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The yields of toluene-soluble material from carbon soot depend on the buffer gas as well as the pressure. Helium was more
effective for yielding fullerenes than argon, and the optimum pressure was 20 Torr, under which a maximum yield of about 13
wi% was obtained. Cgo showed a maximum abundance at 20 Torr, while C4o and higher fullerenes (Cs, Cyg and Cgy) at a slightly
higher pressure between 20 and 50 Torr. Raw soot was also studied by electron microscopy. The pressure dependence of the
fullerene yield is discussed in terms of the cooling rate and diffusion of carbon vapor around the evaporation source.

1. Introduction

The fullerenes, Cqq and C;q, were first observed in
a mass spectrum of carbon clusters formed by laser
ablation of graphite [ 1], and later discovered in car-
bon soot prepared by vaporization of graphite with
resistive heating under low-pressure helium gas [2,3].
The method to prepare the soot is essentially the same
as the so-called gas evaporation technique [4] used
to produce small particles of various materials rang-
ing from metals to insulating compounds.

Kritschmer et al. reported in their early paper [2]
that the abundance of Cg, was of the order of 1% of
the soot. The estimation was based on the absorp-
tion strength in infrared lines. After the discovery
that the fullerenes can be extracted from the soot by
using an appropriate solvent, benzene or toluene, the
yields of fullerenes were measured by weighing the
extracts. The soluble material is mostly Cqo and Cs,
but it also contains larger fullerenes such as Cyg, Cig
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and Cg,. Taylor et al, [5] reported 8% yield of ben-
zene-soluble material from soot synthesized with re-
sistive heating under Ar between 38 and 75 Torr, Ajie
et al. [6] reported a yield of 14% benzene-soluble
material from soot prepared with resistive heating
under He at 225 Torr. An exceptionally high yield of
25%-35% was also reported later [7]. The reason for
this improved yield is not clear, but the authors at-
tributed it to continual optimization of the tech-
nique and other factors such as the quality of graph-
ite, optimal He pressure, and the efficiency of
extraction in boiling toluene.

An arc discharge between graphite rods is now
widely employed to produce raw soot since the arc
heating can evaporate graphite efficiently and con-
veniently. This procedure, called “contact arc” va-
porization [8], requires a small gap (less than a few
mm) between the two electrodes to be maintained.
The vields reported with this method range from 5
to 15 wt% [8-10] comparable to those with resistive
heating.

Solvents with higher boiling temperatures such as
1,2,3,5-tetramethylbenzene, quinoline and pyridine
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can extract higher molecular weight fullerenes up to
nearly Ciqo from the residue left after toluene ex-
traction [11,12]. A successive extraction with tol-
uene (or benzene) and these solvents have brought
about soluble material with yvields as high as 44%
[11] and 32% [12].

In the present study, the solvent used in the ex-
traction procedure was limited to toluene, and we
investigated the effects of buffer gas type (He and
Ar) and pressure on the fullerene yield. A study of
Yamamoto et al. [13] on the yield of soot prepared
under 50-500 Torr He showed that the yield de-
creased monotonically with the pressure. This pres-
sure dependence is consistent with ours in the same
pressure range, but we found a maximum vyield at a
lower pressure than that employed ordinarily
(around 100 Torr). The presence of an optimum
pressure for fullerene production, limited to He gas,
is also found independently by Achiba et al. [14].

We have also examined the raw soot by transmis-
sion electron microscopy to study the pressure de-
pendence of the fullerene yield. It has been found that
Cep and C,q crystallize and form a fce (face-centered
cubic) lattice even in the raw soot when the soot is
prepared near the optimum pressure of He.

2. Experimental

The fullerene generator used in the present study
15 similar to those reported previously [8-10], but
two graphite electrodes were held vertically [15]. The
evaporator was contained in a water-cooled stainless
steel cylinder (30 cm in diameter and 40 cm in
height). The chamber was pumped by an oil diffu-
sion pump to a base pressure of 10~ Torr. After the
chamber was isolated from the pump, He or Ar was
introduced into the chamber up to a desired pressure
ranging from 10 to 400 Torr.

