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Reviews

Chemistry of fullerenes, novel allotropic modifications of carbon*
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The currently available data on the structure and reactivity of fullerenes, including the
formation of metal complexes (including optically active ones) with fullerencs as ligands, are
briefly surveyed. The properties and reactions of fullerenyl radicals and endohedral com-

plexes are considered.
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This work covers only the chemical aspects of the
many-sided problem of fullerencs. The main concepts of
reactivity and some topical lines of development are
demonstrated. Since the results of studies of fullerenes
have been described in detail in the literature (see
reviews?—8), a brief selective review of recent results is
given here; attention is focused on the results obtained
at the Institute of Organoelement Compounds of the
RAS.

Fullerenes represent a family of individual polyhe-
dral molecules consisting only of carbon atoms. In this
respect, the closed fullerene structure differs basically
from other forms of carbon, which are infinitely ex-
tended systems (diamond, graphite, carbyne, nanotubes,
helical nets, erc.). The fullerene family can be consid-
ered as an allotropic modification of elemental carbon.

Several years after the stability of Cgy, the first mem-
ber of the fulterene family, had been predicted theoreti-

* The review is based on the report of the same name dehiv-
cred at the XVI Mendeleer Cangress (May 28, 19980 St
Pctcrs‘bnrg).'

cally,”% it was actually discovered* (together with Cy) in
carbon vapor obtained by laser-induced vaporization of
graphite.? This method allowed the preparation of only
very small amounts of the material, which sufficed most
of all for spectroscopic studies. Later, a method for pre-
parative-scale synthesis of large amounts of fullerenes
based on vaporization of graphite electrodes in an electric
arc in a helium atmosphere was proposed.1?

Fullerenes constitute an object presenting interest for
various fields of science: chemistry, physics, materials
science, geology, astronomy, and biology. All the fields
of science except for astronomy and some branches of
physics require substantial amounts of both initial
fullerenes and their derivatives. It was not until the
preparative method for the synthesis of fullerenes was
discovered'® that development of the studies of fullerenes
in the above-mentioned fields, including the prospects
for their practical use, became possible.

* Eleven years after the discovery of fullerenes, R. F. Curl,
H. W. Kroto, and R E. Smalley were awarded the Nobel
Prize in Chemistry of 1996
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Below, the mam landmarks of the chemical history
of fullerenes are presented, as the author sces them
(primary attention is paid to stereochemistry and orga-
nometallic chemistry):

#1970 — prediction of the stability of the truncated icosa-
hedron Cgy 7.

#1973 — the same, based on Huckel calculations®.

«1985 — discovery of Cgy and Ciy molecules in the mass
spectra of graphite vapor;? the discovery of the
cndohedral complex La@Cg, by the same
method !

«1990 — discovery of the preparative method for the syn-
thesis of large amounts of fulierenes by vaporiza-
tion of graphite electrodes in an clectric arc'?;

«1991 — the first X-ray diffraction proofl of the icosahe-
dral structure of Cgy in relation to its denvative
{osmate ester)tZ;

«199t — preparation of the first organometallic (piati-
num) complex of fullerene (z-olefinic type)td:

«1992 — discovery of fulleroids in a study of the reaction
of Cgg with diazo compounds!?;

#1992 — preparation of the first opticaily active organic
derivative of fullerenel3;

«1993 — preparation of the first optically active organome-
tallic decivative of fullerene!®;

«1993 — preparation of an optically active fullercne. Cyg.
with a chiral skeleton!’;

«1993 — preparation of endohedral helium complexes by
direct tnsertion of a helium atom into the carbon
cage!8;

«1995 — synthesis of duneric azafullerenet?;

«1996 — preparation of an n*-complex of a partially satu-
rated fullerene??;

«1998 — cxtraction of the stable “"small” tullerene Ciyq
from fullerene soot.?!

Although fuilerene molecules consist only of carbon
atoms and, therefore, they seemingly should be subjects
of inorganic chemistry, nevertheless, the presence of a
system of conjugated and strained double bonds is the
crucial factor governing the chemical behavior of these
species. Fullerenes behave as clectron-withdrawing
polyalkenes and mainly comply with the paradigms of
organic chemistry. Thus, the nature of the chemical
bonds appears to be more significant in a certain sense
than the matenal of which the molecule is built.

