10. Structure of osmylated C 6 0 [242]. 

p h o s p h o r u s radicals , of halogens , of metals and their oxides, 
of single and double benzene rings and their derivatives, of 
N 0 2 [210], and of alkyl radicals [241]. Specialists were 
greatly interested in the results repor ted in [242] (for a 
review, see also Ref. [243]): the react ion of C 6 0 with 
O s 0 4 p roduces meta l lo-organic c o m p o u n d s C 6 0 ( O s O 4 ) ( 4 -
te r t -buty l -pyr id ine) 2 , which is a ferromagnet . The s t ructure 
of this c o m p o u n d , established in a series of elegant 
experiments , is shown in Fig. 10. Subsequent work by other 
au tho r s confirmed [244] the hypothes is of extensive o p p o r 
tunit ies for the development of meta l lo-organic chemistry of 
fullerenes. There have been repor t s also of the p repa ra t ion 
and investigation of such meta l lo-organic complexes as 
[ ( C 6 H 5 ) 3 P ] 2 X ( C 6 o ) [245], [ ( C 6 H 5 ) 3 P ] 2 ( C O ) C l X ( C 6 o ) [246], 
{ [ ( C 2 H 5 ) 3 P ] 2 X } 6 C 6 o [245], where the symbol X denotes 
metals belonging to the p la t inum group : Pt, It, Pd. 
Accord ing to the results repor ted in Ref. [244], the a t t ach 
ment of a meta l -carrying organic radical to a fullerene 
reduces the electron affinity of the fullerene. This alters the 
electric proper t ies of the fullerene and opens up an 
oppor tun i ty for creat ing a new class of organic semicon
duc tors with pa rame te r s varying over a wide range . 

One other impor t an t direction in the development of the 
chemistry of fullerenes is related to the possibili ty of the 
synthesis of po lymers on their basis [210]. The C 6 0 mole 
cules can then play a dua l role: they can act as the basis of a 
polymer chain, or per form the role of a connect ing 
componen t . In the former case, when the result is described 
by the highly descriptive n a m e of the 'string of pear ls ' , the 
fullerenes are jo ined by benzene rings. The other case, called 
the 'bracelet ' , has no t yet been realised and is the subject of 
some discussion in the l i terature. Possible appl icat ions of 
the greatest interest are po lymers consisting entirely of the 
fullerene molecules. In contras t to crystalline fullerites, 
where the fullerene molecules are b o u n d to one ano ther 
(like separate layers of graphi te) by the weak van der Waa l s 
forces, one would expect these polymers to have chemical 
b o n d s . 

The results of the first experiments on the po lymer 
isation of fullerenes look very promis ing [27, 2 4 7 - 2 5 6 ] . A 
polymer film of C 6 0 was formed [247] by ultraviolet 
i r radia t ion of a fullerene film. A film prepared in this 
way was plastic and could be separated from the substra te . 
The average distance between the fullerene molecules in a 
film was found to be approximate ly 0.1 A less t han the 
cor responding value in a fullerite crystal. In recent inves
t igat ions [256] use was m a d e of ultraviolet rad ia t ion for 
pho to induced polymerisa t ion of a C 7 0 film. The source of 
this rad ia t ion was a mercury arc lamp of 300 W power . 
I r rad ia t ion of the film p roduced fullerene dimers and 
t r imers , recorded with a mass spectrometer . Ano the r 

me thod for the polymer isa t ion of fullerenes involved the 
action of an hf gas discharge on the surface of a C 6 0 film 
conta in ing C 7 0 as an impur i ty [248]. This p roduced a 
polymer film which had the proper t ies of a semiconductor 
with a b a n d gap of 2.1 eV at t empera tu res 3 0 0 - 5 0 0 K. The 
surface of the film had an a m o r p h o u s s t ructure and it 
conta ined aggregates with a diameter up to 300 A. In 
connect ion with the polymerisa t ion of fullerenes one 
should ment ion also the recently publ ished investiga
t ions [27] in which a film of C 6 0 was polymerised by 
b o m b a r d m e n t with a beam of electrons of energies a m o u n t 
ing to 3 or 1500 eV. The mos t impor t an t conclusion reached 
as a result of this investigation was tha t the process of 
polymers ia t ion was reversible; anneal ing of a polymer film 
at T = 470 K for 2 h resulted in complete destruct ion of the 
chemical b o n d s between the fullerene molecules and 
recovery of the fullerite crystal s t ructure. Successful syn
thesis of meta l lo-organic po lymers of the ( C 6 0 P d ) n , 
( C 6 0 P d 2 ) n , and ( C 6 0 P d 3 ) n type was repor ted in Ref. [250]. 

6. Fullerenes in solutions 
6.1 Solubility of fullerenes 
The interest in the behaviour of fullerenes in solut ions is 
pr imari ly due to the fact tha t the most c o m m o n way of 
prepar ing , separat ing, and purifying fullerenes involves the 
use of solvents [ 5 4 - 5 6 ] . The feasibility of efficient 
separat ion of fullerenes (from soot which conta ins them 
and is formed by the rmal evapora t ion of graphi te) is due to 
relatively high, compared with other soot componen t s , 
solubility of fullerenes in m a n y organic c o m p o u n d s . The 
most efficient m e t h o d for separa t ing fullerenes is based on 
the difference between the solubilities of different fullerenes 
in a number of solvents, and also on the different 
efficiencies of extract ing them from sorbents by solvents. 
The principles under ly ing the mos t efficient fullerene 
separat ion and purification m e t h o d s are similar to those 
used in liquid ch roma tog raphy . 

Table 4 gives the results of measurements of the r o o m -
tempera tu re solubilities of fullerenes in a number of 
solvents [257, 258]. It is clear from the da ta in this table 
tha t C 6 0 is practical ly insoluble in polar solvents such as 
alcohols, acetone, t e t rahydrofuran , etc. This fullerene is 
weakly soluble in a lkanes such as pen tane , hexane, and 
decane; the solubility in a lkanes increases with the number 
of carbon a toms . A n analysis repor ted in Ref. [257] shows 
tha t the fullerenes are best dissolved in those solvents for 
which the specific en tha lpy of evapora t ion , reduced to the 
specific vo lume of the solvent molecule, is close to the 
cor responding value for the C 6 0 molecule (approximate ly 
100 cal c m - 3 ) . This confirms quant i ta t ively the old empir i 
cal rule: "l ike dissolves in l ike" . The complex behaviour of 
fullerenes in solut ions is demons t ra ted in par t icular by the 
da ta on the solubility of C 6 0 in decalin. It follows from these 
measurements tha t the solubility of this fullerene in n o r m a l 
decalin, which is a mix ture of the cis and t r ans forms in the 
rat io 3 : 7 , is considerably higher t han the solubilities in 
either of these two forms. 

6.2 Characteristic features of the behaviour of fullerenes 
in solutions 
The very first exper imental invest igations of the behaviour 
of fullerenes in solut ions have revealed their unusua l 
proper t ies . F o r example, a s tudy of the nonl inear optical 
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Table 4. Solubility of C 6 0 and C 7 0 in various solvents at room tem
perature. 

Solvent Solubility/mg ml 1 

C60 C 7 o 

0.0 0.1 0.2 0.3 0.4 0.5 

g e m " 

Figure 11. Dependence of the nonlinear third-order optical 
susceptibility of C 6 0 dissolved in benzene on the solution 
concentration, measured at the wavelength 1.064 urn [259]. 

p roper t ies of the solution of C 6 0 in benzene [259] d e m o n 
strated an a n o m a l o u s dependence of the th i rd-order 
susceptibility on the concent ra t ion of this fullerene. The 
results obta ined with the use of a neodymium laser, emit t ing 
1.064 um pulses of 5 mJ energy and 50 ps dura t ion , are 
presented in Fig. 11. Sa tura t ion of this dependence with 
increase in the solution concent ra t ion indicates the forma
tion of aggregates consisting of a number of fullerenes. A n 
increase in the concent ra t ion of the solut ion increases the 
average size of the aggregates and the nonl inear suscepti
bility of the dissolved fullerenes approaches the value 
repor ted for a fullerene crystal. 

