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Injected ion drift tube techniques have been used to examine the structures and to study the isomerization of
LaC,* (n = 2—90) clusters. Three families of metal-containing carbon rings (“ring Ia”, “ring Ib”, and “ring
IT"), metal-containing graphite sheets, and metallofullerenes have been resolved. Several plausible geometries
with similar mobilities can be suggested for all of the ring isomers. The most likely geometries are a La
inserted into a carbon ring (ring Ia), a La inside a carbon ring (ring Ib), and various LaC, and C;, rings fused
together (ring II). The relative abundances of the graphite sheet and the metallofullerene isomers are
substantially larger than for the pure carbon clusters. Both endohedral and non-endohedral LaC,*
metallofullerenes have been resolved. LaCss™ and all LaC,* fullerenes with n = 38—90 are found to be
endohedral, while LaC,s™—LaC;sst fullerenes are non-endohedral. Annealing studies show that LaC,* ring
II isomers with an even number of carbon atoms convert into ring Ia isomers, while the odd-numbered ring
IT isomers convert into ring Ib isomers. For larger clusters, fullerenes and graphite sheets are formed when
the rings are annealed. The efficiency of this annealing process in the LaC, system is much larger than in
the C,* system, although the activation energies appear to be approximately the same. Studies of the
dissociation of LaC,* show that loss of LaC4" is generally the dominant dissociation process for the LaC,™
rings with an even number of carbon atoms, while loss of C; is also important for the odd-numbered ones.

Introduction

Since the original discovery of fullerenes (closed, roughly
spherical carbon networks') and endohedral metallofullerenes
(fullerene cages encapsulating metal atoms?), a vast research
effort has been devoted to these interesting and potentially useful
species.> A variety of pure carbon fullerenes* and metallo-
fullerenes® as well as other forms of carbon networks such as
multiwall tubules,® nanotubes,” and polyhedra® have been
synthesized and studied. The availability of macroscopic
quantities of some of these species has made possible structural
analysis using such techniques as EPR,® XPS,!0 and EXAFS.!!
One of the problems impeding studies of the physics and
chemistry of fullerenes and metallofullerenes is that only a
limited number of them (such as, for example, Cso, C9, C74,
and Cgy for pure fullerenes*'? and LaCg, for La-doped
fullerenes®'3) are available in a pure form in sufficiently large
quantities for detailed studies with a wide range of analytical
techniques. If the properties of a wide variety of fullerenes or
metallofullerenes are of interest, one has to resort to gas phase
studies, where these species can be easily produced and mass-
selected.

A question that often arises in studies of metallofullerenes
concerns the location of the metal atom (or atoms) with respect
to the carbon cage. Metallofullerenes produced using arc
generation methods are usually assumed to be endohedral,
although direct evidence for this is scarce. Studies of Y-
containing fullerenes using a structurally sensitive technique
such as EXAFS have given contradicting results about the
position of metal atoms.'! In the gas phase, information about
the location of the metal atom is generally obtained from indirect
indicators, such as the dissociation pattern and chemical
reactivity. !4

Mobility measurements are currently the most direct method
for determining the structures of medium-sized clusters in the
gas phase.'® This method utilizes the fact that the mobility of
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a gas phase ion depends on its geometry. Thus, structural
isomers can be separated on the basis of their different
mobilities, and the measured mobilities can be used to obtain
information about cluster geometries. The use of mobilities to
separate structural isomers of gas phase ions was first demon-
strated using ion mobility spectrometry,!” a drift-tube-based
analytical technique developed in the early 1970s.'® This
technique was originally called plasma chromatography, but the
name was changed to avoid confusion because the separation
that occurs in a drift tube is not chromatography.'® Ion mobility
measurements provide especially useful information when
applied to clusters of atoms with highly directional bonding such
as carbon?® or silicon.?! An extensive study of carbon cluster
geometries performed by von Helden et al.?® showed that carbon
exists in the gas phase in a variety of isomers, including mono-,
bi-, and polycyclic rings and fullerenes. Ion mobility measure-
ments can also be used to study isomer interconversion.
Specifically, Hunter et al.?>%* demonstrated that vibrationally
excited bi- and polycyclic carbon rings can isomerize into
fullerenes with a relatively low activation barrier (around 2.4
eV for Ce).

Recently, we have undertaken a series of studies of metal-
containing carbon clusters, including LaC,* 2426 and NbC,*.%’
The purpose of these studies is to determine how the presence
of the metal atom affects the nature of the isomers that are
present and the interconversion of the observed isomers. For
the fullerenes, determining the position of the metal atom
(endohedral or exohedral) is of particular interest. The effect
of the metal atom on the isomerization of metal-containing
carbon rings into metallofullerenes is also an important issue.
Some of the results of our studies of La-containing carbon
clusters have been reported previously.?*~26 In this paper we
present the results of ion mobility measurements of LaC,*
clusters with 2—90 carbon atoms, along with the results of
annealing and fragmentation studies for all of the observed
LaC,* isomers.
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Experimental Methods

The experimental apparatus used in the present study has been
described in detail previously.®? In brief, metal-containing
carbon cluster cations are generated by pulsed laser vaporization
of a composite LaC»/graphite rod in a flow of helium buffer
gas. The rods were prepared by mixing LaC, (Johnson Matthey,
99%), graphite powder (Johnson Matthey, 99.9995%), and
graphite cement (Dylon Industries, GC grade) in a 1:60 La:C
molar ratio and subsequent baking at 1000 °C for about 1 day.
Cluster ions that exit the source are mass-selected with a
quadrupole mass spectrometer and injected into a drift tube
containing around 5 Torr of helium buffer gas. The injection
energy can be varied from 5 eV up to around 400 eV. As the
ions enter the drift tube, a fraction of their kinetic energy is
converted into internal energy through collisions with the buffer
gas. If the injection energy (and thus the internal energy
deposited into a cluster through collisions) is large enough, the
cluster may isomerize or fragment. Further collisions with the
buffer gas cool the clusters to thermal energies. The clusters
then drift slowly across the drift tube under the influence of a
weak (13.1 V/em) electric field. Upon exiting the drift tube,
cluster cations are mass-analyzed by the second quadrupole mass
spectrometer and detected with an off-axis collision dynode and
dual microchannel plates.

Drift time distributions are measured by injecting a short (50
us) pulse of size-selected clusters into the drift tube and
recording the arrival time distribution at the detector with a
multichannel analyzer. Drift times are obtained by subtracting
the arrival time measured without the buffer gas in the drift
tube (plus some small corrections to the time scale) from the
arrival times measured with the buffer gas in the drift tube. The
drift time distributions provide information about the number
of structural isomers present, their relative abundances, and their
mobilities in the He buffer gas. Reduced mobilities are obtained
using the expression

_L P 2132
K=ET60 T o

where L is the length of the drift tube, rp is the drift time, E is
the electric field, P is the pressure of the buffer gas in Torr,
and T is the buffer gas temperature in kelvin. The reduced
mobilities of various isomers are used to obtain information
about their structures, as discussed below.

