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SiNCE the discovery of fullerenes’, efforts have been made to trap
metal atoms inside fullerene cages®, and both endohedral™* and
exohedral®® metallofullerenes have been synthesized. There is,
however, a third possibility: a ‘networked’ metallofullerene, where
the metal atom is incorporated into the carbon cage. Here we
report the results of experiments to study the structure and reactiv-
ity of gas-phase fullerenes doped with niobium (NbC, with n=
28-50). These experiments, which use injected-ion drift-tube tech-
niques, indicate that for fullerenes containing an even number of
carbon atoms the metal is endohedral, but for fullerenes with an
odd number of carbon atoms, the niobium metal is bound as a part
of the carbon cage. Thus, networked metallofullerenes appear to
be a stable class of metallofullerene. We suggest that such metallo-
fullerenes can form if the metal atom retains sufficient electron
density to form several strong covalent metal-carbon bonds.

Although boron can be readily networked into fullerene
cages’, evidence for a stable class of networked metallofullerenes
is scant”. It has been suggested that because the average nearest-
neighbour C-C distance in a fullerene is only 1.44 A, the small
boron atom will be the only substitutional dopant, as found for
graphite®. So far, the only evidence supporting the existence of
networked metallofullerenes has been found for a few small
LaC, (n=31, 33, 35 and 37) clusters where the fullerene cage
becomes too small to readily encapsulate the metal, thus squeez-
ing it out of the cage’. Here we report physical and chemical
studies of the structures of gas-phase NbC, (n=28-50) clusters
which show that networked metallofullerenes are stable for some
metals. The networked structures are formed for clusters con-
taining an odd number of carbon atoms, where the metal atom
can occupy the defect site in the fullerene cage that results from
the missing carbon atom.

Our injected-ion drift-tube apparatus has been described in
detail previously'®. NbC, ions generated by pulsed laser vapori-
zation of a mixed NbC/graphite composite rod were size selected
by a quadrupole mass spectrometer. Previous unsuccessful
attempts at producing NbC, clusters have been interpreted as
an indication that NbC ;| metallofullerenes are unstable’'. We
were unable to observe NbC, clusters with a Nb:C ratio of
1:60, but they form readily when the ratio is 1:10. Pulses (25-
or 50-us) of mass-selected NbC,, ions were injected (at an energy
of 150 eV) into a drift tube containing helium. Drift-time distri-
butions were collected under room temperature conditions
(~300 K and ~5 torr), and with the drift tube cooled using liquid
nitrogen (~77 K and ~2.1torr). The drift time (the time
required for the ions to travel across the drift tube) depends
on the average collision cross-section, such that isomers with
compact geometries have shorter drift times than ones with less
compact geometries. This was first demonstrated for organic
ions by Hagen using ion mobility spectrometry'”. von Helden ez
al. were the first to apply this idea to atomic-cluster ions using
injected-ion drift-tube techniques'*'®. The room temperature
conditions are used so that we can easily compare the mobilities
measured here to ones measured previously”'*'*. The cold con-
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FIG. 1 Drift-time distributions recorded for C 4, (bottom), NbCi, (middle)
and NbC3ze (top) at 77 K and 2.070(x£0.005) torr. The drift tube is
7.62 c¢m long and the drift field was 13.12 Vecm™. Isomers A, B and C
have been assigned to fullerene, graphitic sheets and bicyclic ring iso-
mers, respectively (see text). Isomer D corresponds to a monocyclic
carbon ring. The dotted line shows that the C, and NbC, fullerenes
have nearly identical drift times, suggesting that the metal is inside the
fullerene cage. The drift time for NbC3, is substantially longer, sug-
gesting that NbC4g is not an endohedral metallofullerene.

ditions are used to enhance the resolution'® ', On entering the
drift tube, the ions experience a rapid transient heating cycle as
their kinetic energy is thermalized by collisions with the buffer
gas'®. This causes some annealing but almost no dissociation
(less than 10%). After leaving the drift tube, the ions are focused
into a second quadrupole mass spectrometer that is used to mon-
itor fragmentation and transmit only the ion of interest.