The possibili ty of format ion of aggregates in fullerene 
solut ions is suppor ted also by osmomet r ic da ta on the 
average molecular weight of C 6 0 dissolved in chlorobenzene 
and to luene [260]. The measurements were based on 
R a o u l t ' s law, which states tha t the sa tura ted vapour 
pressure of a solvent conta in ing a solute is less t han the 
cor responding value of the pu re solvent and the difference is 
p r o p o r t i o n a l to the concent ra t ion of the solute in the 
solut ion. A n analysis of the exper imental results in 
Ref. [260] shows tha t the average mass of the C 6 0 molecules 
dissolved in chlorobenzene at T = 340 K, when the con
centra t ion of the solution by weight is abou t 1 g k g - 1 , is 
approximate ly 30% higher t han the mass of the isolated C 6 0 

molecule. This is evidence of the format ion, in a solution, 
of complexes consist ing of at least two fullerene mole 
cules. A similar effect does no t occur in to luene solut ions. 

Ano the r interesting feature of the behav iour of fullerene 
solut ions was revealed by de terminat ion of the opt ical 
spectra represent ing the electronic absorp t ion in C 7 0 

dissolved in a mix ture of acetonitr i le and to luene [261]. 
These measurements (presented in Fig. 12) demons t ra ted 
tha t the na tu re of the spectrum depended critically on the 
composi t ion of the solvent. F o r example, a vo lume 
concent ra t ion of acetonitr i le in excess of 60% in the 
solvent reveals addi t iona l features of the electronic a b s o r p 
t ion in C 7 0 , which are absent at lower acetonitr i le 
concent ra t ions . A s t rong absorp t ion b a n d appears in the 
range 5 5 0 - 8 0 0 nm, whereas the fine s t ructure of the 

Alkanes 
rc-pentane 0.005 [257]; 0.004 [258] 0.002 [258] 
cyclopentane 0.002 [257] 
rc-hexane 0.043 [257]; 0.04 [258] 0.013 [258] 
rc-decane 0.07 [257]; 0.07 [258] 0.053 [258] 
dodecane 0.091 [258] 0.098 [258] 
tetradecane 0.126 [258] 
ra-decahn 4.6 [257] 
cis-decalin 2.2 [257] 
trans-decalin 1.3 [257] 

Ha loalkanes 
dichloromethane 0.26 [257]; 0.25 [258] 0.08 [258] 
chloroform 0.16 [257] 
tetrachloromethane 0.32 [257]; 0.45 [258] 0.12 [258] 
1,2-dibromomethane 0.50 [257] 
trichloroethylene 1.4 [257] 
tetrachloroethylene 1.2 [257] 
dichlorofluoroethane 0.020 [257] 
1,1,2-trichlorotrirluoro- 0.014 [257] 

ethane 
1,1,2,2-tetrachloroethane 5.3 [257] 

Polar solvents 
methanol 0.000 [257] 
ethanol 0.001 [257] 
isopropanol 0.0021 [258] 
ni tromethane 0.000 [257] 
nitroethane 0.002 [257] 
acetone 0.001 [257] 0.0019 [258] 
acetonitrile 0.000 [257] 
n-methyl-2-pyrrolidine 0.89 [257] 

Benzenes 
benzene 1.7 [257]; 1.44 [258] 1.3 [258] 
toluene 2.8 [257]; 2.15 [258] 1.4 [258] 
xylene 5.2 [257] 
mesitylene 1.5 [257]; 1.0 [258] 1.47 [258] 
tetralin 16 [257] 
o-cresol 0.014 [257] 
benzonitrile 0.41 [257] 
fluorobenzene 0.59 [257] 
nitrobenzene 0.80 [257] 
bromobenzene 3.3 [257] 
anisole 5.6 [257] 
chlorobenzene 7.0 [257] 
1,2-dichlorobenzene 27 [257] 
-dichlorobenzene 36.2 [258] 
1,2,4-trichlorobenzene 8.5 [257] 

Naphthalenes 
1-methylnaphthalene 33 [257] 
dimethylnaphthalene 36 [257] 
1-phenylnaphthalene 50 [257] 

Other solvents 
carbon disulfide 7.9 [257]; 5.16 [258] 9.9 [258] 
tetrahydrofuran 0.000 [257] 
tetrahydrothiophene 0.030 [257] 
2-methylthiophene 6.8 [257] 
pyridine 0.89 [257] 
dioxane 0.041 [258] 
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Figure 12. Absorption spectra of C 7 0 , dissolved in a mixture of 
acetonitrile and toluene, measured for different acetonitrile 
concentrations x a c e ( A ) in a mixture (molar concentration of fullerene 
[M] = 6.6 x 1 0 - 6 ) and different concentrations of the solution (B) 
( x a c e = 7 0 % ) [261]. 

spectrum practical ly d isappears at 3 0 0 - 4 0 0 nm. These 
features of the behaviour of the C 7 0 spectra in solut ions 
are again a t t r ibuted [261] to the possibili ty of format ion in a 
solut ion of clusters consisting of several fullerene molecules. 

The most interest ing feature of the behaviour of full
erenes in solut ions is related to the t empera tu re dependence 
of the solubility. Fig. 13 shows the t empera tu re dependence 
of the solubility of C 6 0 in hexane, to luene, and C S 2 repor ted 
by Ruof f et al. [19]. It follows from the da ta in this figure 
tha t the t empera tu re dependence of the relative solubility is 
pract ical ly independent of the type of the solvent in a wide 
range of t empera tures , a l though the absolute values of the 
solubility vary with the solvent by up to two orders of 
magn i tude . A n even m o r e surprising feature is the n o n 
m o n o t o n i c na tu re of the t empera tu re dependence of the 
solubility of fullerenes found experimentally. The highest 
solubility occurs at abou t 280 K. A further increase in 
t empera tu re is accompanied by a considerable reduct ion in 
the solubility, which falls by nearly an order of magn i tude at 
abou t 400 K. This feature of the behav iour of fullerenes in 
solut ions, like other features described above, can be 
explained by the format ion of solution clusters conta in ing 
several fullerene molecules [262, 263]. The falling na tu re of 

10 

9 -

180 220 260 300 340 380 T/K 

Figure 13. Temperature dependence of the solubility of C 6 0 in 
hexane ( + , multiplied by 55), toluene (o, multiplied by 1.4), and CS2 
(*) [19]. The continuous curve is calculated [262] taking account of the 
aggregation of fullerenes in a solution. 

the t empera tu re dependence of the fullerene solubility is due 
to the rmal dissociation of the clusters and, as a consequence 
of an increase in the surface of the interact ion between the 
solute and the solvent, precipi ta t ion of a certain n u m b e r of 
the dissolved fullerenes. 

6.3 Cluster origin of the solubility of fullerenes 
The exper imental observat ions presented above allow us 
to assume tha t the possibili ty of format ion, in solutions, of 
fullerene clusters with several molecules should influence 
significantly the proper t ies of the fullerene solut ions. This 
requires a detailed analysis of the physical factors governing 
the possibili ty of cluster format ion in the fullerene solut ions 
and a de terminat ion of the pa rame te r s of these clusters. A 
t h e r m o d y n a m i c app roach to this task can be found in 
Refs. [262, 263], where a theory of the solubility of fullerenes 
t ak ing account of the possibili ty of cluster format ion is 
presented. This app roach is based on the drop mode l of a 
cluster, which is valid when a typical n u m b e r of fullerene 
molecules in a cluster is n > 1. It follows from an analysis of 
the exper imental da ta tha t this condi t ion is satisfied 
reasonably in the si tuat ion represented by the n o n m o n o 
tonic t empera tu re dependence of the fullerene solubility. 

