oxygen isotopic composition, as do meteor-
ites of different classes. Mars, in contrast to
Earth, lacks plate tectonics, the mechanism
by which isotopic homogenization occurs
on Earth. For example, Muehlenbachs and
Clayton (26) found that terrestrial oceans
are buffered to a relatively constant oxygen
isotopic composition by exchange between
seawater and basalt at midocean ridges
where the plates are being generated. Thus
the whole ocean is cycled through the oce-
anic crust in a few million years; as a result,
any isotopic anomalies that might have been
present between the hydrosphere and litho-
sphere on Earth were quickly erased.

Alternatively, the hydrosphere on Mars
could initially have been in equilibrium with
the lithosphere but changed its composition
over time as a result of the influx of isotopi-
cally distinct material such as comets. A
change in the isotopic composition of the
atmosphere (and hydrosphere) may also
have resulted from photochemical processes
leading to loss of oxygen from the planet.
Some such processes are known to have
anomalous oxygen isotopic behavior (27)
and may lead to non-mass-dependent iso-
tope fractionation in the ozone chemistry of
Earth’s atmosphere (28). Again the two
reservoirs could have remained separate be-
cause an efficient mixing mechanism such as
plate tectonics was lacking.

A discussion of such processes, in the
context of a comprehensive model for inter-
pretation of hydrogen, carbon, and oxygen
isotope abundances in the martian surface
reservoir, has been presented by Jakosky
(29). The present work provides some of the
necessary input data for further develop-
ment of such models.
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TigC,, "—Metallo-Carbohedrenes: A New Class of

Molecular Clusters?

B. C. Guo, K. P. Kerns, A. W. CASTLEMAN, JRr.*

During the course of studying the dehydrogenation reactions of hydrocarbons by
titanium atoms, ions, and clusters, an exceptionally stable and abundant cluster which
contains 8 titaniums and 12 carbons was discovered. “Titration” reactions with ND,
reveal the uptake of eight molecules, pointing to the fact that the titanium atoms are
at exposed positions of similar coordination. A dodecahedral structure of T, point
group symmetry is proposed to account for the unusual stability of this molecular
cluster. The TigC,," dodecahedron has 12 pentagonal rings and each of the rings is
formed by two titanium and three carbon atoms, where each titanium is bound to three
carbons. Based on the model, it is expected that neutral TigC,, would be a stable
metallo-carbododecahedral molecule and may comprise one member of a new class of

molecules, namely metallo-carbohedrenes.

EREIN WE REPORT EVIDENCE OF
H a class of cage-like molecular clus-

ters, namely metallo-carbohe-
drenes. During the course of detailed studies
made in our laboratory to investigate dehy-
drogenation reactions of hydrocarbons in-
duced by metal ions, atoms, and clusters (1),
we discovered the formation of an unusually
abundant and stable cationic species with a
molecular weight of 528 atomic mass units
(amu), which we have now established as
containing 8 titanium atoms and 12 car-
bons. The evidence for our findings and a
suggested structure (see Fig. 1) are the
subject of this report.

The reported observation of the molecule
Cso (2) has prompted extensive activity in
fullerenes and related carbon-cluster re-
search (3, 4). A group at AT&T Bell Labo-
ratory reported the successful doping of
alkali metal atoms into Cg crystals to pro-
duce a new superconductive material (5).

Department of Chemistry, The Pennsylvania State Uni-
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Smalley and co-workers obtained evidence
for the incorporation of lanthanium in the
interior of Cg (6), a structure that has been
born out by more extensive studies. Also,
other researchers have reported the ability to
incorporate He™ within the fullerene ball
(7). In addition to the above doping, Smal-
ley’s group (8) has found that a few carbon
atoms in Cgq can be replaced by nonmetal
boron elements in the Cq, cage without
substantially ~ destabilizing the entire
fullerene. However, to the best of our
knowledge, cage-like molecules that we term
metallo-carbohedrenes, in which a number
of metal atoms incorporate with carbons to
form a symmetrical network, have not been
reported heretofore.