Each carbon atom of fullerene (i.e., each vertex of
the polyhedron) is linked to three neighboring vertices.
This means that it forms two single bonds and one
double bond. A Cgq molecule has two types of bonds,
viz. ., a (6,6) bond shared by two hexagons (bchaves as a
double bond) and a (6.5) bond shared by a hexagon and
a pentagon (behaves as a single bond). Thus, the whole
surface of any fullerene is coated by a system of conju-
gated double bonds. which ure strained because the
surface is not planar. In tullerenes of lower symmetry
than Cg, (group [y), the double bonds ditfer, depending
on their positions, in the degree of strain and in reactiv-

ity. By now, only the chemistry of the next fullerene,
Cyo (group Dg,), has been studied to some extent.
Higher fullerenes are still relatively unavailable in a pure
state. A fullerene with a chiral skeleton (group D),
which, by the way, was obtained in an enantiomerically
pure state,!” appeared for the first time among the Cyg
isomers. In a recent study,?! preparation of a fairly
stable lower fullerene, Ci¢, has been reported. It is
remarkable that the isomer with Dy, symmetry actually
proved to be the most stable, as was predicted in 1992 by
E. Gal'pern, I. Stankevich, er al.22

Fullerenes are unique in that they represent a soluble
form of carbon. This provides, for example, the oppor-
tumity to prepare carbon films in solutions. Being hvdro-
phobic, fullerenes are soluble in hydrocarbons, espe-
cially in aromatic ones, and in carbon disulfide. The
maximum solubility of Cg in most hydrocarbon sol-
vents?d is observed at ~315 K. It is worth noting, how-
ever, that stable colioid solutions of Cgq in water can
also be obtained.2425

Fullerenes can undergo only addition reactions but
not substitution, because there is nothing to be substi-
tuted in the imtial fullerenes. Since they are strong
electron acceptors, they add nucleophiles, including elec-
trons, and homolytic reagents (halogens), including free
radicals, to give rather stable {(on the ESR time scale)
spin adducts. Fullerenes tend to form complexes with
incomplete charge transfer, in which they usually func-
tion as the acceptors.26

It is well known that fullerenes readily accept elec-
trons but release them with difficulty. The radical anions
and aons derived from fullecenes have been studied n
detail. However, by treating fullerene with relatively
strong oxidants, it is also possible to generate the Cgy "
radical cation. Receutly, it was found?” that oxidation of
Cgy with oleum under certain conditions can lead not
only to the formation of Cgy ™ but also to partial dimer-
ization to give C;39° *. As a further development of this
work, oxidation of the preliminarily prepared Cyy and
“dimer ether” C|,,O by the same reagent was carried out;
this gave two ESR-active species, a cation and a
dication.2® The Cy, * radical cation has also been de-
tected in the reaction of fullerene with chiorine dioxide.2?

The organic chemistry of fullerenes is largely based
on [n+2] cycloaddition reactions; some examples of this
type of reactions are presented below. When n = 4, this
is the Diels—Alder reaction,3®=32 when n = 3, thesc are
reactions with heteroatomic dipoles (sce. for example,
Refs. 33—1335), and for n = 2, reactions with double or
triple bonds have been reported.36=37 The formation of
the osmate ester!? is also an exampte of [3+2] cyclo-
addution. The Diels—Alder reaction has been repeatedly
used in recent years to construct fairly complex systems
incorporating the fullerene fragment 38

The reaction with diazo compounds is fairly impor-
tant in fullerene chenistey M 1t is during the study of
this reaction that it was found (1o revise the initial
conclusiom¥® thar a (6.6) double bond adds a carbene
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fragment to give methanofullerenes contaming a fused
three-membered ring. whereas a (6,5) bond cleaves 1o
give @ new structure with a bridging carbon atom, which
was called fulleroid. {Methanoannulences, previously stud-
ied by Vogel.#® represent a structural prototype of the
fulleroid fragment.) The mechanism of this reaction has
not been defimitively established, althougly it was shown
for unsubstituted drazomethane that the first step of the
reaction affords pyrazoline, ¥ se.. [3+2] cycloaddition
takes place. The subsequent decomposition of the pri-
mary product yiclds methanofullerene and fulleroid
The major products of the reaction of Cgy with azides
are azafulleroids®?®; no intermediates were detected The
rescarchers were able to convert azafulleroid with a
specially selected substituent into azafullerene (CgeN),.
which is stabihzed by dimerizaunon because the corre-
sponding monomer is a free radical."®