Let us n o w consider derivat ion of the t empera tu re 
dependence of the fullernene solubility which takes into 
account the possibili ty of the format ion of clusters consist ing 
of a certain number of fullerene molecules. It follows from 
the drop mode l of a cluster tha t the free energy of a cluster 
in a solut ion has two par t s : the bulk (volume) par t , 
p r o p o r t i o n a l to the number of molecules n in a cluster, 
and the surface par t , p ropo r t i ona l to [264, 265]. This 
cor responds to the assumpt ion tha t the clusters consist ing 
of n > 1 part icles have the shape of a spherical d rop . Hence , 
the function / „ represent ing the cluster size dis t r ibut ion can 
be described by 

/ An+Bn2'3\ 
fn = §n exp I 1 • (7) 
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Here , the pa ramete r A is the difference between the 
energies of the interact ion of a fullerene molecule, which 
is in a solid or in the bulk of a cluster, with its 
envi ronment ; the pa ramete r B represents a similar differ
ence between the energies of the fullerene molecules located 
on the surface of a cluster; gn is the statistical weight of a 
cluster with n part icles; T is the absolute t empera tu re (the 
pa rame te r s A and B are usually expressed in te rms of the 
absolute t empera ture ) . This form of the dis t r ibut ion 
function is based on the s t ructura l proper t ies of the 
fullerene molecules. Essentially, a fullerene represents a 
uni form surface s t ructure which, in contras t to p lanar or 
elongated molecules, interacts with its envi ronment 
practical ly independent ly of the or ienta t ion. The large 
number of identical componen t s on the fullerene surface 
makes it possible to represent the energy of the interact ion 
of the molecule as a p roduc t of the specific surface 
interact ion energy multiplied by the surface area of the 
molecule. This feature of the fullerene s t ructure can be used 
also in the descript ion of the interact ion of clusters 
composed by fullerenes and a solvent. This interact ion is 
of purely surface na tu re and the energy of the interact ion 
of fullerenes with one another , b o t h in a cluster and in a 
solid, is relatively low compared with the b inding energies 
of the ca rbon a toms in the fullerene molecule. W e can 
therefore assume tha t the specific surface energy of the 
interact ion of the fullerene molecules with one another and 
with the solvent molecules is no t very sensitive to the 
relative or ienta t ion of the fullerene molecules in a cluster. 

The fullerene solubility C is p ropo r t i ona l to a sum: 

C o c $ > / „ (8) 

which — subject to the condi t ion n > 1 — can be replaced 
by an integral: 

f°° (An +Bn2/3\ , 

c « i „ j — j — Y n - ( ) 

Here , gn is the statistical weight of a cluster, averaged over 
a range of values of n mak ing a certain cont r ibu t ion to the 
integral in E q n (9). This pa ramete r takes account of the 
en t ropy factor and it governs the absolute value of the 
solubility. In general , the pa ramete r can assume var ious 
values depending on the na tu re of the solvent. It is 
na tura l ly assumed tha t the dependence of gn on n and T is 
considerably weaker t h a n the exponent ia l function in 
expression (7). The pa rame te r s A and B, the rat io of 
which governs the t empera tu re dependence of the solubil
ity, should also depend on the n a t u r e of the solvent, bu t the 
experimental ly observed [19] similarity of the t empera tu re 
dependences of the relative solubility of C 6 0 in hexane, 
to luene, and C S 2 is evidence of similar values of this ra t io 
for the solvents in quest ion. 

W e shall n o w consider the possibili ty of using E q n (9) to 
describe the t empera tu re dependences of the fullerene 
solubilities in nonpo la r solvents presented in Fig. 13 which 
is t aken from Ref. [19]. W e can readily see tha t the n o n 
m o n o t o n i c t empera tu re dependence C(T) is possible only if 
B < 0 and A > 0. The integral in Eqn (9), considered as a 
function of t empera tu re , can then have only one ex t remum, 
which is actually a min imum. In fact, the second derivative of 
the function C(T) is posit ive at the poin t where dC/dT = 0. 
It therefore follows tha t E q n (9) cannot have a m a x i m u m on 
the t empera tu re scale. Consequent ly , the format ion of 
fullerene clusters is insufficient to account for the experi

mental ly observed n o n m o n o t o n i c t empera tu re dependence 
of the fullerene solubility. 

However , as po in ted out in Ref. [19], the reason for the 
change in the na tu re of the t empera tu re dependence of the 
solubility from rising to falling m a y be an or ien ta t iona l -
disorder ing phase t ransi t ion, which occurs in a C 6 0 crystal 
at T = 255 K [67]. This t ransi t ion modifies the simple cubic 
(sc) lattice of a low- tempera ture C 6 0 crystal to the face-
centred cubic (fee) lattice, which is characterised by close 
packing . Moreover , this t rans i t ion 'unfreezes' the ro ta t ion 
of the fullerene molecules abou t their axes. The results of 
exper imental invest igations show [67] tha t the t ransi t ion is 
endothermal , tha t it is of the first order , and tha t its heat of 
t rans i t ion is Ah = 850 K. This leads to a very different role 
of clusters in a fullerene solution and , consequently, to 
different t empera tu re dependences of the fullerene solubility 
be low and above the critical phase- t rans i t ion t empera tu re . In 
fact, at t empera tu res T < Tc, we have A s c = A f c c + Ah, where 
A s c and A f c c are the values of the pa rame te r A at 
t empera tu res be low and above the critical value. This means 
tha t at T < Tc, the cluster size dis t r ibut ion function 
described by expression (7) falls with increase in the number 
n much m o r e steeply t han at t empera tu res T > Tc. The low-
tempera tu re m a x i m u m of this function cor responds to 
n ~ 1, so tha t clusters p lay a relatively u n i m p o r t a n t role 
in solut ions at t empera tu res T <TC. This accounts qua l 
itatively for the rising na tu re of the t empera tu re dependence 
of the solubility at T < Tc. 

The t empera tu re dependence of the solubility of C 6 0 in 
C S 2 , calculated on the basis of the t h e r m o d y n a m i c 
app roach presented above ( taking account of cluster 
format ion) , is compared in Fig. 13 with the exper imental 
results of Ref. [19]. The best agreement between the 
calculat ions and experiments is obta ined for the following 
pa ramete r s : B = 970 K, A f c c = 320 K, c0 = 5 x 1 0 " 8 (molar 
concent ra t ion of C 6 0 ) . The agreement with experiment is 
satisfactory. One could hard ly expect a bet ter agreement 
because the crystal pa ramete r s , including the relative 
fraction of the fee phase relative to the hexagona l close-
packed (hep) phase , depends on the me thod of p repa ra t ion 
of the crystal and this can affect the results. 

The validity of the drop mode l of a cluster used in this 
app roach is governed by the average n u m b e r n of the 
fullerene molecules per one cluster. It follows from the 
calculat ions tha t this number rises monoton ica l ly with 
t empera tu re from n — 3 at T = 190 K to n — 11 at 
T = 260 K. A further increase in t empera tu re to 380 K 
has practical ly no effect on n . Therefore, condi t ion n > 1 is 
obeyed in the t empera tu re range cor responding to the 
fullerene solubility m a x i m u m , which justifies the use of 
the d rop mode l and confirms the above hypothesis tha t 
large clusters affect the t empera tu re dependence of the 
fullerene solubility. 

It follows tha t the hypothesis of the cluster na tu re of the 
solubility of fullerenes, deduced from an analysis of recent 
exper imental results [19, 2 5 9 - 2 6 1 ] , can provide a quan t i 
tat ive descript ion of the n o n m o n o t o n i c t empera tu re 
dependence of the solubility of C 6 0 in var ious solvents 
repor ted in Ref. [19]. The fall of the solubility with increase 
in t empera tu re is observed in tha t range of t empera tu res 
where the existence, in a solution, of clusters consisting of a 
large number of fullerene molecules is the rmodynamica l ly 
preferred. This fall is related to the the rmal dissociation of 
the largest clusters with rise in t empera tu re . A further increase 
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in t empera tu re should na tura l ly increase the solubility 
bu t — as indicated by the results of calculat ions — for 
the above values of the pa rame te r s A and B, the solubility 
m in imum cor responds to r ~ 4 0 0 0 K. However , at these 
t empera tu res neither solvents nor fullerenes can exist. At 
lower t empera tu res (T < 260 K ) the role of clusters is no t 
very impor tan t , a fact which is related to a different crystal 
s t ructure of fullerene in the solid phase and is due to a 
higher energy of the interact ion of the fullerene molecules 
with their envi ronment . 