The experimental method employed in
the present work is based on our newly
developed MS/MS system which we have
described elsewhere (). The new molecular
cluster that we report here was generated
through reactions of titanium with any of
the following vapors: CH,, C,H,, C,H,,
C3Hg, or CgHg. The details of the experi-
ments will be given elsewhere (9).
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Figure 2 shows mass spectra of clusters
containing titanium metal atoms and car-
bons formed from reactions of titanium
with two of these five different hydrocarbon
molecules: Fig. 2a obtained with methane
and Fig. 2b with acetylene. As seen from
Fig. 2, a peak at 528 amu is totally dominant
(“super magic”) in both mass spectra. No
other prominent peaks are observed in the
mass range below 1200 amu. Reactions
with ethylene, benzene, or propylene gener-

Fig. 1. Idealized pentagonal dedocadedron struc-
ture, T, point group, proposed to account for the
observed stability and ND; uptake by TigC,,™.
Note that the eight titanium atoms (dark spheres),
which appear at the edge of a cube-like arrange-
ment, are similarly coordinated to three-carbon
atoms (light balls) at all equivalent positions.
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Fig. 2. (a) Mass distribution of Ti,C,* clusters
generated from the reactions of titanium with
CH,. Note the “super magic” peak corresponding
to TigC,*. (b) Mass distribudon of Ti,C,*
clusters generated from the reactions of titanium
with C,H,. Note the super magic peak corre-

sponding to TigC,,".
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ate similar cluster distributions.

In order to definitively establish the iden-
tity of this unusually stable species, we un-
dertook a series of studies with hydrocar-
bons of varying isotopic composition.
Isotope labeling experiments with deuteri-
um show that the clusters corresponding to
the “super magic” peak do not contain any
hydrogen atoms, while '*C labeling estab-
lishes that the cluster accommodates exactly
12 carbon atoms. Therefore, the magic peak
was assigned as TigC,,* based on the mass
and isotope labeling experiments. Further-
more, high-resolution isotope distribution
pattern analyses support the assignment of
eight Ti atoms as well.

Why is TigC,,"* in Fig. 2 so abundant
compared with all other species representing
possible combinations of Ti and C? Our
rationalization of this result is that TigC,,*
and its corresponding neutral molecule may
have a pentagonal dodecahedron structure
as illustrated by Fig. 1, where the Ti atoms
occupy eight unique positions that are sim-
ilarly coordinated. In this structure, there
are 12 pentagonal rings and each of the rings
contains two titaniums and three carbons.
Each of the ttanium atoms can bond to
three carbon atoms through Ti-C o-bonds,
and each of the carbons may bond to its
adjacent carbon through a C-C o-bond in
addition to bonding to two titanium atoms.
Those Ti-C and C-C o-bonds connect all
atoms together and form the network of the
dodecahedral titanium-carbohedrene. As for
the remaining valence electrons, since titani-
um is viewed as being carbon-like in the
model, the “w-bonding” structure of
TigC,,* is similar to that which might be
envisioned for C,, although in the present
case d-electrons of Ti are involved in the
bonding. The metal-carbon double-bonding
structure has been widely seen in metal-
carbene and metal-carbyne complexes (10-
12). Of particular importance to the present
work are theoretical considerations by Hoff-
mann and co-workers regarding electron-
deficient transition-metal carbene complexes
(11). (An alternative consideration of the
bonding for the remaining valence electrons
is that the pairs of adjacent carbon atoms
form six mr-bonds, and that the titaniums in
the corners of the cube-like geometry may
undergo some metal-metal interactions.
However, this is less likely due to much
weaker metal-metal bonding compared to
the metal-carbon interactions allowed by the
proposed structure.) It is also worth noting
that there have been several reports of mol-
ecules and clusters that assemble into
dodecahedral structures such as C,oH,q
(13) and (H,0),, - H;O™ (14) and that are
relatively stable.

Owing to the severe strain and the degen-

eracy of “m-bonding,” the dodecahedral C,,
is not expected to be a stable molecule (15).
How can TigC,,* become so stable? The
question can be answered in light of charac-
teristics of titanium. Since Ti can participate
in o-bonding through d-sp hybridized orbit-
als (12), the incorporation of two titaniums
into the pentagonal ring may somewhat
reduce the strain of the ring. On the other
hand, d,, metal orbital and p_, carbon orbital
may have better overlap in the dodecahedral
structure to form “w-bonding.” Further-
more, Ti is more electropositive than car-
bon. This would suggest a “m” dodecahe-
dron with eight electropositive atoms for
which simple Hiickel calculations (16) indi-
cate that all electrons would be paired. As a
result, the dodecahedral TizC,, molecule
and its cation are expected to be very stable
in terms of both spherical geometry and a
satisfied electron-bond structure. Collision-
induced dissociation studies made in our
laboratory (9) indicate that, indeed,
TigC,," is remarkably stable.

In order to provide supporting evidence
for the proposed structure, we have con-
ducted experiments to “titrate” the metal
atoms that are available for bonding. The
TigC,,* molecular cluster was mass-selected
and injected into the thermal reaction cell
containing ND;. Importantly, the species
accommodates eight ammonia molecules,
one for each Ti site. This finding shows that
the ttaniums are exposed at the cluster
surface and indicates that they are similarly
coordinated. This is strong evidence for the
proposed dodecahedral structure.

