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Abstract

lon mobility measurements have been used to examine the structures and fragmentation procesgg$, cbilexes
with up to five niobium atoms. Our results confirm the observations of Martin and collaborators that logs ah@mportant
fragmentation process for complexes with= 3. However, ion mobility measurements for )i, complexes and their
Nb,Cdo-_ s, fragments show that they are all fullerenes. It is likely that the@{y_ 5, fragments with an odd number of carbon
atoms are stabilized by a niobium atom occupying the defect site in the fullerene cage, and that this stabilization toages C
energetically favored over the usual fullerene dissociation process,ob$3. Detailed analysis of the ion mobility
measurements shows that the niobium atoms in theCKlcomplexes are clustered together on the fullerene surface. At high
injection energies a structural transformation occurs forQfh and one of the niobium atoms apparently moves to an
endohedral position. This process does not occur for Jybiilit an analogous structural transformation appears to occur for
all complexes withx > 2. (Int J Mass Spectrom 185/186/187 (1999) 507-515) © 1999 Elsevier Science B.V.
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1. Introduction fullerenes. For example, §&4, and Li,Cg, were
found to be particularly abundant products in the
Studies of nonendohedral metalfCcomplexes photodissociation of lithium-coated fullerenes [3-5].
provide information about metal-fullerene interac- The stability of Li,CZ, appears to result from elec-
tions. Early studies for Mg, ions showed that for  tronic effects: six lithium atoms donate an electron to
M = Fe, Co, Ni, Cu, Rh, and La the complexes fill the t,, orbital of G, to give (Li*)sCS, and the
dissociate by breaking the metal-fullerene bond [1]. seventh lithium atom supplies the charge. On the
AgC¢, and Ag,Cq, dissociate in a similar way [2]. A other hand, the stability of LiCZ, appears to be
few years ago, Martin and co-workers developed a related to a geometric effect. When fullerenes coated
source where enough metal atoms could be added towith the alkaline earth metals are photodissociated,
completely cover the surface of the fullerene and even M3,Cq, and M,,C7, are particularly abundant prod-
make several metal layers. They have reported aucts [4—6]. G, has 20 hexagons and 12 pentagons
number of fascinating studies of these metal-coated while C,, has 25 hexagons and 12 pentagons. Thus
the stable alkaline earth complexes appear to have
. . one metal atom for each ring on the fullerene surface.
* Corresponding author. .
Dedicated to Professor Michael T. Bowers on the occasion of his If hundreds of alkaline earth atoms are added to
60th birthday. Cso Photodissociation reveals stable structures with
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concentric shells of 32, 104, 236, and 448 metal
atoms.

Photodissociation of titanium and zirconium
coated G, yields particularly abundant species with

mobility measurements [16]. The mobility of anionin
an inert buffer gas depends on the average collision
cross section and comparison of the measured mobil-
ities with mobilities calculated for assumed geome-
50, 62, 72, and 80 metal atoms [7]. Other transition tries provides structural information. The application
metals show similar magic numbers. It has been of ion mobility measurements to carbon clusters was
suggested that these numbers are related to the numypioneered by Bowers and collaborators. They demon-
ber of metal atoms required to form a single layer on strated fullerene isomers could easily be resolved
the fullerene using different packing schemes. Vana- from graphite sheet and ring isomers [17]. The results
dium and titanium covered fullerenes evaporate metal presented here suggest that the fullerene cage is
atoms at low laser fluences, but as the fluence in- maintained in the presence of three or more niobium
creases carbon loss is also observed. At high laseratoms. In addition, we present evidence for structural
fluences MCJ, is the major product. MC;, has transitions in some of the NBg, fullerene com-
previously been observed as a stable cluster from theplexes. The most plausible interpretation of these
reactions of early transition metals with small hydro- transitions is that they result from one of the exohe-
carbons in a cluster source [8]. Niobium and tantalum dral metal atoms burrowing through the fullerene cage

fullerene complexes were found to dissociate in a
different way [9]. MG, (M = Ta or Nb) loses the
metal atom and then the resulting Qlissociates by
typical fullerene G loss. M,Cg, retains the metal
atoms and dissociates by, @oss. While for com-
plexes of three or more tantalum or niobium atoms,

and moving to an endohedral position.