It should be poin ted out tha t this p h e n o m e n o n of cluster 
format ion in fullerene solut ions had been recently con
firmed by direct experiments . Measu remen t s carried out by 
the light scattering m e t h o d [270] demons t ra ted tha t ( C 6 0 ) n 

clusters form readily in a solut ion of fullerenes in benzene. 
A n increase in the average cluster size cont inued t h r o u g h 
out the observat ions (which lasted abou t 50 days). Light 
shaking of a container filled with a solution destroyed the 
clusters and then they started to form again. A n experi
mental ly deduced relat ionship between the average size of a 
cluster and its mass indicated tha t clusters had a fractal 
s t ructure characterised by a fractal d imension close to 2.09. 
Hence , we concluded tha t the usua l d rop cluster model , 
employed normal ly in the descript ion of the t h e r m o d y n a m i c 
characterist ics of fullerene clusters in solut ions, is too rough 
and it requires considerable refinement which would t ake 
into account the fractal s t ructure of clusters. 

6.4 Diffusion of fullerenes in solutions 
A n impor t an t pa ramete r which characterises the behaviour 
of fullerenes in solut ions is the diffusion coefficient. The 
value of this coefficient determines the op t imal condi t ions 
for the crystallisation of fullerenes in solut ions and the 
possibili ty of their separat ion and purif icat ion. The 
measured values of the diffusion coefficient C 6 0 and C 7 0 

in some solvents are listed in Table 5. It is interest ing to 
compare the da ta in this table with the results of simple 
est imates which can be obta ined from the Stokes formula 
describing the diffusion of spherical part icles in a viscous 
liquid: 

Here , T is the absolute t empera tu re of the liquid; rj is its 
viscosity; r s is the part icle radius . The values of the rad ius 
r s , deduced on the basis of the Stokes formula from the 
exper imental da ta on the diffusion coefficient of fullerenes 
in var ious solvents, are listed in the penul t imate co lumn of 
Table 5. W e can see tha t these values are considerably 
higher t han the ac tual rad ius of the C 6 0 molecule, which is 
3.5 A. Moreover , there is a str iking difference between the 
values of the radius deduced for different solvents. This 
difference can be explained by the aggregat ion of fullerenes 
in solut ions, similar to tha t described above. Clearly, this 
effect is of universal na tu re , a l though the da ta presented in 
Table 5 indicate a considerable difference of typical sizes of 
the fullerene clusters in different solvents. 

The existence of fullerenes in solut ions in the form of 
clusters whose average size depends on the solution 
concent ra t ion suggests a dependence of the diffusion 
coefficient of fullerenes in solut ions on their concent ra 
t ion. In fact, at low solution concent ra t ions , practically no 
clusters are formed and the diffusion coefficient is governed 
by the cor responding value for a single fullerene molecule. 

Table 5. Diffusion coefficients of fullerenes in solutions. 

Solvent Diffusion T/K r s / A Ref. 
coefficient/ 

T/K r s / A 

10" 6 a m 2 s" 1 

Chlorobenzene 3.7 ± 0 . 7 295 7.4 [266] 
1,2-dichlorobenzene 1.1 ± 0 . 2 295 7.7 [266] 
Pyridine 3.1 ± 0 . 6 295 7.1 [266] 
Pyridine/acetonitrile, 9 : 1 3.4 ± 0.7 295 7.5 [266] 
Pyridine/acetonitrile, 8 :2 3.8 ± 0 . 7 295 7.4 [266] 
Pyridine/acetonitrile, 6 :4 4.1 ± 0 . 8 295 8.3 [266] 
Pyridine/acetonitrile, 4 : 6 5.1 ± 1.0 295 8.2 [266] 
Benzonitrile 1.4 ± 0 . 3 295 12.4 [266] 
Dichloromethane 4.4 ± 0.9 295 11.1 [266] 
Tetrahydrofuran 1.6 ± 0 . 3 295 25.0 [266] 
Benzene 9.1 298 4.1 [267] 
C S 2 18.5 298 [267] 

C 7 0 in C S 2 15.6 298 [267] 
Benzene 8.3 ± 7 298 4.5 [268] 

A n increase in the fullerene concent ra t ion in a solution 
increases the average cluster size and, consequently, reduces 
the diffusion coefficient of the fullerene. The results of a 
calculat ion of the dependence of the diffusion coefficient of 
the C 6 0 fullerene in solut ions on the concent ra t ion , carried 
out t ak ing account of the format ion of clusters repor ted in 
Ref. [269], are presented in Fig. 14. The t h e r m o d y n a m i c 
approach , described above and based on the drop mode l of 
a cluster, was used to calculate the cluster size dis t r ibut ion 
function. It follows from the da ta in Fig . 14 tha t the 
diffusion coefficient of fullerenes in near -sa tura ted solu
t ions is approximate ly 30% less t han the cor responding 
value for single molecules, due to the possibili ty of 
format ion of fullerene molecular clusters in solut ions. 

The dependence of the diffusion coefficient of fullerenes 
on their concent ra t ion can be used for diffusive enr ichment 
of a solut ion conta in ing fullerenes of two types in very 
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Figure 14. Diffusion coefficient of C 6 0 in toluene, calculated taking 
account of the formation of clusters [269]. 
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different concent ra t ions . In this case the fullerene represent
ing a small a m o u n t of an impur i ty in a solut ion should have 
a higher diffusion coefficient t han a fullerene whose 
concent ra t ion is close to sa tura t ion . U n d e r t ransient 
condi t ions over a distance of the order of several diffusion 
lengths, Ld ~ ( D T ) 1 ^ 2 , from a solid source of a mix ture of 
fullerenes a significant enr ichment of the solution with the 
fullerene present in a low concent ra t ion should t ake place. 
Here , T is the characterist ic t ime of the process of removal 
of the solution. This effect m a y possibly be used in the 
separat ion and purif ication of higher fullerenes, the con
centra t ion of which in fullerene soot is usual ly very low. 

7. Fullerenes in condensed systems 
7.1 Structure of fullerites 
The solid state of b o u n d fullerene molecules is called a 
fullerite. Let us consider first a fullerite consisting of the 
C 6 0 molecules. It is a typical molecular crystal in which the 
interact ion between the carbon a t o m s inside the C 6 0 

molecule is much stronger t han between the a toms of 
the adjacent molecules. Separa te C 6 0 molecules should be 
regarded as an inert species re ta ining its individuali ty in the 
in teract ions with other similar molecules. Hence , it follows 
tha t the s t ructure of this condensed system is in m a n y 
respects similar to the s t ructure of solidified ra re gases, 
where the s t ructura l componen t s are again spherically 
symmetr ic a tomic part icles. W e can therefore expect a 
fullerene crystal to have a close-packed s t ructure similar to 
tha t of rare-gas crystals. In this s t ructure [271 -274 ] each 
molecule or a tom has twelve nearest ne ighbours . There are 
two such s tructures: fee and hep, and the choice between 
them is determined by details of the interact ion between the 
molecules, including the condi t ions under which a crystal is 
grown. 