Figure 1 shows the drift-time distributions recorded for
NbC iy, NbCi, and C3; at 77 K. For C3y, the peaks labelled A,
C and D have been previously assigned to the fullerene, bicyclic
ring and monocyclic ring isomer, respectively'*'*. Peak A for
NbCJ, occurs at essentially the same time as peak A for C,,
indicating that the former species is an endohedral metallo-
fullerene. The most striking feature of the data in Fig. 1 is that
the NbC3s fullerene isomer has a longer drift time than the
NbC 4 and Cg, fullerenes, even though this cluster contains
fewer carbon atoms. This behaviour is observed for all of the
neighbouring even-numbered (NbC3, or C3,) and odd-num-
bered (NbC3,_ ) clusters above NbC 3. For NbC, with n< 36,
peak A always occurs at longer times than for the analogous
C, cluster. Peaks B and C in the NbC, drift-time distributions
are assigned to graphitic sheets and bicyclic rings containing
niobium and will be discussed elsewhere (D.E.C. and M.F.J.,
manuscript in preparation). Monocyclic rings, an important
isomer for pure carbon clusters (peak D), are not observed for
NbC, clusters in this size range.

Figure 2 shows the inverse reduced (normalized to 273 K and
760 torr) mobilities for C,, LaC, and NbC, fullerenes deter-
mined from drift-time distributions collected at ~300 K and
~5torr. As discussed previously’, the mobilities of
LaC3,, LaC3 and larger clusters are essentially identical to
those measured for the corresponding C;, fullerenes, indicating
that they are endohedral metallofullerenes. LaC3;, LaC3s and
smaller LaC ,, fullerenes have inverse mobilities that are substan-
tially larger than their corresponding C, fullerenes. For these
clusters, calculated inverse mobilities for model metallofullerene
structures show that the lanthanum is either exohedral or
networked’. The measured mobilities for NbC3; and smaller
niobium metallofullerenes show similar behaviour to the small
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LaC, clusters, indicating a non-endohedral geometry due to the
metal atom being squeezed out of the cage. But for the larger
NbC,, clusters, only those with an even number of carbon atoms
form endohedral metallofullerenes. The larger odd-numbered
NbC, clusters have inverse mobilities that are substantially
greater than their C,, analogues, indicating that the metal atom
is not encapsulated within the carbon cage.

To test this idea further, we have studied the chemical reactiv-
ity of C,; and NbC, clusters with O, and N, at 300 K. For these
experiments, partial pressures of 0.002-0.008 torr of either O,
or N, were added to the He buffer gas. Mass spectra and drift-
time distributions were then collected to investigate the chemical
reactivity of the NbC, clusters. All of the isomers displayed in
Fig. 1 for pure C; clusters (over the entire 30-50 atom range)
are unreactive towards both O, and N, at reagent partial
pressures of up to 0.008 torr. Under these conditions, NbC
clusters react with oxygen to form NbC,(O)! (x=1-5); they
react with nitrogen primarily by forming NbC ,—(N,) and to a
much lesser degree NbC , —(N2), (<10% of total product forma-
tion). Figure 3 shows the reactivity results recorded for NbC 3,
and NbC}, with N, at a partial pressure of ~0.002 torr. These
data have been normalized and scaled by the measured fraction
of the unreacted parent ions, such that the peaks in the drift-
time distributions represent the abundance of each NbC 3, and
NbC4, isomer that remains after the clusters have passed
through the drift tube. Clearly the NbC 3, fullerene isomer reacts
with N, whereas the NbC 3, fullerene is essentially inert. When
the same fraction of O, is added to the He buffer gas, no reaction
is observed for the NbC I, fullerene whereas the NbC3, fullerene
reacts away entirely. Results comparable to those for NbCj, are
observed for NbC3; and larger NbC3, clusters. All NbC3,_,
clusters, and NbC,, fullerenes that contain fewer than 38 car-
bons, show substantial reactivity towards both reagent gases, as
was observed for NbC3s. These results indicate that the Nb
atom is responsible for the observed reactivity, and that for
NbC3,_, fullerenes, the metal is accessible at the surface of the
cage.