2. Experimental methods

Except for some modifications to the source, the

the metal atoms are retained but dissociation occursinjected ion drift tube apparatus used for these studies

by C;loss. G loss is thermodynamically favored over
C, loss if the cohesive energies of thé. G and G,_,
products are not significantly different. Fullerenes
lose G units [10,11] because this allows them to
retain a closed cage structure while nonfullerene
isomers dissociate predominantly by [Bss [12,13].
Based on the loss of @rom M,C¢y (x = 3, M = Nb

has been described in detail previously [18,19] and
will only be briefly discussed here. The source was
modified to introduce fullerenes into the buffer gas
flow, upstream from the laser vaporization region.
Graphite soot was prepared by standard arc generation
techniques, extracted with carbon disulfide, washed
with methanol, and vacuum dried. The resulting solid

or Ta), it was suggested that three or more niobium or was primarily G, with less than 10% &, and higher
tantalum atoms destroy the fullerene cage to produce fullerenes. The fullerene mixture or commercig),C

graphite sheet or ring isomers [9].

Previous studies of the structures of Nb€lusters
by our group have provided compelling evidence that
a niobium atom can become part of the fullerene
network structure [14,15]. Thus NijCfullerenes with
odd n are much more stable than pure carbon
fullerenes with oddh because the metal atom occu-
pies the defect site in the carbon cage. Thus, loss;of C
from M, C¢o (x = 3, M = Nb or Ta) may be preferred
over loss of G because the metal atoms can stabilize
fullerenes with an odd number of carbon atoms. In
order to examine the structures of thg®j, clusters
and the MCZ,_ s, fragments we have performed ion

(99.5%, BuckyUSA) was transferred in €30 a
tungsten filament and the solvent was evaporated. The
fullerene coated filament was mounted in the source
block approximately 2 cm upstream from the niobium
target (Aldrich, 99.9%). The fullerene mixture was
thermally desorbed into the helium buffer gas and
then mixed with the material produced by pulsed laser
vaporization (308 nm) of the niobium target. Approx-
imately 1 cm from where the clusters exit the source,
a high energy electron beam is fired into the buffer gas
to promote the ionization of the niobium-fullerene
complexes. lons that exit the source are focused into
a quadrupole mass spectrometer where a particular
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Nb,Cg, ion can be selected. The mass-selected ions Table 1

are focused into a low energy ion beam and injected Products from the collision |nQuced dISSOCIatIOI"] of N, (X =
0-5) complexes. Only the main products (relative abundaace

through a small aperture into a drift tube containing g.1) are shown. Product branching ratios are shown for injection
neon buffer gas. As the ions enter the drift tube they energies where most of the parent ions are dissociated

undergo collisions with the buffer gas. These colli-

Branching
sions heat the clusters, and then after their kinetic Parent cluster Dissociation products ratio
energy is thermalized, further collisions cool the . Clo o + NC, 1.0
_clgste_rs to the t_emperature of the buffer gas. At high NbCL Nb" + Ceq 0.6
injection energies, the clusters become hot enough Ciy + Nb 0.4
that thgy may undergo structural transitions or even np.c: Nb; + Ceo 05
dissociate [20,21]. These processes occur close to the Nb,C; + Nb,_,Ceo_n 0.3
entrance of the drift tube so that ion mobility mea- NB,Ceo-2n + NC, 0.2
surements can be used to probe the structures of theNP:Céo EE:?; Ceo c 8-2

. + + .