Results

1. Isomer Distributions. Figure 1 shows examples of drift
time distributions recorded for LaC,* clusters with 6, 16, 26,
36, and 46 carbon atoms. Several isomers are resolved in most
of these distributions. Figure 2 shows the inverse mobilities
of these isomers plotted against cluster size. This plot shows
that the observed isomers fall into five distinct families. One
can obtain information about the general shapes of these isomers
by comparing their mobilities with those previously measured
for pure C,,™ clusters?®* (which are plotted as the solid lines in
Figure 2). The C,* isomers are (in order of their appearance
with increasing cluster size) linear chains, monocyclic rings,
bicyclic rings, graphite sheets, and fullerenes.”>3! The inverse
mobilities of C,™ and LaC,* isomers increase roughly linearly
with cluster size, and the differences in the slopes of these linear
dependencies reflect different cluster growth sequences. The
three slowest isomers of LaC,' have mobilities that roughly
parallel those of the C,* mono- and bicyclic rings, indicating
that these three isomers follow ringlike growth sequences. We
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therefore assign these isomers (labeled “ring [a”, “ring Ib”, and
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Figure 1. Drift time distributions of some LaC,* clusters recorded at
low (50 V) injection energy. Almost no isomerization or dissociation
of LaC,* clusters is observed at this injection energy, so that the drift
time distributions reflect the relative abundances of isomers coming
directly from the source. The structures observed are the three ring
isomers (labeled “ring Ia”, “ring Ib”, and “ring II""), metal-containing
graphite sheets (labeled “gr”), and metallofullerenes (labeled “full”).
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Figure 2. Plot of the inverse mobilities of LaC,* isomers against the
cluster size (points). The solid lines show the mobilities of pure C,*
clusters.?*¥ The C,* isomers are (in order of their appearance with
increasing cluster size) linear chains, monocyclic rings, bicyclic rings,
graphite sheets, and fullerenes. The dashed line shows the calculated
mobilities of networked LaC,™ metallofullerenes and the dashed-dotted
line shows the calculated mobilities of metal-containing graphite sheets
(see text).

“ring I1” in Figures 1 and 2) to La-containing carbon rings. Two
other LaC,* isomers have mobilities that roughly parallel those
of C,* graphite sheets and fullerenes, and these are assigned to
metal-containing graphite sheets and metallofullerenes, respec-
tively. A detailed discussion of possible structures for all five
LaC,* isomers is given below.

Ring Ia is the only LaC," isomer observed for clusters with
2—8 carbon atoms. In this size range, linear chains are the
dominant isomer for pure C,* clusters.?® As is apparent from
Figure 2, the variation in the mobility of linear chains with
cluster size (the solid line for clusters with 3—10 atoms) is larger
than that observed for LaC,™ ring Ta. We are therefore
confident that even small isomers from the ring Ia family are
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Figure 3. Drift time distributions for LaC,* (n = 10—16) clusters
recorded at 100 eV injection energy.

indeed ringlike structures and not linear chains (with the possible
exception of LaC,™ and LaC;™).

Ring Ib first appears for LaCy™ as a shoulder on the ring Ia
peak and for LaC," as a separate well-resolved peak. Starting
at this cluster size, the relative abundances of ring Ia and ring
Ib show pronounced odd—even alterations: ring Ia tends to be
more abundant for LaC,* clusters with an even number of
carbon atoms, while ring Ib dominates for clusters with an odd
number of carbon atoms (see Figure 3). For all LaCy,tq™
clusters with more than 12 carbon atoms the abundance of ring
Ia is essentially zero (see Figure 3). The ring Ib isomer can be
resolved in the drift time distributions for LaCy," clusters up
to LaC,s*. For larger LaCy,™ clusters ring Ib is not resolved
from the broader ring II peak (see Figure 1c).

Ring II first appears for LaCzo" and becomes the dominant
isomer in unannealed isomer distributions around LaCa; " (see
Figure 1c). Unlike ring Ia and ring Ib, ring II shows no
pronounced odd—even variations in relative abundance. The
width of the ring II peak in the drift time distributions, however,
does exhibit an odd—even variation. The widths of ring II peaks
for LaC,* clusters with an even number of carbon atoms are
2—-2.5 times larger than those calculated from the gas phase
ion transport equation®” assuming the existence of only one ring
I structure. This indicates that at least two different LaC,™
ring II structures are present. The widths of ring II peaks for
LaC,,+ 7 clusters are about 1.5 times larger than the calculated
ones, which may be due to small variations in geometry of one
structural isomer.

For LaC,™ (n = 33) clusters a new isomer (or a group of
isomers) with the drift times slightly smaller than those for ring
II starts to emerge. This isomer appears as a shoulder on the
ring II peak (see Figure 1d) and cannot be resolved as a separate
peak. Its relative abundance does not exceed 10%. A similar
feature in drift time distributions of pure C,* clusters in this
size range has been attributed to the appearance of polycyclic
carbon rings.”® We therefore believe that this new peak
corresponds to another ring isomer, although the resolution of
our instrument does not allow us to obtain any detailed
information about its structure.

Metal-containing graphite sheets are first observed in the drift
time distributions at LaCps* (see Figure 1c). Their relative
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Figure 4. Drift time distributions for LaC,* (n = 31-35) clusters
recorded at 250 eV injection energy. The two main isomers seen in
these distributions are the graphite sheet (labeled “gr”) and the
metallofullerene (labeled “full”). At this injection energy the ring
isomers have either dissociated or annealed into the fullerene and the
graphite sheet. Two fullerene isomers (endohedral and non-endohedral)
with slightly different drift times can be clearly seen for LaCy*. The
low-intensity features with slightly shorter drift times than the fullerene
probably result from doubly charged clusters.

abundance sharply increases between LaCy™ and LaCs*, so
that they are the dominant isomer for clusters with 30—34
carbon atoms, but then starts to decline. The smallest metal-
lofullerene is observed at LaCx™. Metallofullerenes become
the dominant isomer for LaCss* and larger clusters (see Figure
1d). For LaCy,* clusters larger than LaCso™ the fullerene isomer
comprises more than 50% of the isomer population (the relative
abundances of the fullerene and non-fullerene isomers depend
somewhat on the source conditions). The metallofullerene is
the only isomer that can be clearly resolved in the drift time
distributions of the larger clusters (see Figure le). The broad
distribution of non-fullerene isomers observed in this size range
probably consists of metal-containing polycyclic rings and
possibly graphite-like (and bowl-like) structures.