It follows from the exper imental results tha t at relatively 
high t empera tu res a fullerene crystal consist ing of the C 6 0 

molecules can be described by the ha rd sphere model , 
which cor responds to the close-packed s tructures . N e a r 
r o o m tempera tu re b o t h (fee and hep) close-packed s t ruc
tures are observed [6, 51, 52, 2 7 5 - 2 8 0 ] , bu t the fee s t ructure 
is preferred. The room- t empera tu r e distance between the 
nearest ne ighbours deduced from these measurements is 
1.001 ± 0.001 n m and the error is related to the use of 
different substra tes on which samples are evapora ted . 
Accord ing to the close-packed s t ructure model , this cor re 
sponds to a density of such a fullerene crystal a m o u n t i n g to 
p = 1.69 g c m - 3 . 

Let us consider the close-packed s t ructure of a fullerene 
crystal on the basis of the pa rame te r s of the pair interact ion 
between the fullerene molecules. Let us do this by assuming 
tha t the diameter of the spheres is equal to the diameter of 
the molecules, i. e. the distance between diametrical ly 
opposi te a toms in a molecule, and tha t the interact ion 
poten t ia l depends on the distance between the spheres. 
Accord ing to the informat ion given above, the sphere 
rad ius is 0.67 n m and the distance between the spheres 
is abou t 0.33 nm. This mode l applies at high t empera tu res 
when each molecule can ro ta te freely at its crystal lattice 
site. At low tempera tu res the s t ructure of the surface of the 
C 6 0 molecule becomes impor tan t , so tha t the crystal 
proper t ies depend on the an i so t ropy of the interact ion 
potent ia l , i. e. on which pa r t s of the molecule are ro ta ted 
relative to one another . In view of this, let us consider the 

na tu re of the interact ion o f t w o C 6 0 molecules. The interact ion 
poten t ia l of two C 6 0 fullerene molecules can be const ructed 
of two pa r t s [326 -328] . The first pa r t is a sum of the pair 
interact ion potent ia ls act ing between each pair of the 
carbon a t o m s belonging to different molecules. The second 
pa r t is determined by the charges dis tr ibuted on the surfaces 
of the fullerene molecules in accordance with the chemical 
b o n d s they form. In the simplest mode l the charge is 
dis tr ibuted in such a way tha t on each of thir ty midpo in t s 
of the double b o n d s there is a charge — q and at each of the 
pen tagon centres the charge is 5g /2 , where 
0.23e < q < 0.28e (e is the electron charge). R o t a t i o n of 
the fullerene molecules, which occurs at t empera tu res above 
259 K, results in averaging of the second par t of the 
interact ion poten t ia l of the molecules, which thus 
vanishes, because the average charge of the molecule is 
zero. The pa rame te r s of the interact ion potent ia l of two 
fullerene molecules, averaged over the or ienta t ions of the 
molecules, cor responds to the equil ibrium distance 10.06 A 
between the molecules and to the well depth 0.32 eV. 

The phase t ransi t ion in the C 6 0 fullerene crystal occurs 
at 257 K [12, 282, 283] and is of the first order . At high 
t empera tu res the C 6 0 molecules can ro ta te 'freely', bu t at 
low tempera tu res such free ro ta t ion ceases and the an is to -
t ropy of the interact ion between adjacent fullerene 
molecules becomes significant. This p roduces a small 
change in the distance between the nearest molecules 
and, since the t ransi t ion is abrup t , it mus t be of the first 
order . The associated change in the crystal lattice cons tant 
is relatively small. F o r example, according to the measu re 
ment s repor ted in Ref. [13] and carried out by the m e t h o d s 
of x-ray and neu t ron diffraction, the lattice cons tant 
changes from 1.4154 ± 0.0003 n m to 1.4111 ± 0.0003 n m 
(i .e . by 0 .43% ± 0 .06%) on t rans i t ion from free to 
'h indered ' ro ta t ion of molecules. It should be po in ted 
out tha t , in fact, the ro ta t ion of the C 6 0 molecules is no t 
free at high t empera tu res [284]; it is h indered by the 
an i so t ropy of the molecular interact ion. F o r example, at 
283 K the per iod of ro ta t ion of the C 6 0 molecules in a 
crystal is 9.1 x 1 0 ~ 1 2 s, which is only three t imes greater t han 
the cor responding value for free ro ta t ion of isolated 
molecules [329]. At t empera tu res be low 260 K this per iod 
changes abrupt ly , rising to 2 x 10~ 9 s [329, 330]. 

This phase t ransi t ion of the C 6 0 fullerene crystal at 257 K 
alters slightly the var ious pa rame te r s of the crystal and, 
therefore, can be detected by a variety of me thods . These 
m e t h o d s include x-ray diffraction [331], inelastic neu t ron 
scattering [75, 3 3 2 - 3 3 4 ] , nuclear magnet ic resonance [53, 
281, 335], a j u m p in the specific heat of a crystal [336-338] , 
R a m a n scattering spectroscopy [339 -341] , electron diffrac
t ion [342], and measurement of the pos i t ron lifetime in a 
crystal [285]. A combina t ion of these results makes it 
possible to carry out a t ho rough analysis of the phase 
t rans i t ion in quest ion. By way of example, Fig. 15 shows the 
behaviour of the electric conduct ivi ty of the crystalline C 6 0 

fullerene in the region of its phase t ransi t ion. 
At low tempera tures , when the C 6 0 fullerene molecules 

are oriented, the crystal lattice symmetry does no t ma tch 
the s t ructure of its molecules. In fact, the C 6 0 molecule has 
the Y symmetry of the icosahedron, whereas the fee lattice 
has the cubic symmetry, i. e. its op t imal symmetry is Oh. 
Nevertheless , o ther lattice symmetries of the fullerene 
molecules are even less fitting. F o r example, the symmetry 
of the C 6 0 molecule could fit bet ter the lattice with the 
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Figure 15. Electric conductivity of the C 6 0 crystalline fullerene in the 
region of the phase transition in the crystal [369]. 

icosahedral symmetry, in which each molecule would have 
twelve nearest ne ighbours , bu t the distance between them 
would no t be fixed r igorously. Moreover , the molecules 
would then face one ano ther with their pen tagons . Such a 
configurat ion is not op t imal because charges of the same 
sign are concent ra ted at the pena tgon centres. The op t imal 
configurat ion for the interact ion between two C 6 0 molecules 
is tha t in which the molecules face one another with their 
hexagons and the centres of these hexagons are displaced by 
0.09 n m relative to one ano ther [75]. Since this cannot 
apply to all the molecules in a crystal, it follows tha t 
the energy per one b o n d in a crystal (6.1 kcal m o l - 1 ) is 
somewhat lower t han the m a x i m u m energy of a t t rac t ion 
between two C 6 0 molecules (7.3 cal m o l - 1 ) . 

W e shall use current ideas to describe the proper t ies of 
the crystal lattice of the C 6 0 fullerene at low tempera tures . 
There are four molecules per uni t cell. These molecules form 
a t e t r ahedron and the molecular or ienta t ion is repeated in 
each t e t rahedron . These t e t rahedra form their own crystal 
lattice which is simple cubic. This can be demons t ra ted by 
assembling the fee lattice, formed by the fullerene mole 
cules, in the form of four in terpenet ra t ing cubic lattices. The 
first te rm conta ins molecules which are at the vertices of the 
cubes in the fee lattice and the other three consist of 
molecules located on the faces of the cubes. The other 
three lattices can be obta ined from the first by displacing 
the molecules a long two of the coord ina tes xyz by an 
a m o u n t a/2, where a is the lattice constant . The t e t r ahedron 
composed of the oriented molecules has one molecule from 
each of these lattices. Therefore, the crystal lattice formed 
of the t e t rahedra is the simple cubic lattice. If we assume 
tha t two types of or ienta t ion of molecules in a t e t r ahedron 
are possible, we can explain the phase t ransi t ion observed at 
90 K [75, 3 4 3 - 3 4 7 ] . It m a y be tha t the n u m b e r of such 
configurat ions of oriented molecules is larger [328]. Then 
the t rans i t ions between these separate conf igurat ional states 
m a y give rise to addi t iona l phase t ransi t ions . This m a y 
account for the anomal ies observed at a t empera tu re of 
abou t 160 K in the a t t enua t ion of sound [348], changes in 
the s t ructura l pa rame te r s [343, 346], in the permit t iv i 
ties [349] of a crystal, and the j u m p s in the specific 
heat [337] and in the the rmal conduct ivi ty [345]. All this 
is evidence of a complex pa t t e rn of or ien ta t ions of the C 6 0 

molecules interact ing in a crystal. 