products. Neon was used as the buffer gas in these Nb.GE oy &bi:z 01
. . . 2~60—2n n .
studies (mstegd of_ helium) because neon _transfersNbACgo NB.C' + Nb, Coy . 0.9
more energy into internal energy as the ions are Nb,Cy_ s, + NCy 0.1
!njectgd into the drift tube. Wlt.h hel|u.m. many of the \pcs NbsCo an + NCs 0.8
ions did not fragment at the highest injection energy Nb,C/ + Nbs_,Cso_n 0.2

accessible (around 400 eV). A 2.5 cm long drift tube
with 0.1 cm diameter apertures was used to study the
fragmentation processes, and a 7.51 cm long drift tube dissociation pathway for clusters with= 3. Small
with 0.025 cm apertures was used for mobility mea- Nb,C. fragments are first observed for M, and
surements. After exiting the drift tube, the ions are become the dominant dissociation product for
mass analyzed by a second quadrupole mass specNb,CZ, Loss of G is observed for all NiCg,
trometer and then detected by an off-axis collision complexes withx = 3-5 but it is the dominant
dynode and dual microchannel plates. dissociation process for only NGg,. Loss of G is a
minor dissociation pathway for NG,
Fig. 1 shows a plot of the injection energy depen-
3. Results dence of the fragmentation processes. The injection
energy threshold for dissociation ofls at 260—-300
The mass spectrum of the ions exiting the source is eV. The threshold for Nbg, is much lower, at
dominated by €, but useable intensities of the 120-160 eV. The threshold for dissociation of
Nb,Cd, complexes withx up to around 5 or 6 are  Nb,C{, is broad, with a tail extending up to 300 eV,
produced. Injection of the NIE¢, complexes into the  while the thresholds for NICd, and NhCZ, are
drift tube at elevated kinetic energies leads to disso- narrow and occur at 260-300 eV, close to the thresh-
ciation. Table 1 is a summery of the main products old for Cg, The threshold for NiC{, is at a slightly
(relative abundance= 0.1) observed in the collision  higher injection energy that for &5 These results
induced dissociation of the NBZ, complexes. Prod- indicate that for Nbg, and for most of the NfCg,
uct branching ratios are also shown for injection complexes, the dissociation energy is considerably
energies where most of the parent ions have dissoci- smaller than for g, While for Nb,Cg,, Nb,Cqo, and
ated. Three types of dissociation process are ob- Nb;C{,the dissociation energies are similar to that
served: metal loss from the complex; formation of of Cg,.
small niobium/carbon cluster ions (NB,,); and the lon mobility measurements were performed by
loss of small carbon fragments {©@r C;). Niobium injecting 50 us pulses of mass selected ions into the
atom or niobium cluster loss is the most important drift tube and recording the arrival time distribution at
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Fig. 1. Plot of the injection energy dependence of the dissociation
of C¢y, and NRCZ, complexes withx = 1-5. Theresults were
obtained with the short drift tube and a neon buffer gas pressure of
around 0.6 Torr. The points are the experimental data, the lines are
guides.

the detector with a multichannel scaler. A neon buffer
gas pressure of-5 Torr was employed, along with a
drift field of 13.2 V/cm. The arrival time distributions
are converted into drift time distributions by correct-
ing the time scale so that it only reflects the time the
ions spend traveling through the drift tube [18]. Drift
time distributions measured for B, at low injec-
tion energies are plotted in Fig. 2. As the number of
niobium atoms increase, the drift times steadily in-
crease.

Reduced mobilities were determined from the drift
time distributions using [22]

L2 p 273.15

Ko=t{v760 T

(1)

wherelL is the length of the drift tube is the drift
time, V is the voltage across the drift tubg,is the
buffer gas pressure in Torr, afidis the temperature.

J.L. Fye, M.F. Jarrold/International Journal of Mass Spectrometry 185/186/187 (1999) 507-515

| |
Siniwich graphite
fullerene shee
| /
LN T
[ |
W |
Nbcso+ V| |
T T
0 N |
c | |
3 NbyCeo | |
3) AWl [
[ I
NbsC AV
3“-60 1
[ I
I\ [
Nb,C \ !
460 \ |
I |
I
NbsCeo® l !
| |
1000 2000 3000 4000

Time, microseconds

Fig. 2. Low injection energy drift time distributions fordgand
Nb,Cd, complexes withk = 1-5. Thedistributions were recorded
with the long drift tube and a neon buffer gas pressure of around 5.0
Torr. Calculated drift times for NICZ, fullerenes, graphite sand-
wiches, and graphite sheets are shown by the points (see text).