An abrupt change in the mobility of LaC,* metallofullerenes
is observed around LaCsst (see Figure 2). The mobilities of
LaC,* (n = 29—33 and 35) metallofullerenes are 8—12%
smaller than the mobilities of C,™ fullerenes of the same size,
while the mobilities of LaCss™, LaCsg™, and all larger metal-
lofulleres are essentially identical to those of C,* fullerenes.
For LaCs4* and LaCs;™ we observe two fullerene isomers with
mobilities that differ by about 10% (Figure 4). All LaC,*
metallofullerenes show a pronounced odd—even variation in
relative abundances. For LaC,* with n = 36, metallofullerenes
with an even number of carbon atoms are more abundant, which
is typical for pure C, fullerenes and endohedral metallo-
fullerenes. In contrast, for LaC,* (n = 29—35) clusters,
metallofullerenes with an odd number of carbon atoms are more
abundant (see Figure 4). We attribute these differences in the
mobilities and the relative abundances of LaC,™ metallo-
fullerenes to differences in the position of the metal atom with
respect to a carbon cage, as discussed in more detail below.

The results presented above show that C,* and LaC,* clusters
have similar basic structural isomers. However, the metal atom
has a significant effect on the relative abundances of these
isomers. This effect is iltustrated in Figure 5a,d by comparing
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Figure 5. Normalized drift time distributions for LaC3s™ and Cu*
recorded at injection energies of 50 eV (a and d), 150 eV (b and e),
and 225 eV (c and f). The LaCs* isomer labeling is the same as in
Figure 1. “mr” and “br” labels indicate C4s™ mono- and bicyclic rings,
respectively. The broad feature at longer drift times observed for Cus*
at 50 eV consists of unresolved mono-, bi-, and tricyclic rings.
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Figure 6. Normalized drift time distributions for LaCys™, LaCas™, and
LaCy™. The distributions were recorded at injection energies of (a)
50, (b) 150, (c) 50, (d) 125, (e) 40, and (f) 140 eV.

isomer distributions for LaCss™ and Cs". For Cus™ the broad
feature at long drift times (consisting of mono-, bi-, and
polycyclic carbon rings) dominates the isomer distribution at
low injection energies, while the combined relative abundance
of the graphite sheet and the fullerene is around 20%. On the
other hand, the metallofullerene and the metal-containing
graphite sheet account for more than 50% of the isomer
distribution for LaCs¢™, despite the fact that the abundance of
these isomers is normally smaller for smaller clusters. The
increase in the relative abundances of the fullerene and the
graphite sheet isomers compared to the C,™ system is observed
for all LaC,* (n = 30) clusters.

2. Annealing of the Isomer Distributions. When the
injection energy is increased, the transient heating that occurs
as the clusters enter the drift tube can become large enough to
induce annealing of the isomer distribution. The two major
types of annealing processes observed for LaC," clusters are
interconversion of the ring isomers and isomerization of the
rings into metallofullerenes and graphite sheets. Interconversion
of LaC,™ rings is illustrated in Figure 6. For LaCa," clusters
with up to 22 carbon atoms the two major ring isomers observed
in drift time distributions are ring Ia and ring Ib (see Figure
6a). Comparison of drift time distributions for LaCi¢™ at
injection energies of 50 and 150 eV (Figure 6a,b) shows that
the relative abundances of these two isomers are essentially
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independent of injection energy. Similar behavior is observed
for the ring Ia and ring Ib isomers for all LaC,,* 2n = 14—
22) clusters. An injection energy of 150 eV is more than enough
to drive isomerization processes in slightly larger pure C,*
clusters. The fact that the relative abundance of ring Ia and
ring Ib remains unchanged at the these high injection energies
indicates that either ring Ia and ring Ib do not interconvert or
the interconversion rates in both directions are equal. In the
first case the activation barrier for interconversion must be very
high, while in the second case it must be low enough so that
the relative abundances of ring Ia and ring Ib generated by the
source already reflect the equilibrium values. Since ring Ia and
ring Ib are expected to have similar structures (they are both
ring isomers), it seems more likely that they interconvert easily
and that their relative abundances for LaC,,* (2n = 14—22)
clusters reflect an equilibrium. This conclusion is supported
by recent laser annealing studies performed in our laboratory.
This new experimental approach, which permits individual
structural isomers to be annealed with a pulsed laser, will be
described in detail in the future.

For LaC»;" and larger clusters ring II comprises a significant
fraction of the isomer distribution. Figure 6¢—f compares
isomer distributions for LaCps™ and LaCys™ at injection energies
of 50 and 125—140 eV. The amount of fragmentation at
injection energies of 125—140 eV is less than 5%, so that the
changes in relative abundances of LaC," isomers are due to
isomerization processes. It is clear from Figure 6 that the major
fraction of ring II isomerizes to form ring Ib (for LaCas™) or
ring Ia (for LaCyst). A similar process—isomerization of
bicyclic rings into monocyclic rings at injection energies around
100 eV—has been previously observed for pure C,* clusters in
this size range?®3! (see Figure 5, d and e). At an injection
energy of 125 eV essentially all of the LaCys™ rings Il isomerize
into ring Ib. For LaCz" the isomerization efficiency at 140
eV is around 80%, and it does not increase with further increase
in the injection energy. Isomerization processes similar to those
for LaCys™ and Lays™ are observed for all LaC,™ (20 < n <
40) clusters.

As described above, ring Ib is not resolved in the drift time
distributions of LaCy,t (2n > 24) clusters (see Figure 6e).
However, the signal intensity between the ring II and the ring
Ia peaks (i.e. in the drift time range corresponding to ring Ib)
is not zero so that it is possible that ring Ib still exists for these
clusters. Comparison between parts e and f of Figure 6 then
implies that ring Ib can now isomerize into ring Ia, since the
abundances of all isomers present clearly decrease relative to
that of ring Ia with increasing injection energy. This observation
suggests that the LaC;,™ ring Ib isomer becomes less stable
relative to the ring Ia isomer with increasing cluster size.

For LaC,* (n > 30) clusters La-containing graphite sheets
and metallofullerenes become abundant. Our annealing studies
show that these isomers can be formed through isomerization
of metal-containing carbon rings, similar to the processes that
have been observed for pure carbon clusters.?22 The isomer-
ization processes for LaCs¢™ and C4s™ >3 are illustrated in Figure
5. For both clusters the ring isomers dominate in the drift time
distributions at low injection energies (Figure 5a,d). As the
injection energy is increased at 150 eV (Figure 5b.e), the
abundances of LaCs™ ring I and Cys™ bicyclic ring decrease,
while the abundances of LaCss™ ring Ia and C4s* monocyclic
ring increase (this behavior is similar to the LaCys™ case
discussed above). The abundances of LaCss™ fullerene and
graphite sheet at this injection energy are virtually unchanged,
while the abundance of Cu™ fullerene increases slightly.
However, as the injection energy is increased to 225 eV, the



11380 J. Phys. Chem., Vol. 99, No. 29, 1995

1.0 T T T T
O LaC,* fullerene
a LaC,* graphite
0 C,* fulierene
0.8

02t 4

O A ]
25 30 35 40 45 50
Cluster size

Figure 7. Fraction of ring isomers annealed into fullerenes and graphite
sheets at injection energies of 225~250 eV. For LaCs,* and LaCs;*
the fractions annealed into endohedral and non-endohedral fullerenes
are summed. The absolute uncertainty in the LaC,* data is around
+0.05. The data for C,* clusters are taken from ref 23. Essentially
no conversion of C,* rings into graphite sheets has been observed.