Since the symmetry of the C 6 0 molecules does not fit 
fully the symmetry of crystals with the close-packed 
s tructure, formed by the fullerene molecules, the adjacent 
molecules in a crystal are no t oriented opt imal ly relative to 
one ano ther . This results in some instabili ty of the s tructure, 
which is manifested by d is turbance of the s t ructure in the 
form of twinning. This p h e n o m e n o n is associated with 
t rans i t ions between the hexagona l and face-centred cubic 
lattices. In a crystal of C 6 0 this is accompanied by the 
appearance of a number of t rans i t ional s t ruc
tures [350-353] , which includes ' s ta rs ' , po lygons , etc. 
D i s tu rbance of the symmetry of the fullerene crystal can 
also result from the na tu re of the growth of a crystal on a 
specific subst ra te [351, 354, 355]. 

The crystal s t ructure of solid C 7 0 near r o o m t empera tu re 
is, as in the case of C 6 0 , one of the close-packed 
s tructures [286, 3 5 6 - 3 6 0 ] . The coexistence of the hep 
and fee s t ructures in a C 7 0 crystal depends on the n a t u r e 
of the substrate , on the process of format ion of a crystal, 
and on the pur i ty of the p roduc t s used. The distance 
between the nearest ne ighbours is 10.6 A [286], which is 
slightly greater t han the cor responding value for the C 6 0 

crystal. In a mixed C 6 0 - C 7 0 crystal the average distance 
between the adjacent molecules is 10.4 A [360]. 

As in the case of the C 6 0 crystal, at high t empera tu res 
the C 7 0 molecules in a crystal m a y alter their or ienta t ion 
m o r e or less freely, whereas at low tempera tu res there is a 
definite or ienta t ion of these ro ta tab le molecules. A phase 
t ransi t ion occurs at abou t 280 K [361]. Moreover , there is a 
phase t ransi t ion between different molecular or ienta t ions at 
85 K [361]. At low tempera tu res the or ienta t ion of the C 7 0 

molecules cor responds to the r h o m b o h e d r a l monocl in ic 
s t ructure [358, 3 6 1 - 3 6 3 ] . 

7.2 Electric and mechanical properties of solid fullerenes 
Solid fullerenes (fullerites) are semiconductors with the 
b a n d gaps 1 .5-1 .95 eV ( C 6 0 ) [8, 94], 1.91 eV ( C 7 0 ) [10], 
0 . 5 - 1 . 7 eV ( C 7 8 ) [287], and 1 .2-1 .7 eV ( C 8 4 ) [11, 288, 
289]. Invest igat ions of electric proper t ies of poly crystalline 
samples of C 6 0 [11, 290, 291] have revealed m o n o t o n i c 
dependences of the resistivity on t empera tu re and of the 
b a n d gap on presure . The t empera tu re dependence of the 
b a n d gap m a y be due to the rma l expansion of a sample, 
which plays the same role as a reduct ion in pressure [12]. 
These dependences m a y be influenced also by localised 
states associated with or ienta t ional disorder ing [11]. The 
increase in the b a n d gap at pressures in excess of 
2 x 10 5 bar indicates the absence of the semiconduc
t o r - m e t a l phase t ransi t ion predicted earlier [10] for 
pressures of ~ 2 x 10 6 bar and makes it possible to 
pos tu la te the possibili ty of format ion, at elevated t em
pera tures , of the s t ructure of solid ca rbon with covalent 
b o n d s between the ca rbon a t o m s belonging to different C 6 0 

molecules, as in the case of d i a m o n d [11]. This hypothesis 
is suppor ted in par t icular by the results of a recent 
experiment [293], according to which the C 6 0 solid fullerite 
m a y be t ransformed into new crystalline s t ructures by high 
pressures (up to 5 x 10 4 ba r ) and high tempera tures . 
Compress ion at t empera tu res 6 0 0 - 7 0 0 K leads to forma
t ion of the fee s t ructure with the lattice pa rame te r 
a0 = 13.6 A, which is 5% less t han the cor responding 
value for the initial s t ructure of this fullerene. Compress ion 
at t empera tu res 8 0 0 - 1 1 0 0 K produces the r h o m b o h e d r a l 
s t ructure with the hexagona l lattice pa rame te r s 
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cio = 9.22 A, CQ = 24.6 A. This s t ructure is characterised by 
much shorter average distances between the fullerene 
molecules in the initial crystal, so tha t chemical b o n d s 
form between the adjacent fullerene molecules in a crystal. 
These s t ructures are metas tab le and slight hea t ing (up to 
600 K ) at a tmospher ic pressure restores the initial fullerene 
s t ructure. 

St ructura l modif icat ion of crystalline fullerite under 
high pressures is suppor ted also by the results of spect ro
scopic and x-ray invest igations of samples of solid C 6 0 and 
C 7 0 compressed by pressures of up to 3.6 x 10 5 ba r [292, 
296]. The crystal s t ructures formed by compress ion of 
samples are retained also when the load is removed. 
Then , depending on the applied pressure , one of two 
crystalline s t ructures with different opt ical proper t ies is 
formed. F o r example, loads of ( 6 - 1 8 ) x 10 4 ba r p roduce a 
crystal s t ructure which is o p a q u e in the near infrared and 
has a R a m a n spectrum differing from the cor responding 
spectrum of the s tar t ing mater ia l by wider absorp t ion 
bands . L o a d s in excess of 1.8 x 10 5 ba r form a crystal 
which is t r ansparen t in the near infrared and has mutua l ly 
over lapping R a m a n bands . Measu remen t s have shown tha t 
in this state a fullerite crystal is ha rd under the influence of 
twist ing and tha t its hardness exceeds the cor responding 
value for d i amond . The overlap of the R a m a n b a n d s 
indicates format ion of chemical b o n d s between adjacent 
fullerene molecules, i. e. it essentially indicates po lymer 
isation of the molecular crystal. The possibili ty of 
format ion of the crystal s t ructure of d i a m o n d from 
poly crystalline C 6 0 fullerene subjected to a pressure of 
abou t 2 x 10 5 ba r at r o o m tempera tu re is po in ted out 
in Ref. [294], where the same me thod and a p p a r a t u s 
were used as in the investigations cited earlier [11]. 

The conversion of poly crystalline graphi te into dia
m o n d requires the appl icat ion of a pressure of abou t 
( 3 - 5 ) x 10 6 ba r [295]. 

In addi t ion to the b a n d gap, other impor t an t charac ter 
istics of semiconductor mater ia ls are the n a t u r e of 
re laxat ion and the relaxat ion t ime of carriers. A n exper
imenta l investigation of the na tu re of re laxat ion in a C 6 0 

fullerene film [297] shows tha t this process is n o n e x p o n e n -
tial and the characterist ic re laxat ion t ime is T ~ 5 x 1 0 - 8 s. 
The absence of a t empera tu re dependence of the re laxat ion 
t ime in the range 1 5 0 - 4 0 0 K and other re la t ionships 
governing the process are evidence of carrier localisation 
and of the hopp ing mechanism of recombina t ion , including 
a tunne l t ransi t ion of electrons between localised states. 