The problem of sclective preparation of monosubsti-
tuted dervatives 1s an important general chalfenge in
fullerene chemustry. Since the molecule contains a large
number of sites with approximately equal reactivities,
the reactions often give product mixtures that are diff-
cult to separate. An interesting and promising study in
this respectdd describes a method for the addition of
cyanide anion to one double bond in Cyy followed by the
addition of an clectrophilic partner

The presence of double bonds is the prerequisite for
the formation of n-complexes with transition metals.
The structure of fullerenes permists them to function as
ligands with haptic numbers™ of 1 1o 6; nevertheless, of
the whole theoretically possible set, only traditionat
oletinic nZ-complexcs are known to date. The addition
of outer metal fragments generally decreases the sym-
metry of the mitial fullercne core; the chiral isomers of
the bis-osmate derivatives of the double bonds of Cey
were obtained i an optically active state 43 Analysis of
the point groups of symmetry of the hypothetical deriva-
tives that should be furmed upon consecutive n®- and/or
n-coordination revealed*® one chiral combination for
bis-(n®10)-Cg, and several chiral combinations for van-
ous bis-complexes of Cyy (Fig. 1). Recently, prepara-
tion of n’-mectal complexes was reported®?; however, for
this purpose, it was necessary (o destroy the common
n-electron system of C.y by “fencing” one pentagon by
five aryl groups, which brought it closer in character to
an wsolated cyclopentadienyl.®

Among the problems of organometallic chemistry of
fullerenes, the following aspects should be noted ()
synthesis and study of propertes of. n-complexes af Cpy
and Cy with platinum group mctals, especially with
palladium, platinum. rhodium, iridium; (b) synthesis of
optically active organometallic derivatives of fullerenes.
(c) preparation of compounds containing metallocene
and lutlerene fragments within one molecule: (d) study
of fullerene spm adducts, relatively stable futicrenyd

Y Previonsh it wan found by calealations?® that s siructne
moditicanon shahild be favorable for T -binding
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Fig. 1. Point groups of symmetry for mono- and dimcul
complexes of fiullerencs coordinated in the - and/or
nO-fashion (@) Cuy. (&) Cyy Clhural combinauans are markhed
by circles. The digit in parentheses means the number of edges
corresponding 1o the shortest route between the coordinated
faces

radicals with a magnetic nucleus in the addend, by ESR
spectroscopy; te) study of the reactivity of the endohedrul
metallofullerenes. Some results were briefly considered
in previous reviews 47.48

After it had been found*? that Cyy is able to add free
alkyvl and thiy! radicals to give spin adducts, which can
he studied by ESR spectroscopy, it seemed expedient o
study heteroorganic radicals with a magnetic nucleus 1n
a key position. This automatically provides an additional
charactenistic of fullerenyl spin adducts, namely, the
hyperfine splitting (HFS) constant; the same informia-
tion concerning alkyl C-radicals could be obtained only
by using® high enrichment with the 13C isotope.

We studied the addition of phosphorvl P-radicals
and B-radicals using an original method for the gencra-
tion of these radicals, namely, photolysis of mercury
derivatives. 3! The addition of one Pt-centered radical to
Coq was also studied” Durmg this studyv, we discovered
and describedS? (independently of other researchers deal-
ing with alkylfullerenyl radicals33) reversible dimeriza-
ton of phasphorytfullerenyl mdicals. determined the
energy of dimernzation, and used for the first time
fullerene dimers for synthetic purposes 34

1t s owing to the highly informative content of tlus
approach, which provides an HFS constant a for each
SR signab w addition to a g-factor. that we were able to
obsetve severial someric signals, corresponding to the
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addition of free radicals to various types of vertices, in
the ESR spectra of spin adducts of phosphoryl radicals
with C;4% and to study fullerenyl adducts with B- or
Pt-radicals. Boron-centered radicals were prepared by
photolysis of 9-boron-mercury derivatives of m-car-
borane3® or by elimination of a hydrogen atom from the
Me;N - BH; complex.37 The spectra of the correspond-
ing spin adducts with fullerene exhibit two hyperfinc
splitting constants, one of the 0B isotope (15%, s = 3,
7 lines, ag = 6.25 G) and one of the ''B isotope
(85%, s = 3/2, 4 lines, ag = 18.25 G). The platinum-
centered radical, prepared by photolysis of a mercury—
platinum bond3® (sec below), adds 1o Cgy with retention
of the cis-arrangement of phosphine ligands around the
metal, which is indicated by the presence of two differ-
ent HFS constants ap = 30.5 and 3.5 G; the greater
value, ap, = 52.0, corresponds to the direct binding of
the platinum atom to the fullerene nucleus.