Other clusters such as Ti,C,;*, TigC,,*,
and so on can also form a dodecahedral
structure, but replacement of titaniums by
carbons would be expected to destroy this
structure of high symmetry. In turn, this
would necessitate the direct connection of at
least three of the pentagonal rings, each of
which would have only one metal, or less. It
is unlikely that one metal atom can suffi-
ciently reduce the strain of the pentagonal
rings to stabilize the cluster. Therefore, in
the reactor such clusters would undergo
further reactions with hydrocarbons to form
more stable products (such as TigC,,™"),
thereby leading to a reduction in their abun-
dance. In accordance with our findings,
TigC,," would be expected to survive in the
reactor once formed. If one considered that
TigC,,"* does not have a dodecahedral struc-
ture, but instead a planar one, the cluster
would have many dangling bonds at the
edges and it would be much more reactive
with other species in the reactor than ob-
served. Consequently, such a TigC,,* spe-
cies would not be expected to display the
“super magic” peak shown in Fig. 2.

Another important fact is that we are able
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to observe anions with the same metal-carbon

composition as for the cation. Based on this
fact, as well as the dominant intensity of
TigCy,™ in Fig. 2 and the nature of the
dodecahedral structure, we expect that neu-
tral TigC, , would also have a high abundance
in the neutral cluster distribution. If our
speculation and the proposed model are cor-
rect, there are many important implications of
the existence of such a stable metallo-carbo-
hedrene. Owing to limitations of our current
mass spectrometer, we have not yet been able
to mass-analyze ions with masses larger than
1200 amu. However, radio frequency-only
operation of our quadrupole mass spectrom-
eter indicates that there are numerous species
in the higher mass range.

REFERENCES AND NOTES

1. B. C. Guo, K. P. Kerns, A. W. Castleman, Jr., J.
Phys. Chem., in press.

2. H. W.Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl,
R. E. Smalley, Nature 318, 162 (1985); R. F. Curl
and R. E. Smalley, Science 242, 1017 (1988).

3. W. Weltner, Jr. and R. J. Van Zee, Chem. Rev. 89,
1713 (1989).

4. H. W. Kroto, A. W. Allaf, S. P. Balm, ibid. 91,1213

(1991).

. A. F. Hebard et al., Nature 350, 600 (1991).

. Y. Chai et al., J. Phys. Chem. 95, 7564 (1991).

. T. Weiske, D. K. Bohme, J. Hrisik, W.
Kritschmer, Angew. Chem. Int. Ed. Engl. 30, 884
(1991); M. M. Ross and J. H. Callahan, J. Phys.
Chem. 95, 5720 (1991).

8. T. Guo, C. Jin, R. E. Smalley, J. Phys. Chem. 95,
4948 (1991).

9. B. C. Guo, K. P. Kerns, A. W. Castleman, Jr., in
preparation. A standard laser vaporization source, in
conjunction with a plasma reactor, was used to
produce the cluster, which is analyzed and detected
with a quadrupole mass spectrometer. The titration
experiments were conducted by mass-selecting the
cluster, introducing it into the reaction cell, and
detecting the association products with a second
quadrupole mass spectrometer.

10. J. P. Collman, L. S. Hegedus, J. R. Norton, R. G.
Finke, Eds., Principles and Applications of Organ-

ition Metal Chemistry (University Science
Books, Mill Valley, CA, 1987); K. H. Détz, H.
Fischer, P. Hofmann, F. R. Kerissl, U. Schubert, K.
Weiss, Eds., Transition Metal Carbene Complexes
(Verlag Chemie: Deerfield Beach, FL, 1983). T. E.
Taylor and M. B. Hall, J. Am. Chem. Soc. 106,
1576 (1984).

11. R.J. Goddard, R. Hoffmann, E. D. Jemmis, J. Am.
Chem. Soc. 102, 7667 (1980).

12. F. P. Pruchnik, Ed., Organometallic Chemistry of
the Transition Elements (Plenum, New York,
1990).

13. L. A. Paquette, R. J. Ternansky, D. W. Balogh, G.
Kentgen, J. Am. Chem. Soc. 105, 5441 and 5446
(1983).

14. S. Q. Wei, Z. Shi, A. W. Castleman, Jr., J. Chem.
Phys. 94, 3268 (1991); X. Yang and A. W. Castle-
man, Jr., J. Phys. Chem. 94, 8500 (1990); ibid., p.
8974.

