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The availability of macroscopic quantities of fullerenes has resulted in a vast number of
physical and chemical studies of these new materials. However, the mechanisms that
lead to the formation of these spherical carbon allotropes are not well understood. Mass
spectral evidence has been obtained for the size-selective growth of fullerenes through
the coalescence of cyclo[n]carbons, molecular carbon allotropes consisting of mono-
cyclic rings with n carbon atoms. Whereas coalescence of cyclo[30]carbon (cyclo-C,,)
produces predominantly buckminsterfullerene (Cg,), the smaller rings cyclo-C,4 and
cyclo-C,, preferentially produce fullerene C., through distinct intermediates. The pres-
ent studies not only provide new insights into fullerene formation mechanisms but also
raise the possibility of tailoring the size distributions of fullerenes by variation of the

appropriate properties of the precursors.

Ohne of the most ambitious as well as
rewarding intellectual and experimental
challenges in fullerene chemistry (I) and
carbon chemistry in general is the elucida-
tion of the mechanisms for fullerene forma-
tion (2). Understanding the mechanisms of
fullerene synthesis may well lead to the
discovery of other, from a classical synthesis
viewpoint unconventional, preparative
techniques and to the production of entire
classes of new compounds. Isotopic scram-
bling observed in fullerenes generated by
arc heating from mixtures of ?C- and
BC-graphite indicated that the reactant
carbon source must undergo vaporization
into atomic C or small carbon fragments,
such as C, (3, 4), which contradicts the
originally proposed sequential graphitic
shell closure mechanism (5-7). This evi-
dence, along with the early observation
that fullerenes fragment through loss of C,
(8), has resulted in models (4, 6) in which
fullerene growth occurs upon assembly of
small carbon species. More recently,
fullerene growth has been modeled by se-
quential addition of larger polycyclic ring
systems (C,y to Cy) (9) and the implica-
tion of linear, monocyclic, and polycyclic
carbon clusters in fullerene synthesis has
been suggested (10-12).

As a part of our ongoing efforts to
synthesize molecular forms of carbon from
structurally and chemically well-defined
precursors (13, 14), we prepared the carbon
oxides C,(CO),,; (1 to 3) withn = 18, 24,
and 30, as precursors to the cyclocarbons
cyclo-Cig, -Cyy, and -Csp, respectively
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(15). Initial laser desorption mass spec-
trometry studies on the carbon oxides pro-
vided intriguing but ambiguous results (15).
These experiments showed that the carbon
oxides undergo loss of CO molecules to
form the desired cyclocarbon ions. Large
carbon cluster ions, C,* (x > 50) were also
observed for all even x but with little or no
dependence of the C, * distribution on the
size of the precursor molecule. The produc-
tion of similarly wide C.* (even x > 50)
distributions by laser vaporization of various
carbon-containing materials (such as poly-
mers and polycyclic aromatic hydrocar-
bons) (16) suggests that the carbon oxides
may undergo decomposition prior to form-
ing large C,*. A possible requirement for
such decomposition prior to the growth of
large C_* was not ruled out experimentally
during these initial studies.

We conducted laser desorption Fourier
transform mass spectrometry (FTMS) ex-
periments (17) on 1 to 3 in which there is
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no evidence of laser-induced fragmentation
of the cyclocarbon units in the neutral
carbon oxide precursors. The negative ion
mass spectra show the successive loss of CO
molecules from the precursor anions to give
the cyclocarbon ions C,5~, C,, 7, and C;5~
as the final products. The positive ion mass
spectra from laser desorption of 1 to 3 are
shown in Fig. 1, A to C, respectively. The
general pattern in these spectra includes
loss of CO molecules to form the cyclocar-

‘bon cations Cg*, C,,*, and C;4*, respec-

tively, analogous to the negative ion re-
sults. Positive ions higher in mass than the
precursors are also observed and correspond
to successive addition of 18, 24, or 30
carbons, respectively (depending on the
precursor), to form larger and larger carbon
clusters. No peaks corresponding to carbon
oxides of greater mass than the starting
material were detected, which excludes re-
actions involving ions or neutrals that still
contain oxygen.

Further experiments on 1 and 2 showed
that the relative abundance of lower mass
carbon oxide ions and higher mass carbon
cluster ions depends upon the number of
laser shots and the spot size. Relatively
large but size-specific C,* distributions are
detected on the first laser pulse (see Fig. 1).
However, the relative abundance of the
higher mass C.* distributions decreased
with subsequent laser pulses until only the
precursor molecular ion, fragment ions re-
sulting from partial CO loss, and the corre-
sponding cyclocarbon ions (such as C;g* or
C,, 1) were formed. Similarly, desorption of
smaller sample areas (see Fig. 2) mainly
produced smaller carbon cluster and CO-
containing precursor ions, indicating that
the particle density in the laser desorption
plume governs the extent of clustering of
the cyclocarbons. These results strongly
suggest that the coalescence reactions lead-
ing to the higher mass C,* distributions are
occurring in the gas phase between carbon
cluster ions and neutrals.