0.0

Fraction of rings annealed into a given product

abundances of LaCss™ fullerene and graphite sheet increase
dramatically, and so does the abundance of Css* fullerene (see
Figure 5c,f). At this relatively high injection energy some
fragmentation (around 5% for LaCs*™ and 15% for Cys™) is
observed, but the changes in-the relative abundances of the
isomers are still due primarily to the isomerization processes.
For LaCjs™ the abundances of both ring Ia and ring I at 225
eV injection energy are smaller than in the unannealed isomer
distribution, i.e. both ring isomers are converted into the
fullerene and the grahite sheet. For Cs", however, the
abundance of the monocyclic ring is larger at an injection energy
of 225 eV, suggesting that this isomer is not efficiently converted
into the fullerene. Therefore, the efficiency of fullerene (and
graphite sheet) formation for LaCs¢™ is substantially higher than
for Cus™, despite the fact that the efficiency of this process
generally increases with cluster size.

Isomerization processes similar to those discussed above for
LaCs¢™ are observed for other LaC,* (n > 30) clusters. The
efficiency of the isomerization of rings into fullerenes and
graphite sheets for LaC,* and C,* clusters is plotted against
the cluster size in Figure 7. For C,* clusters the efficiency of
fullerene formation is determined by the branching ratio for
isomerization of the bi- and polycyclic carbon rings into the
fullerene and the monocyclic ring.?* This branching ratio slowly
increases with cluster size, so that the efficiency of fullerene
formation reaches only 60% for Cso* (the dashed-dotted line
in Figure 7). The conversion of C, rings into graphite sheets
is insignificant for all cluster sizes. For LaC,* clusters the
efficiency of fullerene formation is determined by the branching
ratio for isomerization of rings into fullerenes and dissociation
of the rings and sharply increases from essentially zero for
LaCsp" to more than 90% for LaCse™" (the solid line in Figure
7). The isomerization efficiency for LaC,* (n = 30—55) rings
is larger for clusters with an odd number of carbon atoms, in
line with a similar odd—even variation in the relative abundances
of metallofullerenes in this size range mentioned above (see
Figure 4). The efficiency of rings-to-graphite sheet conversion
for LaC," clusters rises sharply for n = 29—32, but then
decreases to essentially zero for LaCsg* and larger clusters (the
dashed line in Figure 7). This suggests that for n = 29—36
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metallofullerenes and graphite sheets have comparable stabilities
(at the elevated temperatures where the isomerization occurs)
and compete with each other as products of LaC,' ring
isomerization. For larger clusters, metallofullerenes become
substantially more stable than graphite sheets, and essentially
all the rings now isomerize to form fullerenes.

For several cluster sizes we have performed detailed studies
of the annealing processes as a function of the injection energy.
The results of these studies for LaCys™ and LaCsg™ are presented
in Figure 8. As discussed above, the increase in the relative
abundance of LaCys* ring Ib isomer with injection energy is
due to the isomerization of ring II, while the increase in the
relative abundance of LaCss™ fullerene is due to the isomer-
ization of both ring Ia and ring II. An estimate of the activation
energy associated with these isomerization processes can be
obtained from the data shown in Figure 8 using a simple
semiempirical model described previously.’* The fraction of
the ion’s injection energy that is converted into the internal
energy as the ions enter the drift tube is estimated using a simple
modified impulsive collision model**33 as

1 X1 —m/M
F,=C- ) —— @
NSl +mim

where C = 0.4 is an empirical correction factor, N is the number
of atoms in the cluster, m; is the mass of the ith atom, M is the
mass of the cluster, and m is the mass of a buffer gas atom.
The isomerization rate of a vibrationally excited cluster is
calculated using RRK theory.®® The reaction time is assumed
to be on the order of the time between collisions with buffer
gas atoms. While this model uses many assumptions and we
do not expect our estimates to be accurate to more than +0.5
eV, it does provide a useful way to determine how the activation
energies for isomerizations in the LaC,™ system compare to
those in the C,* system. The solid lines in Figure 8 show the
isomerization thresholds for LaCps* and LaCse™ calculated using
the model described above. The calculated thresholds are
substantially more narrow than the measured ones since our
model does not take into account the distribution of internal
energies in the excited clusters and the possible existence of
several isomers with slightly different isomerization rates. The
estimated activation energies for isomerization of ring II into
ring Ia and ring Ib and of rings into fullerenes for some LaC,™*
clusters are listed in Table 1. The estimated activation energies
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TABLE 1: Estimated Activation Energies for Isomerization
of C,* and LaC," Rings (eV)

isomerization of ring II

isomerization of rings

cluster into ring Ia and ring Ib into fullerenes
LaC25+ 2.2

LaCa™ 2.2

Czs+ 2.4¢

Cas™ 247

LaC35+ 3.1
LaC36+ 3.1

Cao™ 2.8

@ The activation energy for isomerization of a bicyclic ring into a
monocyclic ring.3! ¢ Reference 23.

are around 2.2 eV for ring-to-ring isomerization and around 3.1
eV for ring-to-fullerene annealing. Both these values are close
to those for similar processes in pure carbon clusters.

For LaCy" and larger clusters, separate nonfullerene isomers
are not resolved in the drift time distributions (see Figure le).
The broad distribution of nonfullerene isomers present for these
clusters readily anneals into the metallofullerene at injection
energies of 150—250 eV .2

3. Dissociation of LaC,* Clusters. If LaC,™ clusters are
injected into the drift tube with kinetic energies even higher
than those discussed above, a significant fraction of the incoming
cluster beam dissociates. For LaC,™ (n < 30) clusters, the
isomer distribution coming from the source consists primarily
of rings which almost completely dissociate at injection energies
of 250 eV or less. The main dissociation pathway for most of
the LaC,,™ (2n > 4) rings and large 2n + 1 > 15) LaCy,*
rings is the loss of LaC,* (with smaller amounts of other LaCy,t,
n = 0—35, fragments). For small LaCs,+" rings, loss of C;
(and Cs) is competitive with the loss of LaCst. Loss of Cs
(and Cs) is the main dissociation pathway for pure carbon rings
with 10—30 carbon atoms.?” Loss of any LaC,," fragment from
a LaC,™ ring requires the breaking of the same number of carbon
carbon bonds, so the preferential loss of LaCs* and other LaCy,,*
fragments from LaC," rings must be due to their higher
thermochemical stability compared to LaCs,,+* fragments. The
loss of C; fragments from LaC,™ rings with an even number of
carbon atoms is presumably disfavored because it results in the
formation of less stable LaCs,+; products. Loss of C; from
LaCy,+17" rings results in formation of the more stable LaC,,,*
fragments and therefore can be competitive with the loss of
LaCs*. An enhancement in the formation of certain LaC,,"
fragments is observed if the remaining carbon ring has 4m + 2
carbon atoms. For example, LaCi¢* loses predominantly LaC,*
{rather than LaC4™) fragments, since this fragmentation process
can result in the formation of a stable Cy4 ring.