A thick graphite rod (13 mm in diameter and 50
mm in length) was press-fitted into a lower carbon
holder, which was connected to the positive lead of
a power supply. A thin graphite rod (10 mm in di-
ameter and 70-80 mm in length) was screw-fitted to
an upper carbon holder. The purity of the graphite
electrodes was 99.995% (H-grade, EGF-264 of
Nihon Carbon), and the density was 1.85 g/cm?. The
upper graphite electrode was movable downwards
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and upwards for adjustment of a gap between the
electrodes.

The power supply used to generate the arc was an
ordinary welding power supply (Hitachi super ADR-
300) operated in the direct current mode at a range
of 220-250 A. The positively biased electrode was
consumed by evaporation. The spacing of the arc gap
was maintained to be a few mm during the operation,

Carbon soot deposited on the ceiling and the side
wall of the chamber was collected by gentle scratch-
ing with a brush. The soot deposited on the baseplate
of the chamber was not used for the present study
because graphite fragments splashed during the arc
discharge were scattered on the bottom.

The raw soot obtained was subjected to soxhlet ex-
traction by refluxing toluene. The extraction was
continued until the brown color of the solution was
completely faded. The solution was dried in vac-
uum, and a mixture of fullerenes was obtained. The
'H NMR spectra of these fullerene mixtures sug-
gested that only negligible amounts of hydrocarbon
impuritics werc present,

The mixture of fullerenes was fractionated by
HPLC (stationary phase, Develosil ODS-5, 4.6
mm X 25 cm) with a n-hexane mobile phase. The ex-
tracts were injected as a cyclohexane solution [16].
The chromatogram was monitored by a UV detector
(A=350 nm). A typical chromatogram is shown in
fig. 1. Besides dominant Cg, and C,, peaks, three
peaks (HE 1, HF2 and HF3) due to higher fullerenes
are observed. Mass and UV spectra from these frac-
tions showed that C,, Cs5 and Cg, were the main
constituents of HF1, HF2 and HF3, respectively.
However, at present the constituents of HF1 to HF3
are not as well defined as Cg, and C,, and the ac-
curacy of the intensity is not as high as the dominant
fullerenes. For this reason, the abundances of HF1,
HF2 and HF3 cannot be presented individually. In-
stead, their total abundance is presented as that of
higher fullerenes. The ratios of the peak areas in the
chromatogram were used to derive the relative abun-
dances of (1) Cgq, (2) Cypand (3) higher fullerenes
composed of Cy6, Cog and Cg,.

The optical absorbance of C, at A=350 nm is
slightly larger (1.07 times) than that of Cg [17].
We have not made this minor correction because this
correction is smaller than the scatter of data points
and does not modify the general profiles of pressure
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Fig. 1. HPLC profile of the carbon material extracted from the
soot. The peaks marked HF 1, HF2 and HF3 are due to the higher
fullerenes C,¢, C5 and Cgq, respectively.

dependences. The actual abundance cannot be de-
rived for the higher fullerenes, because no absolute
absorbance is known,

A specimen for electron microscopy was prepared
by direct deposition of raw soot on copper grids cov-
ered with a perforated (holey) carbon film. The cop-
per grids were placed near the upper electrode by us-
ing a soot collection device [18] and were exposed
to smoke of carbon soot emanating from the arc gap.

3. Results and discussion
3.1. Extraction and HPCL

Fig. 2 shows the yields of toluene-soluble material
plotted as a function of gas pressure for He and Ar.
Firstly, He gas is found to be more efficient to pro-
duce fullerene-rich soot than Ar gas. Secondly, the
pressure dependences of the fullerene yield are clearly
observed for these buffer gases. The dependences for
He and Ar are similar; the yield has a maximum vatue
(about 13 wt% for He, 6 wt% for Ar) at 20 Torr, Al-
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Fig. 2. Yields of toluene-soluble material plotted against the gas
pressure for He (O) and Ar (A ). Each mark represents an in-
dependent production lot.

though most of the fullerene productions have been
performed at about 100 Torr He, no singularity such
as a yield maximum is found at 100 Torr.