7.3 N e w superconductors 
One of the ' ho t ' topics in the physics of fullerenes is the 
existence of superconduc tors based on fullerenes. This 
topic emerged at the beginning of 1991, when it was shown 
tha t dop ing of C 6 0 solid fullerenes with small a m o u n t s of 
alkali metals p roduces a mater ia l with metall ic conduct ion 
which at low tempera tu res goes over to the superconduc t 
ing state [14, 15, 6 0 - 6 2 , 2 9 8 - 3 0 1 ] . This mater ia l is formed 
as a result of t rea tment of films of poly crystalline C 6 0 

fullerene in an alkali meta l vapour at t empera tu res of 
several hund reds of degrees Celsius. Superconduct ing 
proper t ies have been found for the major i ty of c o m p o u n d s 
of solid fullerenes formed by intercalat ion of alkali meta l 
a t o m s into the crystal s t ructure of C 6 0 in the s toichiometr ic 
ra t io , either in the form of X 3 C 6 0 or X Y 2 C 6 0 (X and Y are 
alkali meta l a toms) . Table 6 lists the pa rame te r s of 

superconduct ing c o m p o u n d s of this type [303]. It should 
be ment ioned , for the sake of example, tha t the super
conduct ing critical t empera tu re of graphi te intercalated 
with po tass ium is 0.55 K [302], whereas in the case of 
K 3 C 6 0 it is 19 K. The critical t empera tu re of the 
investigated fullerene c o m p o u n d s is the highest a m o n g 
molecular superconductors . 

Table 6. Critical superconductivity temperature Tc, lattice parameter 
a0, and fraction of the fee structure in polycrystalline X 3 C 6 0 or X Y 2 C 6 0 

samples [304]. (Two N a 2 C s C 6 0 samples differed from one another in 
respect of the preparation method.) 

Crystal <20/nm Volume fraction 
of fee (%) 

RbCs 2 C 6 o 33 1.4555 ± 0.0007 60 

Rb 2 CsC 6 o 31 1.4431 ± 0.0006 60 

R b 3 C 6 0 
29 1.4384 ±0 .0010 70 

K R b 2 C 6 0 
27 1.4323 ±0 .0010 84 

K 2 C s C 6 o 24 1.4292 ±0 .0010 60 

K 2 R b C 6 o 23 1.4243 ±0 .0010 75 

K3C60 19 1.4240 ± 0.0006 70 

Na 2 CsC 6 o 12 1.4134 ± 0.0006 72 

Li 2 CsC 6 o 12 1.4120 ± 0.0021 1 

N a 2 R b C 6 0 
2.5 1.4028 ±0 .0011 2 

N a 2 K C 6 0 
2.5 1.4025 ±0 .0010 0.1 

N a 2 C s C 6 o 12 36 

N a 2 C s C 6 o 12 6 

C60 1.4161 ± 0.0009 

A convenient m e t h o d for the analysis of electric p a r a 
meters of solid fullerenes with metall ic conduct ion is 
provided by measurement of the Ha l l pa ramete r . It is 
assumed tha t for each C 6 0 molecule in a c o m p o u n d of 
the K 3 C 6 0 type there are three conduc t ion-band electrons 
and the classical formula for the conduct ivi ty of a film 
a = Nee2z/m*, is used; here, Ne is the electron density, m* is 
the reduced mass of an electron, and T is the characteris t ic 
electron scattering t ime. It then follows from the measu re 
ment s repor ted in Ref. [301] tha t the last quant i ty is very 
small (T = 3 x 1 0 - 1 6 s for K 3 C 6 0 ) . Such a very short 
scattering t ime is explained [301] by the fine-grained 
s t ructure of the investigated film, which consists of 
granules of 6 - 8 n m size. Reversa l of the sign of the Hal l 
pa ramete r as a result of changes in t empera tu re indicates 
reversal of the sign of the major i ty carriers, i. e. it indicates 
a t ransi t ion from n - to p- type conduct ion . This t ransi t ion 
is typical for a half-filled conduct ion b a n d , which becomes 
completely filled in the c o m p o u n d K 6 C 6 0 . 

Some informat ion on the proper t ies of the supercon
duct ing state of solid fullerenes can be obta ined by 
invest igations of the specific magnet i sa t ion of supercon
duct ing fullerene c o m p o u n d s . F o r example, the t empera tu re 
dependence of the specific magnet i sa t ion of a superconduc t 
ing sample of K 3 C 6 0 [59] reveals the presence of a s t rong 
Meissner effect, confirming the superconduct ivi ty of a 
sample at t empera tu res be low 18 K. 

A correlat ion between the lattice constant a0 of these 
c o m p o u n d s , which have the fee s t ructure, and the critical 
superconduct ing t empera tu re [303, 304] is of fundamenta l 
impor tance (Fig. 16). The linear na tu re of the dependence is 
clear evidence of the role of the exchange interact ion of 
electrons in the mechanism of the superconduct ivi ty of these 
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Figure 16. Dependence of the critical superconductivity temperature of 
solid fullerenes doped with alkali metal atoms on the parameter a0 of the 
fee crystal lattice [7, 11]. 

fullerene c o m p o u n d s . A n analysis shows tha t , in the case of 
the p h o n o n pai r ing mechanism, the energy of the p h o n o n s 
responsible for the pai r ing of the superconduct ing electrons 
is 300 K and the pa ramete r represent ing the elec
t r o n - p h o n o n interact ion result ing in electron pa i r ing is 
V « 0.03 eV. The values of these quant i t ies are independent 
of the na tu re of the intercalated a toms . This is evidence of the 
dominan t cont r ibu t ion of the in t ramolecular v ibra t ions of 
C 6 0 to the electron pai r ing energy, which governs the 
superconduct ivi ty pa ramete r s . It is wor th no t ing the special 
role played in the superconduct ivi ty of fullerene c o m p o u n d s 
by the long-wavelength pa r t of the p h o n o n spectrum of C 6 0 

solid fuller-ene [364], which reveals singularities [365]. This 
pa r t of the spectrum, cor responding to intermolecular lattice 
v ibra t ions with an energy of abou t 40 c m - 1 , evidently makes 
a3erceptibl€ontributiort(thf)honorelectron-pairingnechanism, 
which determines the appea rance of superconduct ivi ty . 

This correlat ion between the crystal lattice cons tant a0 

and the critical superconduct ivi ty t empera tu re of alkal i -
meta l fullerides can be used to account for the exper imental 
dependence of this t empera tu re on the applied p res 
sure [305 -307] . W e can account for this dependence by 
assuming tha t the applied pressure alters the lattice cons tant 
and thus changes the critical superconduct ivi ty t empera tu re . 
In par t icular , in the case of R b 3 C 6 0 [307], we have dTc/dp w 
— 1 K k b a r - 1 . This cor responds to dTc/da0 w 2.36 K n m - 1 , 
in agreement with the value deduced from the da ta in 
Table 6. 

In addi t ion to the p h o n o n mechanism of the format ion 
of the Cooper pa i rs [308-310] , mechan isms involving 
electrons a lone have been considered [311, 312]. Some 
informat ion on this po in t can come from the isotopic 
dependence of the critical t empera tu re Tc. A n analysis of 
the results of an exper imental investigation of the isotopic 
effect in the case of the superconductor R b 3 C 6 0 [313] shows 

tha t the value of Tc is reduced by 0.65 ± 0 . 1 0 K when 1 2 C is 
replaced with 1 3 C . This represents 75% ± 5 % of the change 
expected for the e l e c t r o n - p h o n o n pai r ing mechanism. A n 
investigation of the isotopic effect in the superconduct ivi ty 
of K 3 C 6 0 [314] demons t ra tes a reduct ion in the super
conduct ing t empera tu re of the isotope-subst i tuted K 3 C 6 0 

from 19.2 K to 18.8 K, which again is only a pa r t of the 
change expected for the e l e c t r o n - p h o n o n pai r ing mecha 
nism. The superconduct ing t empera tu re is practical ly 
independent of the mass of the rub id ium isotope, as 
found [315] for samples conta in ing pu re 8 5 R b and 8 7 R b 
and also samples with a na tu r a l a b u n d a n c e of these isotopes 
(72 :28) . This has led the au tho r s of Ref. [315] to the 
conclusion tha t the p h o n o n - e l e c t r o n pa i r ing mechanism 
makes only a slight cont r ibut ion to the splitting energy tha t 
governs the superconduct ivi ty of the investigated mater ia l . 
However , the p rob lem of the mechanism of the super
conduct ivi ty of fullerene-based c o m p o u n d s cannot be 
regarded as solved and it requires further study. 