For LaC," clusters with 30—40 carbon atoms several isomers
are present in the isomer distributions generated by the source,
and a substantial fraction of the ring isomers anneals into
fullerenes and graphite sheets. The onset of this annealing
process is accompanied by a sharp drop in dissociation at the
higher injection energies: the amount of fragmentation at the
injection energy of 250 eV drops from around 50% for LaCso*
to around 8% for LaCss*. This implies that metallofullerenes
and metal-containing graphite sheets in the LaCzg*—LaCuo™ size
range are more stable toward dissociation than the metal-
containing rings. The abundances of the graphite sheets relative
to the fullerenes in the drift time distributions remain virtually
unchanged at injection energies up to 250 eV (see Figure 5),
but start to decrease at higher injection energies. At the same
time the amount of fragmentation increases, and the main
fragmentation products are again LaCs* and other LaCp,*
fragments. At the present time we cannot determine unambigu-
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Figure 9. Possible geometries resulting from binding a La* ion to
carbon rings (see discussion in the text) and their mobilities. The points
on the plot are the measured mobilities of LaC,* rings (filled squares
for ring Ia, stars for ring Ib, and diamonds for ring II). The lines show
the calculated mobilities of the proposed structures. The calculated
mobilities of structures B—D and G—1I are essentially identical.

ously whether some of LaC,™ (n = 30—40) graphite sheets
isomerize to form metallofullerenes. If this process is at all
possible, it occurs at injection energies above 250 eV, so that
the activation energies must be higher than those for isomer-
ization of the rings into fullerenes.

For n = 40 the isomer distribution generated by the source
consists primarily of metallofullerenes (see Figure le). Large
metallofullerenes with an even number of carbon atoms are very
stable toward fragmentation and do not dissociate when injected
into helium with kinetic energies of up to 350 eV. We have
performed some fragmentation studies of LaCs™* and larger
LaC,," clusters in neon buffer gas, where collisional excitation
of the cluster cations is substantially more efficient than in
helium. The fragmentation patterns of these larger LaC,,™
clusters are very similar to those observed for M@C,,"
fullerenes by other authors:'* the clusters are reduced by the
sequential loss of C, units until they reach a critical size (LaCso™
in our experiments) and then dissociate by losing LaC4* and
other small LaC,,™ fragments. Large LaC,,+t fullerenes
dissociate at much lower injection energies than the LaC,,™
fullerenes by losing Cap+1 ( 2 0) fragments and forming stable
even-numbered metallofullerenes.

Discussion

I. Structural Assignments. LA. Ring Ia. The two major
pieces of information that we use in our structural assignments
of the observed isomers are their measured mobilities and the
variations in their abundances with cluster size. The mobilities
of LaC," ring la isomers are 9—16% smaller than the mobilities
of the C,” isomer believed to be a monocyclic carbon ring?®
(see Figure 2). A metal atom can increase the physical size of
a carbon ring by being inserted into the ring (structure A in
Figure 9) or by being attached to the outside of the ring, either
directly (structures B and D) or through a chain of carbon atoms
(structure C). In all four cases (A—D), we assume that the La™
ions forms two covalent bonds with the carbon atoms in the
cluster. In pure carbon rings with an even number of carbon
atoms the four valences of each carbon atom can be satisfied
by either alternating single and triple bonds (polyyne structure)
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TABLE 2: Geometrical Parameters of Small La-Containing
Molecules (Optimized at the Hartree—Fock Level with DZP
Quality Basis Sets)

La—C bond C—La—C bond
molecule length, A angle, deg
La(CHs),* 243 103.5
LaC,H,* ¢ 2.29 33.8
LaCH,*™ 2.11
La(CH;),CH,* 2.86° 93.9¢

@ Bridged complex (Cy, symmetry). * Bond distance to the carbon
atom coordinated to two hydrogen atoms.  Bond angle between a
carbon atom coordinated to three hydrogen atoms, La, and the carbon
atom coordinated to two hydrogen atoms.

or consecutive double bonds (cumulene structure). The presence
of a covalently bound dopant atom imposes restrictions on the
bonding in a carbon ring. In all four structures (A, B, C, and
D in Figure 9) the divalent La* forces the ring to assume a
polyyne geometry. The propagation of alternating single and
triple bonds around the ring for structures A, B, and C is possible
only if the cluster contains an even number of carbon atoms.
In contrast, the propagation of polyyne bonding around the ring
in structure D requires an odd number of carbon atoms. Since
we observe that ring Ia is favored for LaCs,™ clusters, structures
A, B, and C seem to be the most plausible candidates.

To further evaluate the proposed structures, we have estimated
their mobilities in helium buffer gas. The reduced mobility from
momentum transfer theory is given by3?

K,

18712 "
_(18m) [1+1 e 11 )

16 |m  mg] (k,D'?ON
In this expression my and mp are the masses of the ion and the
buffer gas, respectively, N is the buffer gas number density,
and o is the average collision cross section. The collision cross
section is calculated by averaging over all possible orientations
of the cluster in space, assuming hard sphere interactions. A
recent comparison of mobilities calculated using hard sphere
interactions to those determined from trajectory calculations with
a more realistic 4-6-12 potential suggests that the hard sphere
approximation should be accurate to within a couple of percent
for a family of similar isomers.?® To estimate the collision cross
section, one needs to know the geometry of the cluster and two
empirical parameters: the hard sphere collision distances for
C—He and La—He collisions. The geometries of most carbon
clusters considered in this work were optimized in quantum
chemical calculations at the MNDO level. La—C bond distances
and bond angles were determined in ab initio calculations for
small model systems. These calculations were performed at
the Hartree—Fock level with the basis sets of double-Z-polarized
quality and 11-electron relativistic effective core potential on
La* using the Gaussian-92 program.*’ The model systems and
their optimized geometric parameters are listed in Table 2. The
hard sphere distances for C—He collisions were determined by
fitting mobility data for pure carbon clusters, and an average
value of 2.73 A was used. The La—He hard sphere collision
distance is taken to be 3.07 A, as determined from the measured
mobilities of La™ and La,*.