injection at energies that are high enough to dissociate
most of the ions. The inverse reduced mobility of
NbCq, is significantly (5.8%) larger than for &
which confirms that the niobium atom is exohedral.
The inverse reduced mobility of Ni§gremains con-
stant until this complex is completely dissociated. For
Nb,Cd, (x = 2) the stepwise increase in the inverse
mobilities at low injection energy on going from
Nb,Cg, to Nb, . ;Cg, suggests that the additional
niobium atoms are also added to the outside of the

Fig. 3 shows the measured inverse reduced mobilities fullerene. As the injection energy is increased, the

for Nb,Cqy (x = 0-5) plotted as a function of

inverse mobilities of the Ni©4, complexes withx =

injection energy. The inverse reduced mobility is 2 decrease, indicating the complexes become more
plotted because it is directly proportional to the compact. Note that the inverse mobility of Mk,
collision cross section of the cluster. The inverse decreases to the value for the NjgComplex.

reduced mobility of G, is constant over the range of
injection energies employed, indicating tha},@ain-

Drift time distributions for NRCZ, and the frag-

ments resulting from sequential,@oss, NRC:- to

tains the structure of the spherical fullerene even after Nb,C,, are shown in Fig. 4. Each drift time distribu-
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Fig. 3. Inverse mobilities for & and N Cqg, complexes withx =
1-5 plotted as a function of the injection energy. The distributions  Fig. 4. Drift time distributions measured at high injection energies
were recorded with the long drift tube and a neon buffer gas for Nb,C, and the fragments NE: to Nb,C,.,. The distributions

pressure of around 5.0 Torr. The points are the experimental data were recorded with the long drift tube and a neon buffer gas
and the lines show inverse mobilities calculated for geometries pressure of around 5.0 Torr. Calculated drift times for

discussed in the text. The solid lines show inverse mobilities Nb,(Nb@G,,_,) " fullerenes, graphite sandwiches, and graphite
calculated for geometries where the niobium atoms form a compact sheets are shown by the points (see text).

cluster on the fullerene surface. The dashed line labelled 2T shows

the calculated inverse mobility for a BB, geometry where the

niobium atoms are attached to opposite sides of the fullerene cage. . .
confirmed the unusual fragmentation process, loss of

C,, reported by this group for NE&Z, clusters with

tion shows a single peak with a width close to that X = 3. In order to obtain more information about the
expected for a single isomer. The drift time distribu- Structures of the NIs, clusters and their fragmen-

tion for Nb,C¢, was recorded at high injection energy tation products, we have calculated mobilities for a
and so this distribution is for the more compact (high Vvariety of simple structural models for comparison
injection energy) isomer apparent in Fig. 3. The drift With the experimental data. Mobilities were calculated

times of NRCZ, to Nb,C/, steadily shift to shorter using the exact hard spheres scattering model [23]. If
times. the structure is correct, the calculated mobility is

expected to be within 2% of the measured value.