The abundances of the three fractions, (1) Cgo, (2)
Cooand (3) the higher fullerenes, also vary with the
gas pressure as shown in fig. 3a for He gas, Since the
soot prepared under Ar gas exhibited a similar trend,
we restrict our description to the case of He gas. As
is well known, Cq, is the predominating fullerene in
a toluene extract. Its abundance in raw soot has a
maximum at 20 Torr and decreases at higher pres-
sures. C,p also shows a maximum of abundance but
at a slightly higher pressure (20-50 Torr). On the
other hand, for the higher fullerenes whose abun-
dance is lower than 0.3%, it is difficult to draw from
fig. 3a systematic changes in their abundance against
the gas pressure. When the abundance of the higher
fullerenes is plotted against that of C,, a clear cor-
relation is revealed as shown in fig. 3b. The abun-
dance of the higher fullerenes seems to change lin-
early with that of Co.

3.2. Electron microscopy of raw soot

Fig. 4 shows an electron micrograph and the cor-
responding diffraction pattern of the soot produced
under 20 Torr He, where fullerenes were synthesized
with the highest yield. The soot is made of small par-
ticles, most of which are coagulated with each other
and form chains. The coagulation is presumably
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Fig. 3. (a) The abundances of C4 (O), Cyo (A ) and the higher
fullerenes ((1) in soot plotted against the pressure of He. (b)
Correlation of the abundances of Cy and the higher fullerenes.
(©) and (A ) represent the soots produced under He and Ar gas,
respectively.

brought about in the gas phase by coalescence of par-
ticles after their nucleation. The coalescence in the
gas phase has often been observed from carly studies
using the gas evaporation technique [18].

In the inset of fig. 4a, a highly magnified image of
an isolated soot particle is shown, Lattice images of
0.82 nm spacing are observed in a few places within
the particle. As shown in fig. 4b, the diffraction pat-
tern from soot particles exhibits Debye-Scherrer
rings, which give interplanar spacings of 0.82, 0.50,
0.43 and 0.32 nm for the four innermost rings. These
spacings are assigned respectively to the (111),
(220), (311) and (331) planes of an fcc lattice with
a lattice constant ¢=1.43+0.03 nm. It should be
mentioned that reflections of 200 and 400 planes are
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Fig. 4. (a) Electron micrograph of the raw soot prepared under
20 Torr He. A highly magnified picture of a soot particle in the
inset exhibits a lattice image. (b) Powder diffraction pattern from
the soot. Debye—-Scherrer rings are observed.

absent, which is characteristic of Cg and Cgo/Cyo
crystals. Moreover, it has been shown by the subli-
mation technique that C;, dissolves into solid Ce
and forms a solid solution with a slight increase in
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the lattice constant [19]. The lattice constant of the
solid solution (Cgp)1_x(Cr0)x (x<1) is estimated
to be

a,=(1—x)ag +xan (1)

on the basis of Vegard's laws [20] using the lattice
constants of pure Cep, ago=1.417 nm [21], and Crq,
a,0=1.501 nm [22]. For x=0.2, which is close to
the actual ratio of C,q to (Cgo plus Cyo) for the soot
shown in fig. 4, the solid solution is expected to have
a lattice constant of 1.434 nm, in agreement with the
experimental value. Thus, we attribute the crystal-
line material to a mixture of Cg and C;, (and other
higher fullerenes with much lower concentrations).

The Debye-Scherrer rings were frequently ob-
served for the soot produced under 20-50 Torr He,
under which the highest yield of Cq, was obtained.
Other raw soot prepared at pressures higher than 100
Torr did not show sharp rings but gave only diffuse
halos in their diffraction patterns. The halo patterns
are indicative of highly disordered structures, i.e. for
carbon, network structures possessing trigonally and
tetrahedrally coordinated atoms with no transla-
tional periodicity. Graphite crystallites were absent
in the soot, which is consistent with the results ob-
tained by Kritschmer et al. [2], who carried out in-
frared absorption experiments. In their infrared
spectra, broad features originating from highly dis-
torted graphites were observed besides the sharp lines
due to C¢,. Therefore, the residue of the soot after
extracting primary fullerenes (Cgy and C,o) might
be mostly giant fullerenes.