The results presented here show clearly that the niobium atom
is trapped inside even-numbered carbon cages (having at least
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FIG. 2 Inverse reduced mobilities for the fullerene isomers (determined
from data taken at ~300 K and ~5.0 torr) plotted against the number
of carbon atoms in the cluster for C, (open circles), LaC, (solid tri-
angles) and NbC, (open triangles). The inverse mobilities for
LaCze-LaCss and LaC3; are 9-12% larger than the inverse mobilities
for the pure C, clusters; this indicates that lanthanum is attached to
the outside surface of the fullerene. The mobilities for LaC3g, LaC3g
and ilarger LaC, are essentially identical to those measured for c,
indicating that the metal is endohedral. In the niobium system, NbCsg
and larger NbC;,, clusters have inverse mobilities that indicate that they
are endohedral metallofullerenes. All of the NbC,, . ; fullerenes, as well
as NbC3is and smaller NbC3, metallofullerenes, have mobilities that
imply an isomer where the metal is attached to the outside surface of
the fullerene.
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FIG. 3 Drift-time distributions for NbC 3o (top two traces) and NbC o
(bottom two traces) in pure He and in a mixture of N, in He (see text).
isomer B, the graphitic sheet, reacts away completely for both NbC3g
and NbC .. Isomers A and C (the fullerene and bicyclic ring isomers,
respectively) are substantially more reactive for NbCiq than for
NbCao. The low reactivity of the bicyclic ring (isomer C) for NbC., is
consistent with a geometry where the Nb atom is tetrahedrally coordi-
nated by insertion into two orthogonal carbon rings (D.E.C. and M.F.J.,
unpublished results).

38 atoms) but resides at the surface of carbon clusters containing
odd numbers of carbon atoms. The only reasonable explanation
for the results for NbC3,_, fullerenes is that the metal can substi-
tute for the missing carbon atom in an odd-numbered fullerene
cage, stabilizing the resulting NbC3,_, metallofullcrene. Our
quantum-chemical calculations (using the Gaussian 92 program,
Gaussian Inc., Pittsburgh) show that the resulting networked
structures have a fairly distorted geometry—the metal atom sits
outside the surface of the carbon shell—because the Nb-C bonds
are significantly longer than C-C bonds (~2.0 A for NbC com-
pared to ~1.4 A for carbon).

Insight into why niobium networks into large carbon cages,
rather than being trapped inside (as observed for lanthanum)
can be gained by considering the Nb™ and La”™ ions. Nb™ has
four valence electrons and should bond strongly with the sp’-
hybridized carbon atoms in the fullerene cage. La™ has only two
valence electrons and therefore cannot thoroughly satisfy the
four-electron hole at the cage defect. Furthermore, ¢lectron para-
magnetic resonance (EPR)' and theoretical®™®' studies show
that La*" is found within fullerenes, further weakening the met-
al’s ability to contribute covalently to the carbon framework.
Thus the La*" which resides on the inside of the fullerene cage
is stabilized by ionic interactions with the negatively charged
fullerene cage. On the other hand, the first and second ionization
energies of Nb atoms (6.88 eV and 14.32 eV, respectively)®* are
significantly larger than those of La atoms (5.577eV and
11.06 eV)*. It therefore seems likely that Nb" will retain more
of its valence electron density, enabling it to form covalent bonds
with the four electrons at the defect site and network at the
surfaces of even very large C3,_, cages. Indeed, our quantum-
chemical calculations for networked NbC 3, and LaC 5, fullerenes
determine a Mulliken charge of +1 on Nb and +2 on La, consist-
ent with these simple arguments.