The estimated mobilities of structures A, B, C, and D are
plotted in Figure 9 along with the measured mobilities of ring
Ia. In the mobility estimates for structures A, B, and C (and
D) we used La—C bond lengths and bond angles determined in
ab initio quantum chemical calculations for La(CHs),*, LaCoH,™,
and LaCH,*, respectively (Table 2). It is clear from Figure 9
that the mobilities of all four structures are close to the measured
mobilities of ring Ia, and structure A gives the best fit.
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An estimate of the Lat—C, bond energies for structures A—C
can be obtained from bond additivity concepts using the
measured energies of La*—C bonds (2.39 eV for a single and
4.26 eV for a double bond*') and average carbon—carbon bond
energies (3.6 eV for a single, 6.3 eV for a double, and 8.7 eV
for a triple bond*?). The energy gain associated with the
formation of structures A, B, and C from a La* ion and a
monocyclic Cy, ring is then estimated to be 1.2, 2.4, and 1.9
eV, respectively. For small LaC,* rings the strain energy, which
results from a substantial deviation of C—C—C bond angles
from their ideal values of 180° for sp-hybridized carbon atoms,
becomes an important consideration.?' The strain energy can
be reduced by the rehybridization of some of the atoms in the
ring (to obtain ideal bond angles less than 180°) or by
incorporation of additional atoms into the ring. The first way
of strain reduction is common to all proposed ring Ia structures,
while the second is unique to structure A. Since the La—C
bond is approximately 1.8 times longer than an average C—C
bond, insertion of La* into a carbon ring is almost equivalent
to incorporation of three carbon atoms in terms of the strain
reduction. The strain energy reduction in a LaC,™ ring resulting
from the insertion of the La* is estimated to be around 2.2 eV
for n = 10 and around 1 eV for n = 20. Since the strain energy
reduction for structure A is expected to be the largest, this
structure for small LaC,," rings may be significantly more stable
relative to structures B and C than suggested by the estimate
above. For small LaCs,+7 rings, strain reduction is also
expected to stabilize structure A relative to structure D, and
thus structure A may account for LaCy41™ 2n + 1 = 5—11)
ring Ia isomers as well. In summary, structure A seems to be
the best candidate for small LaC," ring Ia isomers, while for
larger LaC,,™ rings Ia structure B may be a plausible alternative.

LB. Ring Ib. As can be seen from Figure 2, the mobilities
of the ring Ib isomers of LaC,* are 9—16% larger than those
of the ring Ia isomers. The mobilities of the ring Ib isomers
are also very close to the mobilities of the C,* isomer attributed
to a monocyclic ring, especially for n > 25. A metal atom has
the smallest effect on a ring’s mobility if it is located inside
the ring (as in structure E in Figure 9). The La* ion located
inside a carbon ring can be bound to the ring covalently, as
pictured in Figure 9. In the bonding arrangement shown in the
figure the ring is part polyyne and part cumulene and has the
two dangling bonds required to form a stable covalently bound
complex with an internal La*™ ion. Such a complex can be
formed for both LaC»,™ and LaCs,+;* clusters, and from bond
additivity concepts it is expected to have a stability comparable
to those of structures B and D for clusters with an even and
odd number of carbon atoms, respectively. However, unlike
structures A—D, where incorporation of the La™ is expected to
reduce the strain, in structure E an additional strain energy is
induced by the presence of the metal atom. An additional
stabilization of structure E, on the other hand, should result from
the overlap of empty La d-orbitals (both o- and 7-) with the
m-systems of the carbon ring and from the delocalization of
the valence electrons of the metal over the ring, which creates
a favorable electrostatic attraction between the La and the ring.
These stabilization factors are similar to those believed to be
responsible for the stability of endohedral metallofullerenes.
Both stabilization factors are expected to be especially important
for clusters around LaC,3*, where the ring is just large enough
to accommodate the metal atom and both orbital overlap and
the electrostatic attraction are especially strong. Indeed, LaC;3*
is the smallest LaC,™ cluster where the ring Ib isomer
completely dominates the drift time distribution, while LaCy4*
is the only LaC,," cluster where the relative abundance of ring
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Ib is larger than the relative abundance of ring Ia (see Figure
3). Since the electron affinities of Cy,+; rings are around 0.8
eV larger than those of Cs, rings,* the stabilization of structure
E due to charge transfer should be larger in the LaCpyti*
clusters, resulting in larger relative abundances of ring Ib for
clusters with an odd number of carbon atoms, as observed
experimentally.

The calculated mobilities of structure E (the dashed-dotted
line in Figure 9) are in good agreement with the measured
mobilities for the ring Ib family of isomers. The calculated
mobilities are very close to those for the monocyclic C,* rings
because the distortion of the ring (in the way pictured in Figure
9) compensates for the presence of the metal atom.

If the metal atom is not located inside a carbon ring, then
the ring has to be substantially distorted in order to have a
mobility similar to that measured for the ring Ib isomers. For
example, a monocyclic carbon ring coordinated to a small
nonlinear La-containing carbon fragment (such as structure F
in Figure 9) should have mobilities close to those observed for
the ring Ib isomers. Structure F is a pyramidal coordination
complex of a LaC,* ring (structure A) with a monocyclic Cop+
ring (the latter can be thought of as a polyyne ring with a
carbene-type defect). This structure should be favored for
clusters with an odd number of carbon atoms, as is observed
experimentally for ring Ib. The dotted line in Figure 9 shows
the calculated mobilities of structure F. The La—C bond lengths
and the C—La—C bond angles for this structure are taken from
the ab initio calculations for La(CH3);CH,™ (see Table 2). The
agreement between the measured mobilities of ring Ib and the
calculated mobilities of structure F is very good for clusters
with more than 16 carbon atoms, but poor for smaller ones.
The mobilities of similar structures with different bonding
between the carbon ring and a La-containing fragment may be
in better agreement with the experiment. However, the general
disadvantage of all structures of this type is that they do not
seem to be able to explain the size dependence of relative
abundances of ring Ia and ring Ib for LaC,,™ clusters, especially
the abnormally high abundance of ring Ib for LaC 4*.

In a preliminary account of this work?® we speculated that
ring Ib may also be due to structures B and D. Although the
calculated mobilities of these two structures (the dashed line in
Figure 9) are close to the measured mobilities of the ring Ib
isomers for clusters with 13—25 carbon atoms, a substantial
discrepancy emerges for larger clusters. Thus, it seems unlikely
that structures B and D can account for the ring Ib isomers over
the entire size range. Overall, the most likely geometry of the
ring Ib isomers is a carbon ring with the metal atom attached
to the inside of the ring.

I.C. Ring II. The mobilities of the LaC," ring II isomers
are very close to the mobilities of the C,* isomer assigned to a
roughly planar bicyclic ring?® (i.e. two carbon rings fused
together). Another feature common to LaC,* ring II and C,*
bicyclic rings is that both can isomerize to form rings with
smaller mobilities. In the C, system this can be achieved, for
example, by forming bicyclic rings through a [2+2] cycload-
dition of two smaller rings, in which case a retro-[2+2] process
will open the bicyclic ring into a monocyclic ring.?! However,
in case of the LaC,™ system the ring II isomers containing an
odd and an even number of carbon atoms isomerize into
different products, namely, into ring Ib and ring Ia isomers,
respectively. The ring Il isomers do not show any pronounced
odd—even variations in either mobility or abundance, which
suggests that LaCy,* and LaCj,+* rings II have similar
structures. Thus, isomerization of LaCy," and LaCy,+1™ ring
IT isomers into ring Ia and ring Ib, respectively, implies that
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the ring Ia and ring Ib isomers can interconvert relatively easily,
as was suggested above.