The present study suggests that primary fullerenes
come together in the gas phase and form a lattice by
themselves when their concentration is high enough,
whereas when the concentration is low their regular
arrangement is prohibited by the presence of giant
fullerenes which have sizes and shapes different from
those of Cg; and Co.

The sizes of individual soot particles making up
chains range from 30 to 50 nm in diameter for 20
Torr He. The size increases with the increase in the
gas pressure, e.g., between 50 and 70 nm for 200 Torr
He. The pressure dependence of the particle size has
been observed commonly in smoke particles of other
clements produced by the gas evaporation technique
[18]. According to a preliminary measurement of
the temperature gradient around the evaporation

CHEMICAL PHYSICS LETTERS

25 December 1992

source, which was performed for the ordinary gas
evaporation to produce metal fine particles, the
higher the buffer gas pressure, the more rapidly is the
vapor cooled, €.g., 1.5x10° K/s for 50 Torr He, and
8 10°K /s for 150 Torr He, as estimated by Yatsuya
et al. [23]. When the gas pressure is higher, the va-
por is quenched more rapidly due to frequent col-
lisions with the buffer gas, and attains higher super-
saturation. This brings about nucleation of many
small clusters with high spatial density. Coalescence
between these clusters is believed to be a key process
of the formation of larger particles obtained under
high pressures.

The cooling rate of the carbon vapor is presum-
ably responsible for the pressure dependence of the
fullerene yield found in the present experiment. Like
the ordinary small metal particles mentioned above,
the higher the gas pressure, the more abundantly are
the embryos formed. The sizes of these embryos range
from C, [24] to probably around C,, [25], and the
structure of C, with » less than 10 may be a linear
chain, and that of C,, a monocyclic ring [26]. At
any rate, coalescence between them occurs. The
higher the pressure of the buffer gas, the more fre-
quently occurs coalescence because of the higher
density of the embryos. Furthermore, the carbon
clusters themselves are cooled rapidly. Therefore,
when the pressure is too high, the carbon clusters do
not have sufficient time to release the structural
strains left after the coalescence, and therefore it is
hard to attain the closed structure with high sym-
metry, Cgo. On the contrary, when the pressure is too
low, the carbon vapor diffuses far away from the
evaporation source like vacuum deposition. In such
a case, since the nucleation occurs in a region where
the gas temperature is low, the cluster formed may
not be annealed enough to form thermodynamically
stable structures. Therefore, the yield of Cg, declines
again at low pressure. Eventually, there appears an
optimum pressure to produce Cgo.

Acknowledgement
This work has been supported by a Grant-in-Aid
from the Japanese Ministry of Education, Science and

Culture, and the Iketani Science and Technology
Foundation.

647



Volume 200, number 6

References

[1] H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curland R. E.
Smalley, Nature 318 (1985) 162.

[2] W. Kritschmer, K. Fostiropoulos and D.R. Huffman, Chem.
Phys. Letters 170 (1990) 167.

[3] W. Kritschmer, L.D. Lamb, K. Fostiropoulos and D.R.
Huffman, Nature 347 (1990) 354.

[4] R. Uyeda, Progr. Mater Sci. 35 (1991) 1.

[5]R. Taylor, J.P. Hare, A.K. Abdul-Sada and H.W. Kroto, J.
Chem. Soc. Chem. Commun. (1990) 1423,

[6] H. Ajie, M. M. Alvarez, S.J. Anz, R.D. Beck, F. Diederich,
K. Fostiropoulos, D.R. Huffman, W. Kriitschmer, Y. Rubin,
K.E. Schriver, D. Sensharma and R.L. Whetten, J. Phys.
Chem. 94 (1990) 8630.