However, agreement with the measured mobility is

4. Discussion not proof that the structure is correct, because other
low energy structures could have the same mobility.

Collisional excitation of NRC{, clusters in neon  In order to calculate mobilities using the exact hard
results in fragmentation products that are similar to spheres scattering model, it is necessary to define hard
those observed in the photodissociation experiments sphere contact distances for C—Ne and Nb—Ne inter-
of Martin and collaborators [9]. In particular, we have actions. The hard sphere contact distance for C—Ne
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interactions (3.4 A) was determined by fitting the “graphite sandwiches” are larger than for the observed
measured mobility for €, An estimate of the Nb-Ne features, and a greater sheet separation would increase
hard sphere contact distance was obtained by model-the discrepancy. It seems that only MNllerene
ing the NbG, complex. The fact that the inverse models accurately predict the observed drift times.
mobility of NbCZ, is significantly larger than for & The fullerene models will now be described in detail.
indicates that this complex is exohedral. The most  Quantum chemical calculations were not attempted
likely Nb—Cg, bonding geometry is am—2 bridge for Nb,Cq, adducts withx = 2. Instead we con-
over the 6—6 double bond ofs& An arene complex  structed some plausible model structures assuming
with the metal over a hexagon of the fullerene is a that the niobium clusters were constrained to the
plausible alternative. However, we do not know of geometries determined by Goodwin and Salahub [24]
any direct experimental evidence for metal arene and placed at a 2.0 A Nb=EC distance from the
complexation of G, or for niobium arene complexes. fullerene. This first order modeling does not consider
Some model structures for the Nb-bridged geometry changes in the geometries of the niobium cluster or
were optimized at the Hartree-Fock level using the the fullerene due to their complexation. Assuming
Gaussian 92 package. The complex was modeled Nb,Cg, has both niobium atoms exohedral (which is
using ethylene, naphthalene, angi,@agments with qualitatively consistent with the increase in inverse
up to 30 carbon atoms. These models all gave a 2.0 A mobility on going from NbG, to Nb,Cg, at low
distance between the niobium atom and the center of injection energy) two structures can be imagined: a
the double bond. To fit the Nb-bridged structure to the Cgywith trans-Nb atoms and aggwith an Nb, dimer.
measured inverse mobility for the NBCcomplex Placing two 6—6 bond bridging niobium atoms on
required a Nb—Ne contact distance of 3.6 A. opposite sides of the fullerene cage would maximize
Drift times calculated for several isomers using the inverse mobility of the complex. This bonding
assumed geometries and the exact hard spheres scascheme has been reported for some palladium [25-27]
tering model [23] are shown in Fig. 2. In addition to and platinum [25,26] complexes. The predicted in-
the results shown in the figure, calculations were also verse mobility for this structure (line 2T in Fig. 3) is
performed for some ring isomers. The calculated drift significantly larger than the value measured for
times for the ring isomers are out of the range of the Nb,Cg, at low injection energy. Placing a niobium
plot and so these isomers can be ruled out. As can bedimer on the surface of the fullerene provides the
seen from the figure, planar graphite sheet structuresmost compact geometry for two exohedral niobium
are expected to occur at much longer drift times than atoms. Based on known ruthenium [28] and iridium
the observed features. This is true regardless of the[29] dimer-fullerene complexes, the niobium dimer
arrangement of the niobium atoms. So isomerization (with a 2.10 A bond length) was placed over two 6—6
of the NRC¢, clusters into graphite sheet structures bonds of a single fullerene hexagon. This structure
can also be ruled out. Calculated drift times for has a calculated inverse mobility (line 2 in Fig. 3)
“graphite sandwiches,” two stacked graphite frag- within 0.5% of the inverse mobilities measured at low
ments with niobium atoms sandwiched between them, injection energies.
are shown in the figure because these structures have Similar modeling of the NCgo, Nb,Cgo and
mobilities that are similar to those of the fullerenes. Nb.C{, complexes also indicate that the niobium
The graphite sandwiches are energetically unfavor- atoms cluster on the surface of the fullerene. For
able because of the large number of dangling bonds Nb;C¢, the Nb, was addedn-2m-2m-2 over the
around their edges. The 3.35 A bulk graphite sheet 6—6 bonds on a single fullerene hexagon. This geom-
spacing was used for these structures to calculate theiretry is patterned after the structure of a known
drift times even though inclusion of the niobium Ru—Cgy, complex [30]. This simple model agreed
atoms between the sheets would most likely result in with the experimental data within 1% (line 3 in Fig.
a larger separation. The calculated drift times for the 3). Placing three niobium atoms randomly on the
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fullerene surface results in an inverse mobility over
5% larger than observed. For M, a geometry
with a terahedral Nbbound by its three base atoms
n-2m-2m—2 on a single hexagon of the fullerene, has
a calculated inverse mobility within 1% of the exper-
imental value (line 4 in Fig. 3). Once again, a random
distribution of niobium atoms greatly over estimates
the inverse mobility (by around 8%). For the },
complex the calculated inverse mobility for a geom-
etry with a niobium dimer and trimer on the fullerene
surface is within 1% of the experimental value, while
the calculated inverse mobility for a geometry with
randomly distributed niobium atoms is 10% too large.
These results clearly show that the niobium atoms
must be clustered together and not randomly dis-
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Nb-C bonds. So the only remaining explanation is
that the niobium dimer is capable of activating the
fullerene, and one of the niobium atoms penetrates
into the fullerene to form a Nb(Nb@g) © complex.
The endohedral niobium would not contribute to the
cross section since it is hidden from the buffer gas by
the surrounding g, Such a complex would be
expected to have approximately the same inverse
mobility as NbG,, in agreement with the experiment
results. Therefore, it appears that niobium clusters can
activate the fullerene cage and form a complex with
an endohedral niobium atom. For M, the pro-
posed activation of the fullerene cage to form an
endohedral complex apparently competes with disso-
ciation and this is probably responsible for the broad