The major product ion in the laser de-
sorption of 1 and 2 appears at mass-to-
charge ratio (m/z) 840, presumably corre-
sponding to C,y*. Remarkably, the C *
distributions from 1 and 2 include little or
no Cgt. In the case of 3, the major
product ion is Cgy* at m/z 720. The 24 amu
(C,) separation between these ions and the
accompanying carbon clusters at lower m/z
values (such as Csg™, Cy6*, and Cs,* ions
are observed together with Cgy™) suggests”
that Cgo* and C;q* have fullerene struc-
tures. To confirm that Cgy* and C,o* are in
fact fullerene ions, their gas-phase proper-
ties were characterized by additional tan-
dem mass spectrometry experiments. No
collision-induced dissociation could be ob-
served in these FTMS experiments for ei-
ther these ions or fullerene cations pro-




Fig. 1. Positive ion laser de-
sorption mass spectrum of
(A) the carbon oxide precur-
sor C,g(CO)g (1) tocyclo[18]-
carbon, (B) the carbon oxide
precursor C,,(CO)g (2) to
cyclo[24]carbon, and (C)
the carbon oxide precursor
C30(CO)40 (3) to cyclo[30]-
carbon. The high mass ions
(m/z > 500) correspond to
C,* (even x) with several ref-
erence values shown. Also
indicated are peaks that cor-
respond to the oligomers
(that is, no fragmentation) of
the cyclo[n]carbon precur-
sor, such as 2nand 3n. The
dependence of the C* dis-
tributions on the size of the
cyclo[n]carbon precursor is
clearly shown, including the
absence of Cg,* in the
spectra from the n = 18 and
n = 24 species. All spectra
were obtained by one laser
pulse on a new sample spot
(peaks denoted with an * are
noise artifacts).

Fig. 2. Positive ion laser
desorption mass spec-
trum of the carbon oxide
precursor C,4(CO)g (1)
as in Fig. 1A with the
exception that the laser
spot size (desorption
area) was reduced by a
factor of 4. The extent of
clustering reactions to
yield high mass C,* is
directly related to the
density of the laser de-
sorption plume, indicat-
ing that these ions are
formed by sequential
gas-phase reactions of
C,* with C,g.
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duced by laser desorption or electron ion-
ization of pure fullerenes. Although the
resistance to fragmentation does not pro-
vide convincing evidence for fullerene
structures, it does rule out the possibility of
simple adducts such as (Cs),*. A more
sensitive probe into the nature of these ions
is the determination of the ionization ener-
gies (IEs) of the corresponding neutrals by
charge-transfer bracketing in the FTMS
(18). The IEs of both Cg, (from 3) and C,,
(from 1 and 2) were bracketed to be 7.6 +
0.1 eV, whereas the IE of C;, (from 1 and
2) was significantly lower (7.0 = 0.1 eV).
These values are identical to those obtained
with ions generated by laser vaporization
(18) or electron ionization of sublimed
fullerenes, thus providing convincing evi-
dence for the C¢y* and C,,* ions in Fig. 1
having fullerene structures.

The formation of fullerene ions in these
laser desorption experiments is rather re-
markable, considering the extensive struc-
tural rearrangements necessary in the as-
sembly of several two-dimensional large
carbon rings into three-dimensional cages
with five- and six-membered rings. The
fullerene ions C¢y™ and C,,* can apparent-
ly form through coalescence of relatively
large molecular precursors, not merely from
addition of C, and C; units (10, 12). These
observations do not necessarily contradict
the isotopic labeling studies (3, 4). The
small carbon species (C, C,, and C;)
formed in the vaporization of graphite may
react to form larger cyclic species that then
coalesce to yield fullerenes. This scenario is
consistent with the low-mass C_*-distribu-
tions (3 < x < 30) generated by laser
vaporization of graphite that contain both
linear (x < 10) and cyclic (x = 10) struc-
tures (19, 20). The negative ion spectra of
the cyclocarbons do not show the peaks at
m/z 720 and 840, or at any of the higher
masses, implying that carbocation rear-
rangements during or following coalescence
may be necessary for their formation. Sim-
ilarly, coalescence reactions of fullerenes
can also be observed only in the positive
ion mode (21).

Further insights into mechanisms for
fullerene formation can be deduced by de-
tailed examination of the relative C*
abundances in the spectra. It is evident in
Fig. 1A that C, losses occur concurrently
with the addition of the 18-carbon unit, as
has been suggested for Cyy and C;, coales-
cence (21). This result can account for the
enhanced abundance of C,,* following the
addition of C4 to Cs, ™. For each successive
cyclocarbon addition above m/y 840, the
ions in Fig. 1A show increasing but not
extensive C, loss. However, the major peaks
above C,,* follow a pattern of C 76 4 18,y ">
increasing by 18 carbons at a time instead of
16, indicating that loss of a C, fragment is
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not a necessary step in the coalescence
reaction. It is more likely a channel for
release of excess energy from apparently
thermodynamically favorable reactions.