The preference of large even-numbered NbC 3, clusters to form
endohedral metallofullerenes can be understood by considering
the energetic differences between carbon-carbon and metal-
carbon covalent bonds. Thermochemistry for metal-carbon sys-
tems shows that the bond energies of even the strongest metal-
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carbon single and double bonds (~2.5e¢V and 4.1eV,
respectively)™ are much weaker than carbon-carbon single and
double bonds (~3.8eV and 7.5eV, respectively)”. Thus
although the ionic interactions between lanthanum and the
inside of a fullerene cage discussed above are probably weaker
for niobium, the large energy difference between the formation
of C-C and Nb-C bonds favours the all-carbon cage rather than
the metal-substituted cage for NbC3, metallofullerenes.

Our results show that networked metallofullerenes are a stable
class of metallofullerene for some metals. In addition to the
results for niobium described here, we have recently obtained
preliminary evidence indicating that some of the larger zircon-

ium-containing fullerenes are networked. Because the metal
atom is exposed in a networked metallofullerene, these species
may possess catalytic properties as well as large dipoles and
useful optical properties. They may self-assemble into novel lay-
ered materials. It should be possible to attach inorganic ligands
during or immediately after production, which would not only
provide a rational scheme for further stabilizing these species,
but might also lead to extraction and purification procedures
that use the metal-ligand chemistry. We are currently attempting
to synthesize macroscopic quantities of these materials along
these lines so that their properties can be examined
in detail. O
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Effect of precipitation on
the albedo susceptibility
of clouds in the

marine boundary layer
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TROPOSPHERIC aerosols are thought to have three important effects
on the Earth’s radiation budget: the direct radiative effect' (pertur-
bation of clear-sky reflectivity), the indirect radiative effect” (modi-
fication of cloud albedo) and the effect on the hydrological cycle’
(modification of the vertical thickness and horizontal extent of
clouds). The first two effects have been understood in principle for
nearly 20 years, and quantitative estimates of their magnitudes
have been provided by models and observations®. The third phe-
nomenon, and its relation to the other two, has received far less
attention. Previous work® has shown, however, that increases in
aerosol concentration may act to increase cloud albedo by increas-
ing horizontal cloud fraction as well as cloud reflectivity. Here we
use a simple model of the marine cloud-topped boundary layer to
investigate the changes in cloud thickness and albedo that result
from changes in precipitation as particle concentrations vary. We
find that the sensitivity of layer cloud albedo to droplet number
concentration (the albedo susceptibility) is increased by 50-200%
when the dependence of cloud thickness on particle number is
included. The results suggest that the response of cloud thickness
to changes in aerosol particle concentration must be taken into
account for accurate prediction of global albedo by climate models.

Aerosols affect cloud properties by acting as cloud condensa-
tion nuclei (CCN) upon which cloud droplets form. An increase
in droplet number concentration N (cm ) at constant liquid-
water mixing ratio g, (kg water per kg air) results in a decrease
in the average droplet radius and an increase in total droplet
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surface area and cloud albedo A. The effect can be quite large—
an order-of-magnitude change in N can induce relative changes
in A4 as large as 30% (ref. 5). This process is often quantified in
terms of albedo susceptibility®:

So=_~ (1

Measurements from satellites’ and aircraft® of marine boundary-
layer clouds around the world show that susceptibility varies
widely under natural circumstances, and indicate that anthro-
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FIG. 1 Predicted equilibrium cloud thickness h (bottom trace) and
cloud-top height z (top trace) as functions of droplet concentration N.
Increases in N lead to decreases in the average cloud droplet radius
and so to decreases in precipitation. This affects the boundary-layer
energy budget, causing entrainment to increase and z to rise. Cloud
thickness is most sensitive to changes in droplet concentrations when
droplet concentrations are low. Droplet concentrations of 10 cm™ 3 have
been observed in the Southern Hemisphere; concentrations of
1,000 cm ™2 represent highly polluted air from continental sources. The
predictions arise from a mixed-layer model of the marine boundary layer
which includes parametrizations of radiation and precipitation.
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