The mos t reliable result of the invest igations of the 
superconduct ivi ty of crystalline fullerenes doped with alkali 
meta l a t o m s is therefore the correlat ion between the lattice 
cons tant of the fee s t ructure of these c o m p o u n d s and their 
critical superconduct ing t empera tu re , p lot ted in Fig . 16. It 
follows from this correlat ion [316, 317] tha t replacement of 
one type of in t racala ted a tom with ano ther influences the 
superconduct ivi ty pa rame te r s t h rough the change of the 
crystal lattice constant . This is evidently an indirect p r o o f of 
the role of the e l e c t r o n - e l e c t r o n exchange interact ion in 
superconduct ivi ty . W e m a y assume tha t this relat ionship 
between the critical superconduct ivi ty t empera tu re and the 
crystal lattice cons tant is re tained also when C 6 0 is replaced 
with higher fullerenes whose crystal s t ructure is charac t 
erised by larger values of the pa rame te r a0 [316, 317]. The 
critical superconduct ivi ty t empera tu re of mater ia ls based on 
higher fullerenes is est imated in Refs [316, 317] by ex t rap 
olat ion of the linear dependence of this t empera tu re on the 
lattice cons tant a0 of the fee s t ructure. The pos tu la ted 
cor respondence between the superconduct ing proper t ies of 
the mater ia ls based on C 6 0 and on higher fullerenes is 
strongest when the fullerene molecules are near ly spherical, 
which cor responds to C 6 0 . This requi rement is still satisfied 
qui te reasonably by C 7 6 and C 8 4 , which — in contras t to 
C 7 0 — have similar lengths of the three main symmetry axes. 
The results of ext rapola t ion of Tc of superconduct ing 
mater ia ls based on the C 7 6 and C 8 4 molecules [316, 317] 
are presented in Table 7. W e can see tha t , in spite of the 

Table 7. Values of the fee lattice constant a0 and of the critical super
conductivity temperature Tc, calculated for solid higher fullerenes doped 
with alkali metal atoms [18, 317]. 

Material a0/A Tc/K 

K3C76 15.12 62 

K 2 R b C 7 6 
15.17 64 

K1.5Rb1.5C76 15.21 67 

R b 3 C 7 6 
15.30 72 

R B 2 C s C 7 6 
15.37 76 

K3C84 15.54 84 

K 2 R b C 8 4 15.59 86 

K1.5Rb1.5C84 15.63 88 

R b 3 C 8 4 
15.72 92 

R B 2 C s C 8 4 
15.79 96 

http://K1.5Rb1.5C76
http://K1.5Rb1.5C84
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relatively small difference (less t han 10%) between the 
lattice cons tan ts of the superconduct ing mater ia ls based 
on C 6 0 and those based on higher fullerenes, the t rans i t ion 
to higher fullerenes promises a considerable increase in the 
critical superconduct ing t empera tu re . A n exper imental 
conf i rmat ion of the feasibility of h igh- tempera ture super
conduct ivi ty of mater ia ls based on higher fullerenes is still 
lacking, which — in our opinion — is related to the difficulty 
of p repar ing pu re higher fullerenes in macroscopic q u a n 
tities, sufficient for superconduct ivi ty experiments . This is 
complicated still further by the existence of a large number 
of isomeric modif icat ions of the molecules of higher 
fullerenes [325] and by the absence of reliable m e t h o d s 
for the separat ion and purif ication of these modif icat ions. 

7.4 Optical properties of fullerene-based materials 
Since fullerenes are small-gap semiconductors (in the case 
of C 6 0 fullerene single crystals the gap is 1.5 eV), they 
should be pho toconduc t i ng when exposed to visible light. 
Such i l luminat ion with visible light transfers an electron to 
the conduct ion b a n d . This is repor ted in Ref. [318] for a 
film based on polyvinyl carbazole , sa tura ted with a mixture 
of the C 6 0 and C 7 0 fullerenes dissolved in toluene. The 
p h o t o a b s o r p t i o n spectrum of the film extends over 
wavelengths from 280 to 680 n m and the q u a n t u m 
efficiency, represent ing the probabi l i ty of format ion of 
an e l e c t r o n - i o n pair as a result of the absorp t ion of one 
p h o t o n , is 0.9. These pa rame te r s m a k e such a mater ia l one 
of the best pho toconduc t i ng organics. 

The C 6 0 fullerene is a suitable mater ia l for doubl ing and 
tr ipl ing the frequency of the incident light. This is 
demons t ra ted in Ref. [319] by measurements of the optical 
nonl inear th i rd-order susceptibility for linearly polar ised 
laser rad ia t ion with the wavelength X = 1.064 n m . The high 
values of this and other nonl inear pa rame te r s are related to 
the na tu re of the processes of the absorp t ion and emission 
of light by fullerenes. These values indicate tha t fullerenes 
are promis ing optical mater ia ls . 

Exper imenta l invest igations of the nonl inear t r anspa r 
ency of fullerene solut ions and c o m p o u n d s [320-324] are 
revealing oppor tun i t ies for the use of these solut ions as 
opt ical switches or limiters of the intensity of laser 
rad ia t ion . This is suppor ted by measurements repor ted 
in Ref. [320] and showing tha t the t r ansparency of C 6 0 

and C 7 0 solut ions in methylene chloride and in to luene 
decreases under the influence of i l luminat ion. I l luminat ion 
was provided by pulses of the second h a r m o n i c of a 
neodymium laser at the wavelength X = 532 n m and of 
8 ns dura t ion . These solut ions absorbed such pulses as long 
as their power did no t exceed a certain value. F o r example, 
a solut ion with the t r ansparency of 6 3 % limited the 
intensity of the t ransmi t ted rad ia t ion to ~ 10 7 W c m - 2 , 
whereas a solut ion with the t r ansparency of 80% was 
characterised by an intensity threshold approximate ly an 
order of magn i tude lower. Moreover , the threshold inten
sity for C 7 0 in to luene with the t r ansparency 70% was of the 
same order of magn i tude . The threshold intensity, which is 
a characteris t ic of an opt ical switch based on fullerene 
solut ions, was several t imes less t han the cor responding 
value for the mater ia ls used t radi t ional ly for such purposes 
( indan throne , ch loroa lumin ium phtha locyan ine , etc.). The 
physical mechanism governing the opera t ion of an optical 
switch based on fullerenes is related to the c i rcumstance 
tha t the absorp t ion of a p h o t o n with X = 532 n m by a C 6 0 

or C 7 0 molecule p roduces a molecule in the triplet state 
characterised by a p h o t o n absorp t ion cross section several 
t imes higher t han the cor responding value for the unexcited 
molecule. Non l inea r opt ical proper t ies of fuller
enes [318 -324 ] m a y provide the basis for the 
development from fullerenes of special nonl inear opt ical 
componen t s intended for the use in optical digital p r o c 
essors, and also for the pro tec t ion of opt ical sensors from 
high-intensi ty rad ia t ion . All this is evidence of the p r o m i s 
ing poten t ia l appl icat ions of fullerenes as opt ical mater ia ls . 

8. Conclusions 
The existence of fullerenes was established in the middle 
eighties and an effective technology for their p roduc t ion 
was developed in 1990. The s tudy of fullerenes is n o w a 
new and serious scientific field which is of bo th 
fundamenta l and applied impor tance . The carbon m o d 
ifications represented by fullerenes have a l ready provided a 
number of surprises and m o r e can be expected also in 
future. This requires further s tudy of fullerenes. Ful lerenes 
are essentially m a n - m a d e mater ia ls , the p roduc t of highly 
developed science and technology. Ful lerenes are impor t an t 
no t only because of new mater ials , technologies, and 
appl icat ions , bu t also because of new concepts which have 
altered somewhat our relat ionship to the k n o w n and well 
unde r s tood world . 
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