When passing to the organometallic part of the in-
vestigation, it should be mentioned first of all that there
are two fundamentally different fashions of combination
of fullerene and organometallic fragments within one
molecule. One is the traditional and well-known fashion
according to which the metal is bound directly to the
carbon polyhedron, being coordinated to one or several
of its atoms. The other way of combination has not yet
received adequate attention; this is insertion of an orga-
nometallic fragment into an organic addend (see below).

The organometallic chemistry of fullerenes was initi-
ated by the synthesis?3 of the first mono-n?-platinum
complex of Cyg; later, a similar complex with six plati-
num fragments was described 3 Soon after a crystalline
palladium mono-n?-complex, (Ph;P);Pd(n?-Cgy). was
prepared in a pure state; according to X-ray diffraction
analysis,8® the bond lengths and bond angles in this
complex are close to those in the platinum complex but
the carbon polyhedron is much fess distorted. A typical
feature of both complexes is that all four atoms in the
ligand sphere of the metal are arranged in one plane,
unlike those in the ethylene complex (Ph;P),Pt(C;Hy)
but like those in the complex of electron-withdrawing
tetrafluoroethylene (Ph3P),Pt(C,Fy). Due to this fact.
the geometries of complexes LaM(n3-Cgp) and methano-
fullerenes are different; however, both belong to the
same point group of symmetry, C,,, which does not
adequately reflect the situation. In the course of analysis
of the structures of fullerene derivatives, a procedure for
unambiguous assignment of indices was proposedS?; it is
based®? on a more detailed definition of groups of
symmetry (Framework Group Approach), which pro-
vides description of the symmetry of each molecule by
its own individual index.

Electrochemical study of the
(Ph}P)de(nLCm) in the presence of an excess of a
zerovalent palladium complex or triphenylphosphine®?
evidences in tavor of the following equilibrium:

2(PhSP)2Pd(q2-Cm) = [(Ph,JP)?Pdlz(q?-Cm) + Cyy.-

behavior of

The fullerene palladium complex (Ph3P),Pd(Cyp)
supported on activated carbon exhibits catalytic activity
in the sclective hydrogenation of a triple bond to a
double bond, exceeding the activity of palladium metal
supported on carbon.% We found a new method for the
synthesis of platinum complexes of fullerenes based on
platinum-mercury compounds,38 whose synthesis was
developed in our previous studies.65.66

R—Hg—Pt,—X + C, —= B--Hg—X + L,Pt(n3-C,)

These bimetallic compounds proved to be a convenient
source of a platinum carbenoid; in particular, they were
used®” to prepare (PhyP),Pt(n?-Cyp). Moreover, it was
found that even bis(aryh)platinum complexes react with
Cyo with transfer of L,Pt to fuillerene and with the
formation of diaryl; the latter points apparently to a
homolytic mechanism of the process. On heating, the
reaction is completed over a period of several minutes. %3

LPIAr, + C —e Ar—Ar + LPt(n?-C,)

An interesting atypical bebavior of a bimetallic com-
pound in the presence of Cgy is observed when the
mercury atom carries a polyfluoroalkyl group. In this
case, photolysis involves homolytic cleavage of only the
metal—metal bond and the resulting Pt-centered radical
adds to fullerene.58 This new platinum-fullerenyl radi-
cal, which is relatively stable in solution, was compre-
hensively described by ESR spectroscopy (see above).
It is of interest that it still remains the only representa-
tive of metal-containing fullerene derivatives in which
the metal is bound to the fullerenyl nucleus in the
n'-(s)-fashion,

Since the symmetry of Cyq is lower than that of Cgg,
this molecule contains eight types of nonequivalent
double bonds. The most strained (6,6) bond at the
“sharp” end of the ellipsoid, which is conventionally
designated as a-b, is the most reactive toward addition
reactions, including the addition of n?2-metal-containing
fragments.%? According to the currently available data,”®
the maximum number of metal atoms that can be added
to Cyq is four rather than six as in the case of Cgy.

We studied the process of formation and properties
of the palladium complex (PhyP),Pd(n?-C;y) in de-
tail.7V it was shown by 3'P NMR spectroscopy that this
compound was formed as two regioisomers present in a
ratio of 86 : 14. As was to be expected, the predominant
compound is the ¢-b isomer, in_ which two phosphorus
atoms are nonequivalent and account for an AB-system
in the NMR spectrum. However, simultaneously, a sin-
glet due to equivalent phosphorus atoms in the minor
c-c¢ isomer was observed for the first time (Fig. 2).