persed on the fullerene surface. However, we are not dissociation threshold observed for this complex (see

able to determine the precise structure of the®lg

Fig. 1). The endohedral No(Nb@@" complex is

complexes because small changes in the bond lengthgoresumably more strongly bound than the exohedral

within the niobium cluster and between the cluster

complex and once it is formed it can survive to higher

and fullerene can change the cross sections by 1%-injection energies.

2%.
The inverse mobilities for the NE4, complex

The inverse mobilities for NJ©4, (x = 3-5) also
decrease at high injection energies suggesting that

decrease as the injection energy is raised and forthey also undergo a transition to an endohedral
injection energies greater than around 140 eV, the Nb,_;(Nb@G;,) " geometry. However, for these

inverse mobility approaches the value for NgCThis

indicates that a structural transition is occurring and
the Nb,C{, complex is rearranging to a more compact
geometry. This structural transition could be the
exohedral niobium atoms rearranging into more com-
pact configuration on the fullerene surface, one or
both of the niobium atom being incorporated into the

complexes the inverse mobilities do not return com-
pletely to the values of the Nb,Cg, complexes at
low injection energies. So the interpretation of the
structural transitions observed for &, with x = 3

is not as straight forward as for BNBg,. It is possible
that the arrangement of the niobium atoms on the
fullerene surface is different in the MNb@G,) "

=

cage network, or an exohedral niobium atom being and NRCZ, complexes withx 2. Note that a
incorporated inside the cage. Rearrangement of thetransition to an endohedral geometry is not observed
niobium atoms on the fullerene surface seems un- for NbCg, A single metal atom may not be able to
likely because the modeling described above indicates catalyze this structural transformation. On the other
that the niobium atoms are already in a compact dimer hand, the structural transition competes with dissoci-
geometry. To examine the possibility of networked ation for Nb,Cg,, and occurs at energies below the
niobium structures (structures where a niobium atom dissociation threshold for N&g,, x = 2. So an

is part of the cage) we replaced two carbon atoms in alternative explanation for the absence of the pro-
a Gy, cage by a niobium atom. The calculated inverse posed endohedral transition for Ngs that a single
mobilities for this structure was around 5% larger than metal atom is not bound to the fullerene strongly
the measured values at high injection energies. The enough for the Nbg, to survive to sufficiently high
relatively large inverse mobility for this structure energies for the transition to occur. In the J0§,
results because the niobium atom still protrudes from complexes the Npclusters are bound to the fullerene
the fullerene surface because of the relatively long surface with more chemical bonds, and so these
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complexes survive to higher energies. The mechanismfullerene structure with an even number of carbon
by which the niobium atom moves to an endohedral atoms [11]. Fullerenes with an odd number of carbon
position seems to be different from other processes atoms are unstable because they have a defect, a
that lead to the formation of endohedral fullerenes. missing atom, in the cage. As noted above, a plausible

For example, it is known that rare gas atoms [31] and
alkali metal atoms [32,33] can be forced into a

explanation for the unusual,doss process observed
for the NQCqo, X = 3, complexes is suggested by

fullerene cage by kinetic energy. Rare gas atoms haveprevious ion mobility studies of niobium doped car-

also been driven into g by high pressure and
temperature [34]. In work that seems more closely

bon clusters performed in this laboratory [13,14]. In
those experiments fullerenes with an NRC, com-

related to that described here, McElvany has reported position were identified. Based on their mobility and

formation of Y@G, from laser vaporization of
graphite/GyY ,05 mixtures [35]. However, the mech-

reactivity, the geometry assigned to these species
was a G, fullerene structure with one of the

anism and the intermediates involved in this process carbons replaced by a niobium atom. The ability of

remain unknown.