These results also suggest that formation
of the higher fullerene ions from
cyclo[18]carbon is surprisingly efficient.
The pathway to these ions evidently in-
cludes C,;* (but not Cgy*), because the
major peaks have the formula C ;4 | g,
rather than simply Cq,, " as do those below
m/z 840. Thus the larger fullerene ions
appear to form through sequential ion/mol-
ecule (C */Ci4) reactions. Surprisingly,
C,o" appears to undergo addition of a Cq
unit as readily as the higher fullerenes from
the observation of similar ratios of C;q*/
Cgs" and Cgg™/Cp6™-

Laser desorption of 2 (Fig. 1B) yields
similar results to that of 1. Again, C;y* is
the major product with further addition of
C,, units leading to higher fullerene ions.
However, more C, loss accompanies these
coalescence reactions than in the case of 1.
This result is consistent with the expected
higher exothermicity of incorporating an
additional six carbon atoms into the
fullerene for C,, versus C,g addition.

A laser desorption mass spectrum of 3 is
shown in Fig. 1C. In this case, no Cy,* is
observed and C,™* is the major product ion.
The extensive amount of C, loss observed in
this spectrum confirms the expectation that
the coalescence of C;,* with a neutral C;,
to form a Cg* ion is likely to be very
exothermic. Further addition of C;, units to
Ceots Csg™, and so forth yields higher
fullerene ions through both coalescence with
C,, and loss of C,. However, although C¢,*
is by far the most abundant ion, Cyy* is less
abundant than Cgg*, Cg*, and so forth.
Thus, in contrast to the reaction of C;o*
with C,4 and C,, discussed above, it appears
that Cgy* reacts by addition of C;, much
more slowly than do the fragmentation prod-
ucts (Csq*, Cse*, and so forth) which can
account for its high relative abundance.

These results conclusively demonstrate
that one reaction pathway to the formation
of fullerenes is the coalescence of large cy-
clocarbon species. These studies with molec-
ular precursors also show that the, distribu-
tion of fullerenes can be directly affected by
the properties, such as size, of these precur-
sors. Insight into formation mechanisms as
described and the use of molecular precursors
(in contrast to graphite) should ultimately
lead to the ability to control the size distri-
bution of both fullerenes and fullerene de-
rivatives, such as metallofullerenes, that are
formed in growth processes.
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An Inorganic Double Helix: Hydrothermal
Synthesis, Structure, and Magnetism of Chiral
[(CH;),NH,IK,[V,,0,,(H,0),(OH),(PO,),]-4H,0

Victoria Soghomonian, Qin Chen, Robert C. Haushalter,*
Jon Zubieta,* Charles J. O’'Connor

Very complicated inorganic solids can be self-assembled from structurally simple precur-
sors as illustrated by the hydrothermal synthesis of the vanadium phosphate,
[(CH,),NH,]K,[V,,0,,(H,0),(0H),(PO,),]-4H,0, 1, which contains chiral double helices
formed from interpenetrating spirals of vanadium oxo pentamers bonded together by PS+.
These double helices are in turn intertwined with each other in a manner that generates
unusual tunnels and cavities that are filled with (CH,4),NH,* and K* cations, respectively.
The unit cell contents of dark blue phosphate 1, which crystallizes in the enantiomorphic
space group P4, with lattice constants a = 12.130 and ¢ = 30.555 angstroms, are chiral,
only one enantiomorph is present in a given crystal. Magnetization measurements show
that 1 is paramagnetic with ten unpaired electrons per formula unit at higher temperatures
and that antiferromagnetic interactions develop at lower temperatures.

Organic materials have been synthesized
that can self-assemble into ordered arrays at
low temperature, that are capable of molec-
ular recognition, and that can act as biomi-
metic systems (I). Corresponding advances
in synthetic inorganic chemistry have
lagged behind the organic areas primarily
because of the unavailability of suitable
molecular precursors. Small, soluble molec-
ular building blocks with well-defined reac-
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tion chemistries that would allow their
low-temperature assembly into crystalline
solid state inorganic materials are not well
known. However, it is clear from the study
of many naturally occurring, structurally
complex mineral species that hydrothermal
synthesis (2) can provide a low-temperature
pathway to produce open framework, meta-
stable structures utilizing solid-state inor-
ganic starting materials. Similar hydrother-
mal conditions have been used to synthesize
microporous tetrahedral framework solids
that are capable of shape-selective absorp-
tion, like the zeolites and aluminophos-
phates (3). ,
Recently, hydrothermal syntheses were
used to prepare microporous, octahedral-
tetrahedral framework molybdenum phos-
phates (4). These materials represent the





