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Abstract—Thermodynamic estimates are presented for the formation of spheroidal and flat carbon clusters
from reactant species of different charges. Charge is shown to strongly influence the geometry and stability of
flat clusters. Changes in the charge of flat clusters can promote both their folding to spheroidal structures and
their dissociation. It is concluded that the fluctuations of electron concentration in carbon plasmas can result
in the accumulation of fullerene clusters and the dissociation of flat clusters. © 2002 MAIK “ Nauka/Inter peri-

odica” .

The carbon-helium plasmaat a pressure of 100 Torr
is the optimal environment for synthesizing fullerenes,
as was first demonstrated using Kratschmer’'s method
[1]. Different modifications of this method now exist
[2]. Usually, at such pressures and, especialy, in arare-
gas atmosphere, ionization waves can be observed [3].

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

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

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

L This article was submitted by the authorsin English.

spheric pressure; therefore, in this respect, our experi-
mental setup is unique.

We carried out investigations of a discharge in an
argon stream between a water-cooled coil of copper
tubing and a water-cooled copper €l ectrode containing
an axia hole for introducing argon. The frequency of
the current discharge was 44 kHz, and the current was
10 to 15 A. It was found that the discharge at atmo-
spheric pressureis stratified [6]. It has been known that
such strata are the visua result of ionization waves
(ionization instability). Until recently, however, strata
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Fig. 1. Typical HPL C chromatogram obtained from the con-
centrated extract of a fullerene mixture by using toluene

eluent and a Cosmosil Buckyprep column.
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Fig. 2. The principal scheme of the discharge in an argon flow at atmospheric pressure, and a photoregistration of the irradiation
intensity of the plasma discharge revealing forced running ionization waves. The current of the discharge arc is 7 A, the frequency
is 44 kHz, and the linear rate of argon flow is 42 m/s. The hole in the central electrode is about 2.0 mm in diameter.

were normally observed only at low pressures in
regions restricted by glass tube walls.

Figure 2 shows a scheme of discharge in an argon
stream and a high-speed photograph of this discharge.
Here, the presence of running ionization wavesiseasily
visible. Thus, we observe that the discharges at atmo-
spheric pressure can al so be stratified. 1onization waves
arise when the discharge is driven by the alternating
current.

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

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

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

We carried out computer simulations of the
fullerene Cg, formation from carbon clusters with dif-
ferent charges. The simulations were carried out using
the HyperChem-5 program to calculate the optimal
geometry of molecules and their molecular dynamics at
different temperatures. All of the calculations were per-
formed using the PM 3 semiempirical quantum chemi-
cal method.

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

CitChn—Chim
AE = E(Ch.m) —E(Co) - E(Cy),

where AE isthe energy of reaction and E,(C;) isthe cal-
culated total energy of cluster C;.

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

Theenergy of thereactionC,,+C,,— C,,, ,for the
formation of a cluster C,, .. ,, depends on the charges of
the reacting clusters. Table 2 showsthe cal cul ated ener-
gies of formation of fullerene Cg, from the clusters C,,
and C,, with different charges, as well as the energies
of formation of the flat cluster Cq, from the flat clusters

The most favorable are the neutral—on and the
anion—cation reactions. The least favorable are reac-
tions between ions with the same charge. Reactions
between neutral clusters are intermediate in energy.
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Fig. 3. Formation reactions of (a) spheroida and (b) flat carbon clusters (the calcul ated reaction energies are presented in Table 1),
and (c) energy minimization of alarge flat cluster Cgo with different charges.

Formation reactions for small-sized clusters follow the
same pattern as that described above for fullerene Cg.

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

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

calculations, the flat singly charged cation Cg, and the
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doubly charged ions C%, and C2 dissociatein the pro-
cess of geometry optimization.

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

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

N | Recion | Gt |7 e
| Cu+C,—>Cyg | -1484 -886
I Cig+ Cy —> Cyp ~1237 -853
Il |Cy+Cyy—>Cyy | —2337 ~1379
IV |Cyp+Csp—>Cq | —3290 -1873
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Table 2. Dependence of the reaction energy on the charges of reacting clusters

Type of reaction Reaction n =40, m= 20
Neutral-ion Ch+Cr — Crim
Cht Cp — Chim
Anion—cation C,+Cr —Chem
Neutral—neutral Ch+Ch—Chim
Anion—anion c,+C, — Cﬁ}m
Cation—cation C +Ch —C*

Fullerene Cgg, AE, kJ/mol | Flat cluster Cgg, AE, kd/mol
—-3440 *
—3423 —2709
—-3302 —949
-3290 -1873
—2851 *
2784 *

* Cluster is unstable.

zation of the singly charged ions C7; and Cig and the

doubly charged cation Cfg . The ab length (Fig. 3a)

decreases to atypical C-C bond length of about 1.4 A.
With geometry optimization of the neutral cluster and

doubly charged anion Cig, the ab length between the

outer hexagons increases. This example clearly sug-
gests that alower electron concentration in the plasma
is necessary for the formation of spheroidal clusters
containing pentagons.

2. CONCLUSIONS

In the phase of an ionization wave with alow elec-
tron concentration, the formation of clusters containing
pentagonsis favored. A further decreasein the electron
concentration to a minimum reduces the efficiency of
cluster formation because of the higher energy of cat-
ion—cation reactions.

Asthe electron concentration increases in the oppo-
site phase to the ionization wave, the large flat clusters
acquire negative charge and dissociate into smaller
clusters or separate atoms. Because the time of elemen-
tary reactions is about 1022 s, while the period of the
electron concentration wave in the plasmais 10°-10°s,
the cluster distributions can stay near equilibrium asthe
electron concentration varies. Therefore, small-sized
clusters, including spheroidal ones, have time to be
generated from separate atoms. With increasing elec-
tron concentration, the efficiency of the formation of
these clusters decreases due to the higher energy of the
anion—anion reactions. Because the electron concentra-
tion does not have such a strong effect on the stability
of small spheroidal clusters and fullerene shells, the
clusters and fullerene molecules already generated are
not destroyed.

Thelargeflat clusterstend to dissociate into smaller
clusters during oscillations of the electron concentra-
tion. Asthe energies of formation of small clusterswith
and without pentagons are similar, there are always a
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number of clusterssuitablefor forming fullerenesin the
plasma. These clusters remain stable once they have
been formed.

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

We note that the proposed mechanism does not con-
sider statistical processes; it considers only the driving
role of electron concentration variations. Recognition
of the importance of electron concentration variations
may provide an essential step to the controlled synthe-
sis of fullerenes and, possibly, fullerene derivatives.
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