The results described above indicate that the sim-

ple addition of three or more niobium atoms tg,C
does not result in destruction of the fullerene cage.
But the possibility still exists that the complexes may
isomerize upon dissociation. Drift time distributions
for Nb,;Cg, and the fragments N2> and N,Cj, are
shown in Fig. 4. In the top distribution, NB¢, is the
compact (high injection energy) structure discussed
above. This isomer probably has an Mo@GCo)*
structure. The drift times of the fragments, J03- to
Nb,C;,, become slightly smaller each time the com-

plex loses three carbon atoms in a dissociation step.

Predicted drift times for the graphite sheet, “graphite
sandwich,” and NJ(Nb@GCyo_3,) " fullerene struc-
tures are shown in the figure. The predicted drift times
of ring structures (not shown) are at much longer
times. The “graphite sandwiches” are once again
restricted to the bulk graphite spacing which mini-
mizes their cross sections. However, they are still at
slightly larger drift times than the measured features.
The N, (Nb@GCyo_3,) " fullerene geometry fits the
measured drift times of the parent and fragments. An
Nb, _,(Nb@GC,_3,) " fullerene geometry also pro-
vides the best fit to the mobilities of the products of
Nb,Cqo and NkC{, fragmentation.

For carbon rings and other nonfullerene geome-
tries, the preferred dissociation process is loss of C
rather than ¢ because of the high stability of ;.C
fragment [36]. G loss dominates in fullerene disso-

the niobium atom to substitute into the fullerene
cage structure, may allow NGg¢,, X = 3, complexes

to fragment by loss of Cand still maintain the
stable fullerenelike structure. The nexj [©ss step
would allow the cage to return to a pure carbon
fullerene structure. This process can then repeat
until the cluster is too small to retain the fullerene
geometry. In Fig. 4, the mobilities of the fragments
smoothly shift to slightly shorter time with each
dissociation step. This behavior is expected even if
the fragments with an odd number of carbon atoms
have a niobium atom occupying the defect site in
the fullerene cage. The mobilities of a networked
NbC; fullerene with an odd number of carbon
atoms is expected to be very similar to the mobil-
ities of exohedral Nb{ ; and NbG,, , fullerenes,
because the niobium atom still protrudes from the
fullerene surface. It is worth noting that;@ss is
not observed for < 3, indicating that three or more
niobium atoms are required for this process. This is
probably just a reflection of the fact that a cluster of
several niobium atoms is required for their binding
energy to the fullerene to be large enough for the
complex to survive at the high internal energies
required for dissociation.

5. Conclusions

lon mobility measurements indicate that the nio-

ciation because the energetic disadvantage of losingbium atoms in NRCZ, complexes cluster together on

C, over G, is compensated by maintaining a stable

the surface of the fullerene. Upon collisional heating,



J.L. Fye, M.F. Jarrold/International Journal of Mass Spectrometry 185/186/187 (1999) 507-515

the inverse mobility of NICZ, (x = 2) complexes
decrease to approach the inverse mobility of the
unannealed complex with one less niobium atom. The
most likely explanation for this structural transition is
that the niobium clusters activate the fullerene cage
and allow a niobium atom to pass through and form an
endohedral niobium, Nb;(Nb@GCs,)", complex.
Formation of such an endohedral complex is not
observed for Nbg, indicating that more than one
niobium atom is required to facilitate formation of the
endohedral complex. NB¢, retains a fullerenelike
geometry when it dissociates even though the com-
plex displays an anomalous; @agmentation pattern.
Itis likely that a niobium atom occupies the defect site
in the fullerene cage allowing the parent to dissociate
by the thermodynamically preferred;@ss process
while maintaining a stable fullerenelike geometry.
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