Some possible ring II structures are shown in Figure 9
(structures G—I). The bonding between the carbon rings in
these structures proceeds through the breaking of a C=C bond
in Cy, rings or the utilization of the nonbonding electrons of
the carbene-type defect in C;,+ rings. Structures G and H are
formed through an association of two rings with an even number
of carbon atoms and two rings with an odd number of carbon
atoms, respectively, and are expected to be stable for LaCy,*
clusters. Structure I is formed through an association of rings
with an even and an odd number of carbon atoms and is stable
for LaCy,+1™ clusters. The calculated mobilities of all three
structures (the dashed-double dotted line in Figure 9) are very
close to each other and are in excellent agreement with the
measured mobilities of ring II. In all three structures the carbon
rings are tilted with respect to each other, resulting in a slightly
higher mobility than that of the planar bicyclic C, rings, the
difference being compensated for by the presence of the metal
atom. Isomerization of structure G into a less mobile ring can
proceed directly through the breaking of the two internal C=C
bonds, while structures H and I can easily convert into a planar
transition state (reminiscent of structure G) through the 1,2-
shift(s) of the La atom. Other geometries with a different type
of fusion between smaller rings may have similar mobilities
and may be considered as candidates for the ring II isomers.

L.D. Graphite Sheets. The mobilities of the LaC," isomer
we assign to metal-containing graphite sheets are 9—14%
smaller than the mobilities of pure C,* graphite sheets (see
Figure 2). The decrease in the mobility due to the presence of
a metal atom should be the largest if the metal atom coordinates
to carbon atoms on the edge of a graphite sheet. The dashed-
dotted line in Figure 2 shows the mobilities of planar, roughly
circular LaC,* graphite sheets calculated assuming that the metal
atom is coordinated to two dangling bonds on the edge of the
graphite sheet (the La—C bond length is 2.43 A). The calculated
mobilities are in reasonable agreement with the experimental
results over the entire size range, although consistently slightly
larger. The difference between the calculated and the experi-
mental mobilities may be due, for example, to small changes
in the shape of a graphite sheet induced by the presence of the
metal atom. A geometry with the metal atom sitting on top of
the graphite sheet seems less likely because the calculated
mobilities for this structure are only slightly different from the
mobilities of pure C,™ graphite sheets (the solid line below the
“graphite” experimental points in Figure 2).

LE. Metallofullerenes. As described above, we observe two
groups of LaC,* fullerene isomers with slightly different
mobilities. The mobilities of the faster group of metallo-
fullerenes differ from the mobilities of pure carbon fullerenes
by no more than 1.5% over the entire size range (n = 34—90)
(see Figure 2). The three basic types of metallofullerene
structures are endohedral, exohedral, and networked metallo-
fullerenes (i.e. metallofullerenes with a metal atom substituted
for carbon atom(s) in the fullerene cage). Our mobility
simulations show that the mobilities of both exohedral and
networked structures are at least 5% smaller than the mobility
of a C,* fullerene. Therefore, we assign the “fast” LaC,™
metallofullerene isomer to an endohedral La@C," structure.
Endohedral metallofullerenes are observed for LaCas™, LaCss™,
and all larger clusters and are the only fullerene isomer present
for all clusters larger than LaCj;%.

The group of LaC, ™ metallofullerenes with smaller mobilities
exist in the n = 29—37 size range, where the fullerene cage is
expected to be too small to readily encapsulate the metal
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atom.!444 We attribute the decrease in the fullerene mobilities
in this size range to the formation of non-endohedral metallo-
fullerenes. The odd—even variation in the relative abundance
of the non-endohedral metallofullerenes (see Figure 4) suggests
that metallofullerenes with an odd number of carbon atoms are
more stable than their even-numbered neighbors. Pure C,*
fullerenes with an odd number of carbon atoms have a defect
site in the fullerene cage. It is likely that in the non-endohedral
LaC,,+1™ metallofullerenes the La atom occupies this defect
site and becomes a part of the carbon network, stabilizing these
species with respect to non-endohedral LaC,,* fullerenes. We
therefore assign “slow” LaCsn+1™ metallofullerenes to networked
structures.

The ab initio quantum chemical calculations we have
performed for networked LaCyo* metallofullerene (formed by
replacing a carbon atom at a junction of three five-membered
rings of the Ds;, isomer of Csg fullerene with the La* ion) show
that the La forms three almost equivalent La—C o-bonds with
an average length of 2.53 A. Using this geometry, we have
estimated the mobilities of networked LaC,* (n = 29-37)
metallofullerenes (the dashed line in Figure 2). The simulation
predicts an average 7% mobility decrease compared to pure C,™
fullerenes, close to the experimentally observed 8§—12% de-
crease. In these mobility estimates networked LaC,™ metal-
lofullerenes with an even number of carbon atoms are simulated
as C,+; fullerene cages with two adjacent carbon atoms replaced
with the La™ ion. Non-endohedral LaC,,™ fullerenes could also
be viewed as intact fullerene cages with the metal atom attached
externally. The estimated difference in mobilities of these two
structures is less than 1% and cannot be resolved in our
experiments.

II. Growth of LaC,* Clusters. The isomers and isomer-
ization processes observed for the LaC," clusters are similar to
those observed for pure C," clusters.?02%223 Small LaC,"
clusters appear to be metal-containing carbon rings (ring Ia and
ring Ib). Coalescence of small LaC,™ rings with pure carbon
rings presumably results in the formation of ring II. Since both
valence electrons of the La™ jon in LaC," rings are normally
used to form bonds with the carbon atoms in the ring, the metal
ion is unable to form new bonds without breaking the existing
ones. Consequently, the behavior of LaC,* rings I is similar
to that of pure C,™ bicyclic rings. In particular, they can
isomerize into ring Ia and ring Ib isomers, providing a
mechanism for ring growth. Activation energies for this
isomerization are close to those for isomerization of pure
bicyclic C,* rings, although slightly (by 0.2 eV) lower (see
Table 1). Overall, the growth mechanism of LaC," rings seems
to be very similar to that of pure C,™ rings.2%3!

For LaC,™ with more than 29 atoms, metal-containing
graphite sheets and subsequently metallofullerenes become the
dominant isomers. Since we observe no small (15—25 atoms)
graphite sheets and no clusters that could be considered as direct
fullerene precursors, but do observe isomerization of metal-
containing carbon rings into carbon networks, it is reasonable
to assume that ring isomerization is the major mechanism of
fullerene and graphite sheet formation under our conditions (a
similar conclusion has been reached for pure C,* clusters?>23),
For LaC,™ (n = 35) clusters, metallofullerenes (and graphite
sheets for the smaller clusters) are essentially the only products
of ring isomerization. For pure carbon clusters both fullerenes
and monocyclic rings are formed, and the monocyclic C,* rings
are not easily converted into fullerenes. Apparently, the metal
atom either stabilizes fullerenes and graphite sheets (or the

Shelimov et al.

important intermediates involved in their formation) or lowers
the activation barriers for their formation through ring isomer-
ization.