15. H. W. Kroto, Nature 329, 530 (1987).

16. P. Maslak, unpublished work.

17. We thank G. L. Geoffroy, P. Maslak, M. Natan, J.
Brauman, and Z. Chen for helpful discussions.
Financial support from the U.S. Department of
Energy, grant DE-FG02-88-ER60668, is gratefully
acknowledged. Initial experiments on the reactions
were commenced with support by E. I. du Pont de
Nemours through an unrestricted grant to the De-
partment of Chemistry at Pennsylvania State Uni-
versity and the Environmental Protection Agency,
grant R-817437-01-0.

N\

12 February 1992; accepted 19 February 1992

13 MARCH 1992

Extraction and STM Imaging of Spherical

Giant Fullerenes

LoweLL D. LaMms,* DoNALD R. HUFFMAN, RICHARD K. WORKMAN,
Sam HoweLLs, TING CHEN, DROR SARID, RONALD F. ZioLo

High-temperature, high-pressure extracts of soot produced by the Kritschmer-
Huffman technique (KH carbon) were characterized by mass spectrometry and
imaging with scanning tunneling microscopes (STMs). The mass spectra of these
samples are similar to those of ambient-pressure, high-boiling-point solvent extrac-
tions, supporting the idea that solvent temperature and possibly pressure are key
parameters in extraction of the giant fullerenes. The STM images show that the giant
fullerenes in these samples are roughly spherical in shape and range in diameter from
approximately 1 to 2 nanometers, corresponding to fullerenes containing 60 to 330
atoms. No evidence of bucky tubes was found.

ECENT REPORTS (1, 2) OF THE EX-
traction from KH-carbon and mass-
spectroscopic  characterization of
the so-called giant fullerenes (C,, n = 100)
have sparked considerable interest in their
properties. These mass spectra, along with
some intriguing transmission electron mi-
croscopy images published by Wang and
Buseck (3) and Iijima (4), have given rise to
speculations that the canonical form of the
giant fullerenes is the bucky tube. In the
simplest case (5), the wall of such a structure
is thought to resemble a portion of a single
graphitic plane that has been curled until it
forms a tube. The tube is capped on each
end with a fullerene-like hemisphere, thus
leaving no dangling bonds. Before the cur-
rent work was begun, the sole evidence that
seemed to contradict the bucky tube model
of the structure of the giant fullerenes was a
single STM image published by Wragg et al.
in a study of solid C4(-C,q (6). This image
appeared to show a spherical giant fullerene
with a diameter of ~1.5 nm, corresponding
to a molecule with 180 to 240 carbon
atoms. The authors noted, however, that
since this was the only such image to appear
in their data set, which contained images of
many thousands of smaller fullerenes, iden-
tification of this object as a giant fullerene
was highly speculative. We report the extrac-
tion of giant fullerenes from KH carbon
using a low-boiling-point solvent in a high-
pressure, high-temperature vessel and STM
imaging of these molecules. The images
show only spherical giant fullerenes, with no
evidence of tubular structures.
In previous work on extraction of the
giant fullerenes, high-boiling-point solvents,
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such as 1,2,3,5-tetramethylbenzene (1) or
1,2,4-trichlorobenzene (2), were used in
standard extraction procedures at ambient
pressures. The starting material in these
experiments was KH carbon, which previ-
ously had been thoroughly washed with
low-boiling-point solvents such as toluene
(2) or benzene followed by pyridine (1). The
effect of these prior extractions was to re-
move as much of the readily soluble Cq, and
C,o as possible. After the high-temperature
extractions, the solvent was removed and
mass spectrometry was performed on the
residue. Although high-boiling-point sol-
vent, ambient-pressure extractions are quite
favorable in terms of solvating the giant
fullerenes, these approaches require solvents
that are unpleasant to work with and that
are hard to remove without heating the
sample under vacuum. Also, there is concern
that some combination of air, ambient light,
and the boiling solution may lead to the
formation of unwanted compounds (2).
These considerations, together with evi-
dence that the key parameter governing
extraction of the higher fullerenes under
ambient pressure might be the solvent tem-
perature (2), and a preliminary report of
successful high-pressure, high-temperature
xylene extractions of the higher fullerenes
(7), led us to investigate extractions with
toluene at high pressure and temperature.
The starting material was KH carbon (8),
which had first been solvent-extracted with
toluene at ambient pressure to remove as
much of the Cq and C,, as possible. The
high-pressure, high-temperature extractions
were then carried out in simple pressure
bombs built out of 30-cm lengths of 1.2-cm
outside-diameter stainless-steel thick-wall
tubing, capped on the ends with stainless-
steel compression fittings. (Warning: Great
care should be used in this procedure, be-
cause failure of the vessel may result in an
explosion.) Each bomb was loaded with ~5
g of the preextracted KH carbon and ~20
ml of toluene. The bombs were filled to
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