The addition of rhodium and iridium hydride deriva-
tives HM(CO)(PPh3); and HIr(CgH ,)(PPh;3), to Cgy
and Cyg fullerenes occurs highly regio- and sterco-
specifically to give only the corresponding n?-metal
complexes formed at the (6,6) bond’%73 upon replace-
ment of one triphenylphosphine hgand rather than upon
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Fig. 2. 3'P NMR spectrum of a mixture of two isomers of (1°-Cyg)PA(Ph3P)>, (a—b)/(c—c) = §86/14.
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the migrational addition of the M—H bond to the
polyene system of the fullerene, as occurs when these
complexes react with conventional electron-withdraw-
ing olefins like tetrafluoroethylene. The structure, con-
fisuration, and site of attachment of a transition metal
to the fullerene nucleus for the resulting complexes were
proved unambiguously, relying on the data of IR-,
'H NMR, and 3'P NMR spectroscopy. The electro-
chemical behavior of these fullerene complexes was
studied’™; the procedure for direct generation of these
species in an electrochemical cell made it possible to
study not only mono- but also dimetal derivatives of
both Cg¢y and Cyq. The structures of similar iridium
complexes were determined by other researchers.9? The
addition of phosphoryl radicals was also performed and
studied using the above-described ESR strategy for
complexes of Cgy with platinum, palladium 3475 and
iridium.”6

We prepared the first optically active organometallic
complexes of fullerenes by attaching an enantiomeric
ligand, (+)- or (—)-3.4-bis{(diphenylphosphino)methyl]-
2.2-dimethyl-1,3-dioxolane (diop), to a metal. This can
be attained by either of the following two methods:
ligand exchange in a triphenylphosphine complex or the
reaction between fullerene, diop, and the complex
M,(dba);. The latter method is especially convenient for
palladinm because its dibenzylideneacetone compiex is

readily available. First the complex [(+)-diop]Pd(n’-
Cgn) was synthesized!”; after that, the platinum analog
[(+)<diop]l’t(n2—C60) was prepared and its molecular
structure was established by X-ray diffraction analysis of
the monosolvate with cis-cyclooctene.”’ Similar com-
plexes of n2-C;, have also been synthesized. The circu-
lar dichroism spectra (Fig. 3) contain many extrema
due to the Cotton effect, in particular, in the visible

(0]
9000

~10000L- -
280 400 500 600

r/nm
Fig. 3. Circular dichroism spectra of Cgy enantiomeric com-
plexes: (17-Co) PU(F)-diop] in toluene (N, (n"‘ACh()')!’cil(*‘)«
diop| in tolueae (2 (37-Ce)PA[(+)-diop} i
dimethyiformamide (3).
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region, which correspond to electron transitions in both
the fullerene core itself and between fullerene and the
metal; this was first reported in a lecture at the 32nd
Congress on Coordination Chemistry.”8

In the case where the addend contains an organome-
tallic moiety, the organometallic and fullerene moieties
are linked by covalent bonds via a chain of atoms, at
least, via onc atom. The groups that connect or separate
two particular moicties in a molecule are generally
referred to in the chemical litcrature as spacers; here, we
shall use this term 1a this particular sense. Apparently, a
compound of this type was first prepared in 1994 in our
study,” in which Cgy was modified by the Wudl reac-
tion using a diazo compound with an arene(tricarbonyl)-
chromium substituent, Ph—C(N;)—[PhCi(CO);].
Organochromium reaction products comprised one
methanofullerene and two fulleroid isomers, which was
similar to the products of reaction of diphenyl-
diazomethane itself with Cgy. Yet another reaction of
this type was successfully performed with mono- and
bis-diazoacetylferrocene (preliminary communication3%),

Combination of an electron-withdrawing fullerene
moicty and an electron-donating organometallic moiety
within one molecule with a conducting spacer could
result in the preparation of a "molecular wire," ie.,
intramolecular charge transfer along the chain. This
requires that at least two conditions be fulfilied. (1) The
oxidation potential of the organometallic moiety should
be close to the reduction potential of the fullerene
moiety; (2) efficient charge transfer along the spacer
should occur. For this purpose, the spacer has to contain
apparently a system of conjugated bonds. If the spacer
can be reversibly modified in such a way that a system of
conjugation could be either formed or destroyed at
request, we shall produce a "molecular switch key”
(Fig. 4). It ts noteworthy that in methanofullerenes, two
atoms of the fullerene nucleus have passed into the
sp3-hybridizatiou state and, therefore, a spacer contains

Fig. 4. Scheme of the "molecular switch key” consisting of
fullerene and metallocene with a spacer of a vanable structure
hased on reversible introduction of a double bond.

at least two atoms not involved in the chain of conjuga-
tion.