[7]1 R.L. Whetten, M.M. Alvarez, $.J. Anz, K.E. Schriver, R. D,
Beck, F. Diederich, Y. Rubin, R. Eutl, C.S. Foote, A.P.
Darmanyan and J.W. Arbogast, Mater. Res. Soc. Symp.
Proc. 206 (1991) 639.

[8] R.E. Haufler, J. Conceicao, L.P.F. Chibante, Y. Chai, N. E.
Byrne, S. Flanagan, M.M. Haley, S.C. O’Brien, C. Pan, Z.
Xiao, W.E. Billups, M.A. Ciufolini, R.H. Hauge, J.L.
Margrave, L.J. Wilson, R.F. Curl and R.E. Smalley, J. Phys.
Chem. 94 (1990) 8634,

[9] R.E. Haufler, Y. Chai, L.P.F. Chibante, J. Conceicao, C. Jin,
L.S. Wang, S. Maruyama and R.E. Smalley, Mater. Res. Soc.
Symp. Proc. 206 (1991) 627.

[10]].P. Hare, H.W. Kroto and R. Taylor, Chem. Phys. Letters
177 (1991) 394.

[11] D.H. Parker, P. Wurz, K. Chatterjee, K.R. Lykke, J.E. Hunt,
M.J. Pellin, J.C. Hemminger, D.M. Gruen and L.M. Stock,
J. Am. Chem. Soc. 113 (1991) 7499.

[12] H. Shinohara, H. Sato, Y. Saito, A. Izuoka, T. Sugawara, H.
Ito, T. Sakurai and T. Matsuo, Rapid Commun. Mass
Spectry. 6 (1992) 413.

648

CHEMICAL PHYSICS LETTERS

25 December 1992

[13} K. Yamamoto, H. Hunasaka, M. Kato, H. Shikano, Y. Wada
and Y. Kishimoto, Presented at the 1st Symposium on Cg,
sponsored by the Chemical Society of Japan, September 6
(1991),

[14] Y. Achiba, private communication.

[15] Y. Ando and M. Ohkohchi, J. Cryst. Growth 60 (1982) 147.

[16] K. Jinno, K. Yamamoto, T. Ueda, H. Nagashima, K. Itoh,
J.C. Fetzerand W.R. Biggs, J. Chromatography 594 (1992)
105.

[17]).B. Howard, J.T. Mckinnon, Y. Makarovsky, A.L. Lafleur
and M.E. Johnson, Nature 352 (1991) 139,

[18] S. Yatsuya, S. Kasukabe and R. Uyeda, Japan J. Appl. Phys.
12 (1973) 1675.

[19] CW. Chu, J.G. Lin, Y.K. Tao, Y.Y. Sun, R.L. Meng and
P.H. Hor, J. Electrochem. Soc. 139 (1992) 239C.

[20] C.S. Barrett and T.B. Massalsky, Structure of metals, 3rd
Ed. (McGraw Hill, New York, 1966) ch. 13.

[2L]1P.A. Heiney, J.E. Fisher, A.R. McGhie, W.J. Romanow,
AM. Denenstein, J.P. McCauley Jr., A.B. Smith IIl and D.E.
Cox, Phys. Rev. Letters 66 (1991) 2911.

[22] G.B.M. Vaughan, P.A. Heiney, J.E. Fischer, D.E. Luzzi, D.A.
Ricketts-Foot, A.-W. McGhie, Y.W. Hui, A.L. Smith, D.E.
Cox, W.J. Romanow, B.H. Allen, N. Coustel, J.P. McCauley
Jr. and A.B. Smith III, Science 254 (1991) 1350,

[23]S. Yatsuya, A. Yanagida, K. Yamauchi and K. Mihama, J.
Cryst. Growth 70 (1984) 536.

[24] Y. Saito, Presented at the 63rd meeting of the Chemical
Society of Japan, March 29 (1992).

[25] T. Wakabayashi and Y. Achiba, Chem. Phys. Letters 190
(1992) 467.

[2618S. Yang, K.K.J. Taylor, M.J. Craycraft, J. Conceicao, C.L.
Pettiette, O. Cheshnovsky and R.E. Smalley, Chem. Phys.
Letters 144 (1988) 431.