Our estimates of the activation barriers for isomerization of
LaC," rings into metallofullerenes show that they are not lower
than those in the C,* system (see Table 1). On the other hand,
our studies of the NbC,*?7 and the ZrC,** systems, similar to
those described here, show that Nb and Zr do lower activation
barriers for isomerization of rings into fullerenes by about 0.6
eV. This difference must be related to the inability of the La™
ion to activate carbon—carbon bonds due to the absence of
nonbonding valence electrons.

Since the activation barriers for isomerization of LaC,* rings
into fullerenes are not lower than those for C,™ rings, the
thermochemical stabilization of isomerization products and/or
intermediates is the most likely reason for the observed
enhancement. The first few critical steps in this isomerization
process are expected to include a series of cyclizations necessary
to form an initial network of hexagons and pentagons.??> These
cyclizations may result in a large increase in the strain energy
of the system. As discussed above, a metal atom incorporated
into a carbon ring can significantly relieve the strain energy of
the ring and thus stabilize isomerization intermediates. This
stabilization occurs at the early stages of the reaction and thus
is expected to increase the isomerization efficiency into all final
products (endohedral and non-endohedral metallofullerenes and
graphite sheets) equally. Indeed, as can be seen from Figure
7, the efficiency of LaC,™ (n = 35) fullerene formation increases
smoothly as a function of n, despite the substantial difference
in the structures of the final products (LaCss™ is a networked
metallofullerene, LaCss* is an endohedral metallofullerene, and
for LaCs7™ both fullerene isomers are present).

Another factor that may affect the efficiencies of LaC,*
isomer interconversion is the influence of the metal atom on
the ionization energies of different isomers. Because of the low
(5.58 eV) ionization potential of La, the differences between
the ionization energies of various LaC, isomers are expected
to be reduced compared to the C, system. Unfortunately, no
experimental data are available for the ionization energies of
C, (n = 30—40) rings and fullerenes. The ionization energies
of C, (n = 20—24) rings are 7.2—8.2 eV,* while the ionization
energies of C, (n = 48—60) fullerenes are in the 7.2—7.6 eV
range.*’ Since the ionization energies are expected to decrease
with cluster size, one may expect the ionization energies of C,
(n = 30—40) rings to be about 1 eV lower than those of the
fullerenes in this size range. Thus, in the LaC,* (n = 30—40)
system, fullerenes may be stabilized relative to rings by about
1 eV compared to the C,* system. This additional stabilization
may contribute to the enhancement of fullerene formation in
LaC,* clusters.

Metallofullerenes and metal-containing graphite sheets are
the competing products of the isomerization of LaC,* (n = 30)
rings. For clusters with 30—34 carbon atoms there is a
substantial strain energy associated with fullerene formation,
so that fullerenes and graphite sheets are thermodynamically
competitive at high temperatures and LaC," rings isomerize into
both of them. As fullerenes grow larger, their strain energy
decreases and they become substantially more stable than
graphite sheets, and so the major fraction of the rings now
isomerize to form fullerenes. This explains why the relative
abundance of the graphite sheets never exceeds a few percent
for pure carbon clusters.?03! Both C,™ graphite sheets and
fullerenes can presumably be formed through the isomerization
of carbon rings.?> However, in the n = 30—35 size range, where
graphite sheets are probably energetically competitive with
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fullerenes, ring isomerization in the C,* system is inefficient,
so that only very small amounts of both isomers are formed.
For larger C,,™ clusters, where ring isomerization becomes more
efficient, graphite sheets are substantially less stable than
fullerenes, and essentially all the rings that isomerize form
fullerenes.

Fullerene formation through the isomerization of large carbon
rings is one of the plausible mechanisms of fullerene synthesis
in arc generators.”? From the enhancement of fullerene forma-
tion observed in the present work for the LaC,* system one
might expect metallofullerene yields in these generators to be
higher than yields of pure carbon fullerenes. However, met-
allofullerene yields are normally several times lower than yields
of C, fullerenes. While we cannot rule out the possibility that
the enhancement we observe is to a significant extent related
to the charge state of the clusters, there are alternative
explanations for the apparent lack of this enhancement in arc
generators. On one hand, the low metallofullerene yields in
arc generators may be related to the low sticking probability of
the metal atom to a carbon cluster. On the other hand, the
enhancement of fullerene formation may actually occur for LaC,
clusters in the n = 30—40 size range, but once these small
metallofullerenes are formed, it is difficult for them to grow up
to the 60—90 atom size range, where relatively stable metal-
lofullerenes exist. Indeed, it has been argued that the low
efficiency of fullerene formation for carbon clusters with less
than 40 atoms is an important factor in accounting for the
efficient growth of larger stable fullerenes, such as Ceo and Cro.

Conclusions

Five main families of isomers are observed for LaC," clusters.
These include three families of ring isomers (ring Ia, ring Ib,
and ring II), La-containing graphite sheets, and metallo-
fullerenes. The ring Ia isomers dominate for clusters with an
even number of carbon atoms, and the ring Ib isomers dominate
for the odd-numbered clusters. Several plausible geometries
with similar mobilities can be suggested for all of the ring
isomers. The ring I isomers probably have the metal ion inserted
into the carbon ring (ring Ia) or coordinated to the inside of the
ring (ring Ib). The ring II isomers appear to be small LaC,
and C,, rings fused together. The isomers observed for LaC,*
clusters are similar to those observed for pure carbon clusters.
The most notable differences are the absence of the linear chain
isomer for LaC,* clusters with n < 10, the appearance of two
“slow” ring I isomers with odd—even oscillation in their
abundances, and the substantial increase in the relative abun-
dances of the fullerene and graphite sheet isomers for the LaC,*
clusters.

Ion mobility measurements provide a direct method for
determining the position of the metal atom in metallofullerenes.
All LaC,* metallofullerenes with n > 37 formed in our source
are endohedral. Although this result strictly refers to only
ionized species, we do not expect the charge state to influence
the position of the metal atom in LaC,, fullerenes (for LaCs,+:
fullerenes the networked isomer may be stabilized by the
presence of an additional electron). For metallofullerenes with
n < 38 networked (and, perhaps, exohedral) metallofullerene
isomers are observed.

Annealing studies show that the ring II isomers for LaCy,*
and LaCj,+ ™ clusters isomerize into ring Ia and ring Ib isomers,
respectively. The activation energies for these processes are
similar to those for pure carbon clusters. It appears that the
ring Ia and ring Ib isomers interconvert relatively easily. For
clusters with around 30 carbon atoms, isomerization of the rings
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into fullerenes and graphite sheets starts to become important.
The graphite sheet is the main isomerization product for clusters
with 30—-34 carbon atoms, while for clusters with more than
38 atoms >90% of the rings are converted into metallo-
fullerenes. Isomerization of the rings into fullerenes and
graphite sheets is considerably more efficient for LaC,* than
for pure carbon clusters. However, the activation energies for
these structural interconversions in the LaC,* and C,* systems
are similar.
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