A unique structural feature of fullerenes is the pres-
ence of an inner cavity, which is large enough for one or
more atoms to fit into. The first example of this type of
compounds, which were called endohedral complexes,
was reported at the same time as fullerenes themselves
were discovered!!; this was the lanthanum complex
La@Cgy. Subsequently it was found that two sorts of
endohedral complexes exist, namely (@) metallofullerenes
M,@C,, which arc prepared only by de novo synthesis
based on vaporization of graphite electrodes filled with a
compound of a corresponding metal, and (&) com-
pounds of inert gases (from helium to xenon),3! which
can be prepared by insertion of atoms of these gases
within an existing carbon cage at high temperatures and
pressures. The mechanism of this remarkable process ()
is unknown. A recent study aimed at the preparation of
He@azafullerene3? demonstrates that even when there is
a relatively large "window" in the carbon cage, a helium
atom inserted initially remains in the final product. The
insertion of the 3He isotope, which has a magnetic
moment, made it possible to characterize various
fullerenes and their derivatives by the chemical shift in
the *He NMR spectrum?3; this characteristic proved to
be highly sensitive to the structure of the fullerene
compound. The chemistry of fullerene endohedral com-
plexes has scarcely been studied.

Endohedral mectallofullerenes containing formally
neutral lanthanide atoms inside are paramagnetic and
can be studied by ESR spectroscopy. ln our study 34 it
was found* that La@Cg, and Y@Cy, (at least, those
mixed with a larger amount of "empty” fullerenes) are
inert toward a phosphoryl radical or a bis(triphenyl-
phosphine)platinum fragment, but in a solution in
CF;COOH, their ESR spectra change. More precisely,
one of the two multiplets (whose presence is explained
by isomerism of the carbon cage of Cy;) disappears and
a doublet appears; this might imply protonation of the
carbon cage (Fig. 5). This finding is consistent with the
view that the surface is negatively charged due to the
partial electron transfer from the meta} 86

Endohedral complexes of fullerenes can be regarded
as a subject for supramolecular chemistry, which consid-
ers "host—guest” complexes, the fullerene molecule act-
ing as a sort of host. However, fullerenes can also form
complexes in which they act as classical guests. Previ-
onsly an inclusion complex of Cgy with y-cyclodextrin
was identified in an aqueous solution and its existence
was proved unambiguously by observing induced Cotton
effects in circular dichroism spectra.87 However, the size
of the cyclodextrin cavity is rigidly fixed and somewhat
too small for fullerenes. There exists a family of syn-

* This work was carried out in collaboration with the group
headed by E. B. Yagubskii (Institute of Problems of Chemical
Physics, Chernogolovka), by whom endohedral metatlofullerencs
were first prepared in Russia 8%
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Fig. 5. ESR spectra of the endohedral metal complex La@Cyq,
dissoived in toluene {a} or CF;COOH (4).

thetic host molecules (although they are optically inac-
tive, unlike natural cyclodextring) the size of whose
cavity can vary, vig., calixarenes. Recently it was shown
that [8]calixarenes successfully and selectively include
Cyo with the stoichtometry I : 1 and that they can even
extract it from fullerene soot.$8:89 A detailed review on
this topic has been published.??

In recent years, methods for exerting a strong energy
impact on a substance, resulting in complete loss of its
molecular individuality, have been developed.

The discoverers, or better to say, creators of fullerences
have done and are still doing quite the opposite thing.
They were the first to reveal to the full measure the
molecular individuality of elementary carbon, which had
been shaded by involvement in enormous collections of
atoms (graphite, diamond). They demonstrated that the
capacity of carbon to form homoatomic molecules is not
poorer but richer and more diversified than those of
nitrogen, oxygen, fluorine, and silicon. Thus they con-
firmed once again the validity of the brilliant aphorism
of Berthelot stating that chemistry is a science that
creates 1ts own subject.
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